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Preface.

Dear reader:

These lecture notes are aimed at students attending the 42-hour Quantum Physics III course
at the University of Santiago de Compostela (USC). They rely heavily on various chapters and
sections of the books listed in the bibliography, as well as on other sources. Most (though not
all) of what is written here is a rephrasing of what you can find in those books, and one might
wonder whether it would not be better to just refer you to the relevant chapters and sections
of the books. We do in fact both things. We do refer you to the books and encourage you to
read them, but we also make a selection of the material to cover in our course and present it
here in a way that, hopefully, allows you to go through the mathematical derivations with less
effort. At a time when excellent text processors are readily available, we can afford to include
more intermediate algebraic steps than would typically appear in a published textbook. We do
not, however, work out in detail everything. In any time-limited course, one must decide when
to perform every step of a calculation and when to skip to the final result in order to cover
more material. Of course, not all the calculations have the same pedagogical value: similar
calculations need not be repeated, and others lie beyond the scope of this course.

It follows a short list of the books that have been more extensively used when preparing the
lectures. Other references are listed in the bibliography at the end. It should be clear, in any
case, that these notes are not intended to replace them in your study.

e M. Weissbluth. Atoms and Molecules, [16]. Chapters 15, 16, 17, 18, 19, 22 and 23. This
book was published in 1978 and there has never been a second edition, but it remains an
excellent source of material. The first 14 chapters offer an unusually long introduction to
mathematical tools and a review of key quantum mechanics topics.

e D. J. Griffiths and D. F. Schroeter. Introduction to Quantum Mechanics [7]. At least
chapters 8 and 10, but other chapters should be useful also. This is a clear and pedagogical
textbook that you should enjoy reading. The second edition of this book, which is in the
library, is also excellent.

e Bransden, B. H. and Joachain, C. J., Physics of atoms and molecules [2]. The second
edition is a 1114 pages volume with a wide coverage of atomic and molecular physics. The
first edition, at least, is in the library.

Of course the bibliography on quantum physics is very vast. A few additional textbooks that
you might find useful are

e Sénchez del Rio (coordinador). Fisica Cudntica, [3].

e R. Eisberg and R. Resnick. Quantum Physics of Atoms, Molecules, Solids, Nuclei and
Particles, [1].

e M. Fox. A Student’s Guide to Atomic Physics, [5].
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e H. Haken and H.C. Wolf. The Physics of Atoms and Quanta, [9].
e J.J. Sakurai and J. Napolitano, Modern Quantum Mechanics, second edition, [13].

e S. Weinberg, Lectures on Quantum Mechanics, second edition, [15].

Bear in mind that this document does not necessarily cover all the material discussed in the
classroom and cannot be seen as the complete reference for the course. It is also bound to be
edited frequently, with the date appearing at the head of the pages.

One final note: since several figures and plots have been freely taken from books and other
sources without asking permission (only for pedagogical reasons), these lecture notes should not
be circulated outside the restricted domain of lecturer-student communication at the University
of Santiago de Compostela.






Chapter 1

The hydrogen fine structure.

To find the relativistic corrections to hydrogen-like atomic energy levels we need to use the
Dirac equation. This equation can be exactly solved for the Coulomb potential. However, the
calculations are rather lengthy and since the relativistic corrections are small (provided Z is not
too large), it is convenient to use perturbation theory keeping only terms up to order v?/c? in
the Dirac Hamiltonian.

Before getting to that, as a gentle starter, it is useful to review the very important role sym-
metries play in physics, and how they are implemented in quantum mechanics. In the historical
development of quantum mechanics, a lot of guidance from classical physics was obtained to get
explicit expressions for observables, specially Hamiltonians. Nevertheless, the recourse to the
classical world is not always possible and, to a large extent, symmetry principles alone seem to
provide the most solid guidance to obtain the correct expressions for observable quantities. In
addition, one would say that deep understanding comes only when the fundamental equations
of the theory can be derived from a few symmetry principles.

Since symmetries in the context of quantum mechanics have already been discussed in Quan-
tum Physics 11, the treatment here is kept to a minimum review. The material in the next section
is more extensively discussed in, for example, chapter 3 of reference! [15], or in the first chapter
of [13].

1.1 Postulates and symmetries, a brief review.

In quantum mechanics, physical states are represented as vectors in a Hilbert space, called also
state vectors. The properties of a system, or observable quantities than can be measured, are
represented by Hermitian operators acting on the states of the Hilbert space.

Remember that an operator A is hermitian if AT = A, where AT is the adjoint of A,
defined such that (¢ ‘ Af } ¢y = (Y| Al¢)*. The matrix elements of AT are related
to those of A (denoted as a;;) through (AT);; = aj;- When we use the Dirac bra-ket
notation to write (¢|Aly), the operator A is always assumed to act on the sate to
its right. Sometimes we could also write (p|A[) = (@A), but note carefully that,
in general, (¢|Al¢) # (A¢|Y), unless A is hermitian. Some authors, particularlly
S. Weinberg, use the notation (¢, ) for the scalar product instead of (¢ |). This
notation is commonly used by mathematicians, and the operators are written in a
natural way acting on the states as (¢, AY) or (A¢, 1), as appropriate. For some
purposes the mathematical notation is more clear than the one introduced by Dirac.
For example, the adjoint AT can simply be defined as the operator that satisfies
(¢, ATep) = (A, 7). In this course we will use the Dirac notation.

! Lectures on quantum mechanics, by S. Weinberg, is an excellent (graduate level) textbook. Chapter 3, in
particular, is a gem. We advise you to read it at some point in the future, especially if you plan to pursue
eventually postgraduate physics studies.
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When the property represented by the operator? A is measured on a system in a state U, the
result is necessarily one of the eigenvalues of A, say a. After the measurement, the state vector
of the system is the eigenstate of A corresponding to the eigenvalue a, say ¢,. The probability
of obtaining that particular value in the measurement process is given by (for discrete spectra)

W) P
PlO) = o) (0 0

The state vector of the system evolves in time according to the Schrodinger equation,

du(t)
ih=— = H(t). (1.2)

The hermitian operator H is the Hamiltonian of the system and represents its total energy.

The previous paragraphs encapsulate all principles or postulates of quantum mechanics. It
remains now to decide how to choose the operators. Classical mechanics offers of course valuable
guidance, but has a limited reach, so let us see how symmetry principles can help us. Symmetries
in quantum mechanics are represented by unitary linear operators, Ut = U~!, which transform
state vectors keeping transition probabilities invariant.

(1.1)

(U [ W1) — (V3| W) = (UT|U¥y) = <‘I’2 ‘ UTU‘I’1> = (U2 | Uy). (1.3)

Specially important symmetries are those that can be represented by unitary linear operators
that can be arbitrarily close to the identity operator, 1. In that case we may write

Ue=1+ieT + O(é?), (1.4)

where € is an arbitrary real infinitesimal number, and 7" is some operator which does not depend
on €. To first order in ¢, the unitary condition is

UlU. = (1—¢eTT+O(e2)) <1+i€T+O(E2)) —14ie(T-TH+0(?) =1 = T=T" (L5)

Therefore Hermitian operators arise naturally associated to infinitesimal symmetries. If we now
take € = 0/n, where 6 is some n-independent finite parameter, and apply the transformation n
times we have

OT\" — (i6T)"
lim (14— ) =¢9 = = : 1.
i (14 55) = = S < v 9
n=
The operator T' is known as the generator of the symmetry. Many of the operators representing
observables in quantum mechanics are the generators of symmetries.
Under a symmetry transformation, ¥’ = UW, the expectation value of any observable A

undergoes the following transformation
(U|AV) — (UV|AUT) = (V| UTTAUT) . (1.7)

The transformation properties of the matrix elements can then be found by transforming the
observables as

A— A =U"tAU. (1.8)
This is called a similarity transformation. If we take U, = 1+ ieT + O(e?), then the operator A
is transformed as

A— A =UTAU. = (1 —ieT)A(1 +ieT) = A+ ieAT —icTA = A — i€[T, Al. (1.9)

We see then that the effect of infinitesimal symmetry transformations on any operator can be
expressed through the commutation relations of the symmetry generator with that operator. In
particular, if [T, A] = 0 the operator A does not change under the symmetry transformation 7.

2In order to be extra clear, in this section we denote operators with uppercase letters and eigenvalues with
lowercase letters. For example, P = (Py, P2, P3) is the momentum operator and p = (p1, p2,ps) is an eigenvalue
of that operator. In future sections we will not be so strict with the notation because, hopefully, it will be clear
from the context what is a number and what is an operator.
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1.1.1 Time and space translations.

It seems almost unavoidable to take time-translation invariance to be a fundamental symmetry
for isolated systems: the Laws of Nature should not depend on the century when they are
discovered.®> Thus, the physical results obtained from the state vectors ¥(t) and (¢ +7), where
7 is an arbitrary time amount, should be physically equivalent. This means there should be
some linear unitary operator U(7) such that

U(r)O(t) = U(t + 7). (1.10)

Since 7 is a continuous variable that can be arbitrarily small, it must be possible to express
U(7) as €'™". Instead of the Hermitian operator T', we may write T = —# /h, so that

U(r) = exp (_ﬂ{{) . (1.11)
This can be taken as the definition of the Hamiltonian H. By setting ¢t = 0 in equation (1.10)

and replacing 7 with ¢, it follows that the time-dependence of any state vector is given by

U(t) = exp (-?) 7(0). (1.12)

dw(t)  iH THt 1
This equation is usually written as
dw (¢
Hw () = in 2D (1.14)

dt

This is the general version of the time-dependent Schrodinger equation. Time translation in-
variance leads to the energy conservation law, which applies only to isolated systems.

Another important fundamental symmetry is that of spatial translations. The laws of nature
should not depend on where our laboratory is located. When performing a translation by an
arbitrary three-vector a, the expectation value of any particle coordinate X is transformed to
X +a. (Here X = (Xj, X2, X3) is the position operator). There must exist then a unitary
operator U(a) such that

U la)XU(a) = X +a. (1.15)

For a infinitesimal, U must take the form U, = 1 + ieT + O(¢?). We use now the Hermitian
operator —P/h instead of T', and the three-vector parameter a instead of €, to write

U(a)=1— %P -a+0(a?). (1.16)
This can be taken as the definition of the momentum operator, P = (Py, P, P3). Inserting the
expression for the infinitesimal translation into equation (1.15) we have, to first order in a,

1+ P-a]X(1-‘P.a)=X-2X.(P-a)+-(P-a) X=X+ [(P-a),X]. (1.17)
h h h h h

From this, we conclude that the following relation must be satisfied for any infinitesimal three-

vector a .

r

h

3Do not confuse time-translation with time-reversal, which has been experimentally found not to hold in weak
interactions.

(P a),X] =a, X, (P -a)] = iha. (1.18)
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Taking now the first component of the X operator, X1, and a translation along the Xi-axis, we
have
[Xl, Plal] = ihal. (1.19)

This relation holds for any a; only if we have [ X7, P;| = ih. Likewise, we have [Xq, P»] = ih and
[X3, Ps] = ih. In a more compact form,

[X;, P;] = ihé;;. (1.20)

A translation by a vector a followed by a translation by a vector b gives the same result as a
translation by b followed by a translation by a, therefore

U(b)U(a) = U(a)U(b). (1.21)

From this follows that
[P, P;] = 0. (1.22)

Because they commute, we can find a complete set of eigenvectors of all three components of
momentum, so we can write for an arbitrary finite translation

U(a) = exp (—¢P5a> . (1.23)

Let |®g) be a one-particle state with a definite position at the origin. This is an eigenstate of
the position operator X with eigenvalue zero. We can form an eigenstate with definite position
x using the space translation operator,

[®) = U(X) |0) (1.24)
Of course, the position operator acts on this eigenstate according to
X [Py) = x|Px) . (1.25)

Remember that any state |1)) can be expanded in terms of the position eigenstates as

o) =[x o) (@ 0) = [ @Px i) 2. (1.26)
where 1)(x) = (®y|1) is the state wave function in the position representation.* A transla-

tion operation by an amount a transforms the position eigenstate |®x) into the new position
eigenstate U(a) |Px) = |Px+a). For an arbitrary state [¢)) we have then

Ula) |¢) = U(a)/d3X P(x) [0x) = /dgx P(x) U(a) [@x)

_ /d3x D(X) [Drra) = /d3x’ WX —a) [By). (1.27)

In the last step, we have just performed the change of variable x +a — x’. Hence, the wave

function transforms under a translation as®
Ula)i(x) = ¥/(x) = (x — ). (1.28)
For |a| infinitesimal we may Taylor expand 1 (x — a) and neglect everything beyond first order,
bix —a) ~ h(x) — Vo) -a (1.29)

“The wave function of the position eigenstate |®x,) itself is (®x | Pxo) = 63(x — x0). Since this function is
zero everywhere except at X = Xg, we obviously have X |®x,) = X0 |Pxg)-

5If the sign seems strange at first glance, think that what this equation says is that the translated function 1’
evaluated at x is equal to the untranslated function 1 evaluated at x — a.
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On the other hand, for such an infinitesimal translation the unitary operator can be written as
U(a) ~ 1 — P -a. Therefore

1 1
(2x |U(a) [4) = (Ex[¥) — 2 (2x [P |¢) -a=9(x) — 5 (2 |P|¥) - a. (1.30)
Remember that a is just a fized three-vector parameter. Equating (1.29) to (1.30) we get
1
L (@ | P [1) = V(). (1.31)
In other words, the momentum operator acts on the wavefunctions as
Py (x) = —ihV(x). (1.32)

It can be seen that space translation invariance leads to the momentum conservation law. Note
that the representation of the momentum operator as P = —iAV, as well as the commutation
relations [X;, Pj] = ihd;;, are not postulates. They both follow from the fundamental properties
of spatial translations and, in fact, are closely related in the sense that the representation
P = —iAV can also be inferred directly from the commutation relations (you are invited to
check this in problem 3).

This section was just a warm-up and we will not continue now with the next obvious candi-

date for a review: spatial rotations. You are expected to review it yourself by reading appendix
(B.5).

1.2 The Dirac equation.

Here we provide a very terse introduction to the Dirac equation, which is sufficient for our
purposes. For a systematic treatment you need to attend, for example, the Quantum Field
Theory course of the USC Physics Degree academic plan. By applying the standard quantum
prescriptions we have just reviewed in the previous section

0
p — —ihV, E— ih&, (1.33)
p?
to the classical energy-momentum relation o + V = FE, you get the Schrodinger equation,
m
R, ov
——VU U =ih—. 1.34
QmV +V ih—, (1.34)

It is easier to introduce the Dirac equation using relativistic four-vector notation, so here is
a brief reminder.® The energy-momentum contravariant four-vector, or four-momentum, is
p" = (E/c,ps,py,p2) = (E/c,p) = (po, p1,p2,p3). The corresponding covariant four-vector is is
pu = (E/c,—p). You go from one to the other using the metric tensor

1 0 0 0

v 0O -1 0 0
=gw =g o 1 o |° = 9wr" (1.35)

g 0 O 0 -1

In an expression such as g,,,p*, two repeated indices, one covariant and the other contravariant,
are to be summed over (Einstein summation convention). The scalar product of the four-
momentum with itself is

pp=p"gup’ =p"py = pup" = pop° + p1p" + p2p® + psp®

E2
= PoP0 — P1P1 — P2P2 —PsPs = g —p2 —p, —ps =m’c. (1.36)

S Although this is a powerful notation and should not give you any fear, this is essentially the only section
where we use relativistic four-vectors in this course.
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The quantum prescription goes over to the relativistic regime without modifications,

pu = (E/c, —p) — ihdy, " = (E/e,p) — iho*. (1.37)
10 9 90 0 0 19 o9 9 0
_ (£ 2 9 < ne ¢ (2299 9, 1.
(c@t’@x’@y’ﬁz)’ 9 (c@t’ oz’ Oy’ c')z) (1.38)
192 9 0 9 18

_ 2
U= =G "o o 92 @oe Y (1.39)

0
0= Hun

The relativistic energy-momentum relation E? — p%c? = m?c?* can be more conveniently written
in covariant” form as CQp“pu = m?2c*, or just® p? — m2c® = 0. The free-particle Klein-Gordon

equation follows upon using here the canonical quantum prescription,

1 020
c? ot?

+v2m=(%)2xy, 0w+ (T =0 (140)

—h28”“8u\11 —m2P0 =0, W

In fact, even before Klein and Gordon, Schrodinger himself considered this equation as a rel-
ativistic starting point for his theory. However, after including electromagnetic interactions
in (1.40) he did not obtain the correct hydrogen fine structure and discarded it in favor of a
non-relativistic equation (which does not include any fine structure at all). Another problem
with the Klein-Gordon equation is that it leads to both positive and negative probability den-
sity solutions. The inevitable conclusion is that the Klein-Gordon equation does not provide a
consistent description of single-particle states for a relativistic system.”

The origin of the negative probability density in the Klein-Gordon equation lies in the fact
that it is a second-order equation in ¢. In searching for a first-order equation compatible with
the relativistic relation ptp, — m2c? = 0, Dirac tried to factorize it. Suppose you are able to
write

(p"p — m202) = (Bpx + mc)(’yApA —mc), (1.41)

where a summation over repeated indices is understood and £* and v are eight coefficients to
be determined. Multiplying out the right-hand side we have

P, — m2c = By papa — me(B5 — 4%, — m2c?. (1.42)

For this equation to hold it is necessary to make the linear term in p, disappear from the
right-hand side, therefore we must impose the condition 8% = . We are left with

Py = VY i (1.43)

The " coeflicients we are searching for cannot be just numbers. We will not spend more time
on this here, but it can be shown that they should be matrices of, at least, dimension 4 x 4

"The covariant term is used here with a different meaning to the one in the expression covariant vector. In
brief, in a covariant equation both the left-hand side and right-hand side are explicitly written as tensors of the
same rank, which usually can be checked directly by simple inspection counting the number of contravariant and
covariant indices, taking also into account those which are contracted (summed over). This ensures that both
sides of the equation transform in the same way (they are covariant) when changing the frame of reference. In
modern terminology, a contravariant vector is just a vector, and a covariant vector is a 1-form. Nevertheless, the
scientific literature is full of expressions such as covariant vector, covariant equation and contravariant vectors, so
better get used to it.

8Note that in this equation we are doing p? = p"pu, which is not the same as the square of the three-momentum,
p?. In usual practice the context makes clear the meaning of p?, but in any case we will very seldom use covariant
notation in this course.

9In fact, no relativistic wave equation can provide a consistent description of single-particle states at very
high energies because the number of particles is not a conserved quantity: particle-antiparticle pairs can be
created. The proper interpretation of the relativistic wave equations has to be found in the Quantum Field
Theory Formalism. In this formalism the Dirac wave function, for example, appears as the matrix element of a
quantum field between a one-particle state and the vacuum, and not as a probability amplitude.
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and should satisfy the relation {y*,~v"} = v 4" + 4¥y* = 2¢g"”, where g"” is the metric tensor
defined previously. We have then

(P"'pu — m2?) = (7*pn + me) (7 \pr — me) =0, (1.44)
and the Dirac equation is conventionally chosen to arise from the relation'® (y*py — me) = 0:
(thy" 0y, — me)¥ = 0. (1.45)

We need an explicit representation of the v matrices. In the non-relativistic limit the most
convenient one is the so-called standard representation, which is

I 0 ; 0 oy
0 _ T 1 .
fy - < 0 —]I >7 fY - ( —0; 0 >7 1= 17273 (146)

where the Pauli matrices are given by

0 1 0 —i 1 0
01—<1 O>’ 02_<i 0)’ 03—<O _1) (1.47)
Explicitly,
10 0 O 0O 0 01
01 0 O 0O 0 10
0 __ 1 _
T loo -1 0| 7T 0o —100] (1.48)
00 0 -1 -1 0 00
0 0 0 —i 0O 01 0
0 0 ¢ O 0 0 0 -1
2 _ 3 _
T 1o io o] 7T 100 o0 (1.49)
- 0 0 0 0 1.0 0
The following relations are useful,
[O’i,a'j] = QiEiijk, 0;05 = iak, 01'2 = 1, 005 + 040 = 2(5@', 0'20'7; = —009,
ol=0;=0;', (a-0)-(b-o)=a-b+ioc-(axb), o= (01,02,03). (1.50)

In the relation o;0; = io}, the indices are understood to be an even permutation of (1,2,3),
but if you want a general expression showing explicitly the Levi-Civita tensor you may write
00 = 5ij + ieijkak.

The Dirac equation, (ihy*0, —mc)¥ = 0, is written in a manifestly covariant form, but for
our purposes it will be more convenient to write it using the following matrices

/8 = 70) ﬁal — ’yla BOQ = 727 ﬁa3 — 735 A — ’yo’yk = < ng O(-)k > . (151)
Explicitly,
10 0 0 0001
01 0 0 0010
=100 -1 o | “= o100 | (1.52)
00 0 -1 1000
0 0 0 —i 0 0 1 0
00 i 0 00 0 —1
“2=lo -0 0| ®T[1 0 0 o0 (1.53)
i 00 0 0 -1 0 0

00f course, it doesn’t really matter which relation you choose. You could as well take (Y"px +me) = 0 and
reach the same physical conclusions. Only the notation would be slightly changed.
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And the Dirac equation becomes now

ih (580 + Bardy + Basds + fazds — %) v = 0. (1.54)

Multiplying on the left by 3 we have (since 82 = (v°)? = 1)

ih (60 + 101 + a0y + 303 — ,3%) U =0, (1.55)
1hopV = ih (—04181 — g0y — 303 + B%) v, (1.56)

But ih (—a101 — asds — a303) = ap and 9y = %at, therefore

@at — (ap + Bme) V. (1.57)

The operator Hp = cap + fmc? is known as the Dirac Hamiltonian for a free particle. The
time-independent Dirac equation for a free particle is

(cap + Bmc?)¥ = EV. (1.58)

Of course, V¥ is a four-component (bispinor) function,

(i
(0
U= . 1.59
s (1.59)
(o
In components, the free-particle Dirac equation becomes a set of four equations,
C(p:r Zpy) +cp2P3 + (mc E)wl = 0,
c(pz + ipy) 3 — cpths + (mc —E)Ys = 0, (1.60)
C(pa: 'pr)w2 + cp1 — (m02 + E>7/}3 = 0,
c(pz +ipy)th1 — cpatbe — (mc* + E)ipy = 0.

Using the Pauli matrices we can write these equations in two-component form for the spinors

1, and 1, defined as
“:(Z;> v:(ii) (1.61)

copy + (mc* — E)p, = 0, (1.62)
copthy — (mc® + E), = 0. (1.63)
From (1.62) we have
cop
u v 1 4
hu=p— 5¥ (1.64)

Let’s make an estimation of the relative magnitude of 1, and 1, in the non-relativistic approx-
imation. From the general relation (a-o)-(b-o) =a-b+io - (ax b) we can write (op)? = p?,
and so op = p ~ mv. Furthermore'!,

2
E —mc? = /(mc2)? + p2c? — mc* = mc? 1+<ﬂ> — mc>
mce
L/p\2 1/ p\t p° p! 1
_ 2 2 _ ~ 2
=mc [1+2<mc) _§<mc) —f—...]—mc ——Qm—8m302+...~§mv (1.65)

HUsing v1+22 =1+ %;r2— %x4—|—....
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Thus "
w cmu c
— = =2—, 1.66
Uy %mvz v ( )

and for v/c < 1 only the 1, component (also known as large component) needs to be considered.
Inserting v, = 1, (E — mc?)/(cop) in (1.63) we get

(me? + E)(E — mc?)
cop

copiy — Py = 0, cz(ap)21/1u =(F+ mc2)(E — ch)wu. (1.67)

At non-relativistic energies we have E' = F — mc® ~ %mv2 < mc?, so

/

E
(B —mc*)(E + mc?) = E'(E' 4 2mc?) = 2mc*E’ <1 + 22) ~ 2mc*E'. (1.68)
me

Using this, and taking into account that (op)? = p?, equation (1.67) becomes

2 2
P h

E'y, =
Pu 5

This is still a two-component equation, but since both v, components satisfy the relation, we
may as well drop the subscript and write generically

E'y = —hiv%/; (1.70)
 2m ’ '

which is the time-independent Schrodinger equation for a free particle. Our next job will be to
find the non-relativistic approximation of the Dirac equation with an electromagnetic coupling.

1.3 The Electromagnetic Coupling in the Dirac equation.

Let’s consider an electromagnetic field given by the vector and scalar potentials A and ¢.
Remember that the magnetic and electric fields are (in Gaussian units)

B=V xA, E=--2"_Vg¢. (1.71)

At present, the best understanding we have on how to describe the electromagnetic interac-
tion is by requiring the Dirac Lagrangian to be invariant under a certain type of local gauge
transformations. It can be seen'? that this local gauge invariance principle leads us from the
free-particle Dirac Hamiltonian Hy = cap + Bmc? to H = a(cp — qA) + fmc? + q¢, which takes
into account the interaction with the electromagnetic field. The Dirac equation for a particle in
the presence of an electromagnetic field is then

(ce(cp — qA) + Bme? + qd) v = Enp. (1.72)

In two-component form,
o(cp — gAYy + (M + qd)Pu = By, (1.73)
o(cp — gAYy — (mc® — qd)y = Eiy. (1.74)

Let’s examine more closely the large component. From (1.74),

Uo(E +mc® — qé) = o(cp — gA )y, by = o(cp — qA)

= g q¢¢u. (1.75)

12We’ll explore a bit this mechanism in problem (1), but with the Schrédinger equation.
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Insert now this in (1.73), denoting E' = E — mc? and m = p — gA,
c

—qA
olep — aA) TP IR  (n + g0) = B, (1.76)
2
(Om) G gm0 (@) ¥n = (B = me® = o) = (B' = 4}, (L.77)
1 2mc? ,
32 T B T ame a3 (O™ tu = (B = a0)tu, (L.78)
(B~ gb)u = 5 (om)K (7). (1.79)
where )
2me 1
K:E'+2mc2—q¢: s (1.80)
1+ 3
2mec

When the kinetic energy E’ is small or, to be precise, the combination E’ — g¢ is much smaller
than 2mc?, we can approximate K ~ 1 and obtain

(B — q¢)thu = %(JW)Z Yu. (1.81)

In problem (6) we will prove the relation
2
(om)? = (p - gA) _9h v xA). (1.82)

Inserting this into equation (1.81) we arrive at

(E' = q¢) tu = [2; <p—%A>2—2q—7:CU-(V xA)] " (1.83)
El¢—|:1< —QA)Q—‘f’—ha.(VxA)Jr 41/; (1.84)
v o, PTG 2me 1 w '

This is the Dirac equation to order v/c. It is known as the Pauli equation because Pauli himself
had studied it before, following a different reasoning. It predicts an interaction term between
the magnetic field, B =V x A, and the spin operator of a spin 1/2 particle, S = ho /2.

We need to go to the next higher approximation, to order v2/c?, which comes from doing,'?

1 E —
1 q¢

1+E’—q¢N 2mc?

K =

(1.85)

2mc?

The procedure to follow is to insert this approximation for K into equation (1.79) and retain
only terms up to order v2/c?. We skip here the rather tedious derivation (see appendix B.9)
which would lead us to

(B'—qo)¢ = [1 (P—QA>2—LHU-(V><A)

2m c 2mc
4 2
p hq hq
sz T gV (VO + 530 (Ve) xpl) ¥ (1.86)

3Remember that 1/(1 + z) ~ 1 — z for small z.
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Now we set ¢ = —e, where e is the absolute value of the electron charge,
1 e \2 eh
E S - ( 7A> . A
(B +e)y [Qm P+ c + 2mca (V> A)
p? h2e he

— Sz gV 0~ a0 (Vo) xpl| . (187)

This is the Dirac equation for an electron to order v?/c?, and it will be the basis to compute the
first-order relativistic corrections to the Hydrogen spectrum. Higher-order corrections, however,
are not correctly given by relativistic wave equations, and a full quantum field theory treatment
would be needed.'

Before describing the relative importance of the different terms which appear in this equa-
tion, a few words about units. The primary laboratory data in atomic spectroscopy are the
wavelengths of electromagnetic radiation emitted by atoms. For a given transition between two
states, one does not measure directly the energy of the emitted photon, but its wavelength.
This is the reason why it is commong practice to work with inverse of centimeters instead of
energy units.'> From the relation between energy and wavelength for electromagnetic radiation,
1/A = E/he, we find, for £ = 1eV,

L__F LeV 8065.544005 cm ! (1.88)
[ — = . cm . .
N " 2rhe | 21 x 197.3260788(12) x 1056V x 10-18 cm

The relative importance of the different terms in equation (1.87) is the following:

e The electric scalar potential energy, e¢, with a size of about 10° cm™!, or ~ 12eV.

1 e \2
e The term o (p + fA) contains the kinetic energy and the interaction with the vector
m c

potential A. It has also a size of about 10°cm ™' and is responsible of, or contributes to,
several physical processes such as the absorption, emission and scattering of electromag-
netic waves, diamagnetism and the Zeeman effect.

e The interaction of the electron spin magnetic moment with a magnetic field, B=V x A,

h
is given by ;—a' -(V x A), with an energy of about lem~! (1.2 x 10~%eV).
me

4

e The relativistic correction to the kinetic energy, 32’
m3c
1075 eV), comes from the expansion of the relativistic kinetic energy

with a size of about 0.1ecm™! (1.2

2
T = E —mc® = /(mc?)2 + pc? — mc* = mc? 1+(£> — mc?
me
Lip\2_L/py! P
2 2
SO PO YAV S B
me { 3 Une 8 \mc * T om 8m502+

14 As it was pointed out before, relativistic wave equations do not provide a consistent framework to deal with
high-energy particle physics problems. It is true that the non-relativistic limit of the Dirac equation in an external
electromagnetic field reduces to the Schrodinger equation with a Hamiltonian which contains an expansion in
powers of the electron velocity, i.e. relativistic corrections. A posteriori, the field theoretical treatment shows
that the first-order corrections produced by the Dirac wave equation are correct, in the sense that they coincide
with the field theory result. In the language of Feynman diagrams, we would say that the relativistic wave
equations reproduce the tree-level diagram result. For more details see section 3.6 of M. Maggiore’s textbook A
Modern Introduction to Quantum Field Theory, Oxford University Press, 2013.

15Be careful not to mix the spectroscopic use of cm ™! with its use in the natural system of units. For more
details see equation (B.6) in appendix (B.1).
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he
WVQQS, has no classic analog and produces an energy shift in
m2c
s-states by less than 0.1cm~!.

e The Darwin term,

he
e The spin-orbit interaction term is ~ 22 [(V¢) x p|. In Hydrogen, this represents an
m2c

energy correction of about 107°eV, but for heavy atoms it can be considerably larger,
reaching a a size from 10 to 103 cm™!, (0.0012 to 0.12eV). If ¢ depends only on r the

gradient is just V¢ = d—ng. Using L=rxpand S = 29 we obtain the more familiar
rr

expression

he e d(bl e dol

1220 (Vo) xpl =~ 5a -~ S(rxp) = —o 55— - LS (1.89)

Finally, a remark should be made concerning the approximation we have used for the K factor,

2mc? E —q¢

~ 1 —

K - ~ .
E' +2mc? — q¢ 2mc?

When the electric scalar potential ¢ becomes singular, as it happens with the Coulomb potential
for r = 0, this approximation is not valid and a different approach is needed. We will see how
to deal with this problem when computing the hyperfine splitting in chapter 2.

1.4 The hydrogen atom without higher-order corrections.

What follows is a brief account on how to solve the Schrédinger equation for the Hydrogen
system because we assume you have already seen this in detail in previous courses. If this is
not the case you are advised to read, for example, chapter four of Griffiths’s book [7], and work
through exercises 9 and 10 at the end of this chapter.

For an electron in a static field without higher-order relativistic corrections equation (1.87)
reduces to

2
(E'+ep)yp = %w- (1.90)

At non-relativistic energies we have E’ ~ muv?/2. Let’s write now this energy directly as E
instead of E’, to simplify notation. Next we replace p by —ihV and write the electric scalar
potential as e¢p = —V to get

2
Hep = <hv2+v) b = Ey. (1.91)
2m
In spherical coordinates,
9% 290 2mr? 1
2 =+ -— E- = —L? 1.92
gzt 2 ) ot e (B VIw = L (1.92)
where : : o2
1 1
L? = —h? — [ sinf— — . 1.
[sin@@@ <bm 0¢9> * sin208g02} (1.93)

Assuming that the potential has only a radial dependence, V' = V (r), and that the eigenfunctions
can be written as

1
b(r,0,0) = —u(r)Y (0, 9) = R(r)Y (0, ¢), (1.94)
so the Schrodinger equation can be separated into
d*>u(r)  2m A
2 E - = = 1.
D 2R B VOut) = Sulr) (1.95)

L*Y(0,0) = h2\Y(6,¢), (1.96)
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where ) is a constant. Next, we need to apply some appropriate boundary conditions. It seems
sensible to assume that 1 and its first derivatives are everywhere continuous, single-valued and
finite. The consequences of imposing these conditions are that

A=L(0+1), (0=0,1,2...), (1.97)

and that the functions Y (0,¢) are the spherical harmonics, Y,"(6,¢), with m = —¢,—{ +
1,...,+¢. The first few of them, for £ = 1,2, 3, are listed in table (1.1). The equation for wu(r)
can be written now as

> 2m ((0+1)

+ 2 E-V(r)] -

3+ 5 > u(r) = 0. (1.98)

Solutions to this equation are searched for taking into account that V(r) — 0 as r — oc.
Asymptotically, as 7 — oo, the previous equation reduces to

d*u(r)  2m
dT'Q =+ ﬁEU,(T) = 0, (199)
which has solutions of the form
__ _*tar : _ 2m
u(r) =e",  with a= _ﬁE‘ (1.100)

For E < 0 the solution e is not acceptable because it grows without limit as » — oco. On the
contrary, the solution e~%" is acceptable because goes to zero as r goes to infinity. For F > 0
either sign in the exponent would satisfy the boundary conditions, nevertheless we will focus
here on the bound states of the atom, that is, solutions with £ < 0. In this case, according to
the asymptotic behavior, we should look for solutions of the form u(r) = e~ f(r), where f(r)
is a function to be determined by the radial equation (1.98) and the boundary conditions.

Consider now an electron of mass m interacting with a nucleus of charge Ze, so tha
V(r) = —Ze?/r. The radial equation is now

[;ﬁi v 2}%‘ (E + Z;2> - W;; 1)} u(r) =0, (1.101)

th

In Rydberg units, where the unit of length is taken to be the Bohr radius, ag, and the unit of
energy the magnitude of the ground state bounding energy of a Hydrogen with infinite nucleus

mass, we have the relations'”
r E h? h
rp— — Ep=— VZ = q2V? ap = ——= = 1.102
R a0 ) R Roo ) R 0 ; 0 me2 ame’ ( )
1/e2\? 1 h? e? e?
R ==[— ] mc®==a’me® = = —) o= —, 1.103
2 <hc> 2 2ma3  2ag he ( )
which, for example, let us do this transformation,
R? Ze? 27
(—V2 — ) v=FEy) — <—v%% — ) Y = Egy. (1.104)
2m r TR
Tn the SI system V(r) = 74?2{;' In the Gaussian system of units, the constants are absorbed into a

redefinition of the electric charge unit, so we have V(r) = — Z:Q. To go from one system to the other just make

the replacement ¢y — i. Have a look at the appendix B.1 for more information about various systems of units.
2 2
e dmegh

— , and the Bohr radius reads ap =
4meohc e2m

is valid in any system of units. R is the Rydberg constant for infinite nuclear mass.

"Tn the SI system the fine structure constant is o = . The

expression ag =
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We have also

14 1 12Z 14(+1
[22+2ER+2—2 ( j )]U(TR)ZO (1.105)
agdry  ag ay TR ay T

Since in Rydberg units ag = 1 by definition, we get (writing r instead of rg etc. from now on,
to shorten the notation)

d?u(r) N [E+ % _(e+1)

02 ] u(r) =0. (1.106)

2
Now we substitute u(r) = e~ f(r) and get

d?f df 9 27 L+ 1)
2 as + [a + E+ . 2 } f=0, (1.107)

But a? = —2mE/h? = —2mERR~/h? = —Eg/a?, so when E is expressed in Rydberg units
(where ag = 1) we have a? = —F and the previous expression reduces to

— — 2= +
.

d*f df [2Z ¢(L+1)
[ r r2

] f=0. (1.108)
Next, we try a power series solution,
f=r"(Ag+Air+Ar®+..), (1.109)

with s > 0 to ensure that f remains finite as » — 0. After inserting this power series in the
differential equation for f(r) it is found that s = £+ 1 > 0 and that the following recursion
relation for the coefficients must hold,'®

Ay _, (U+k)a-2Z :2%+a—% 1.110)
Ap_q k2 + (20 + 1)k E+20+1° '

A 2
k — ?a' This is also what

We see that, for & — oo, the recursion relation behaves as
k-1
happens to the coefficients of the e?*" power series expansion,

o0 k k
2ar (2@) k (2(1) /k;' 2a
= = —. 1.111
¢ % Ko Qa1 — 1)k (1.111)
This tells us that the function f(r) behaves like e2%" for large k and, therefore, u(r) = e~ f(r) ~
e~ e = 97 for large k if f(r) is given by an infinite series expansion. Since this implies that
u(r) = oo for r — oo, which is not an acceptable solution, we must demand the series (1.109)
to terminate at some finite value of k. This can only be done by setting to zero the numerator
of the recursion relation (1.110). Recalling that a®> = —E in Rydberg units,
Z Z? Z?
l+k)a—Z=0 = — E=—-r—s=-—. 1.112

In SI units,

2 2
o m (e
" [2712 <47r60>

1876 see clearly how a recursion relation like this arises, work carefully through problem number 9 at the end
of the chapter.

=—-a'mc"— =

=3 = (1.113)

n? 2

4dmeghc
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where Fj is the binding energy of the hydrogen ground state. Note that the boundary conditions
imposed on the differential equations have forced the bound states to have a discrete energy
spectrum. The acceptable solutions for u(r) can be written in terms of the Laguerre polynomials,

n—~_0—1

k
L2 (o 0 172 (—z)
nre (@) = —[(n+ kzo Min——k— )20+ k+1)!
= By + Biz+ Boz* 4+ ... 4 By_y_2" 7L (1.114)
n—~0—k ¢ (n+20)!
By=-Bpq1—— By_g1=(-1)"t — 1.115
F MR+ k+ 1) 1= (1) (n—0—1)! (1.115)

To keep the order of the Laguerre polynomial finite, the acceptable values for the integer n are
those that make the relation n — £ — 1 to be equal to zero or to some positive integer, therefore
we have

n=0+1,04+2/043,... (1.116)

The full solution for the hydrogen bound states is,

1
[nlm) = Ynem(r, 0, 0) = Rue(r)Y;™ (0, ¢) = ;unK(T)YZm(Gv ®) (1.117)
where,
_ (n —{— 1)'Z 2Zr o —Zr/(nao) 20+1 LZT
and - ~
/ U (1) Uprp(r) dr = / Ryo(r)Ryrg(r) r2dr = 8, (1.119)
0 0

The orthogonality properties of u,(r) and Y;™(6, ) lead to the following orthogonality relations
for the Hydrogen eigenfunctions.

(nfm|n"f'm') = /w&m(r,ﬁ,gp)¢n/ym/ (r,0,0) AT = S S0 Oy - (1.120)

We have three quantum numbers, n, ¢ and m, where n is the principal quantum number taking
the values n = 1,2,3,.... The orbital angular momentum quantum number takes the values
¢ =0,1,2,...(n —1). The magnetic (or projection) quantum number takes the values m =
—4,0+1,...,0,...0 — 1,+¢. In spectroscopic notation we have s,p,d, f,g... instead of £ =

0,1,2,3,4,... Note that the degeneracy of the Hydrogen eigenstates!'? is n2,

n—1

> @+1)=n’ (1.121)

=0

Table (1.2) shows the hydrogen-like atom wave functions (all written with a positive phase
factor) for states with n = 1 and n = 2, together with the radial functions u,,(r) = rRy(r).

It is interesting to see some plots of Rye(r) = Lup,(r). The higher the value of n, the greater
is the number of nodes in R,(r) for a given value of ¢. The probability of finding an electron
in an element of volume dr is

P pdr = %uié(r)}’ém* (0, )Y(0, ) r* sin @ dr df de. (1.122)

9For a Hamiltonian invariant under three-dimensional rotations, as it is the case when V = V(r), one in general
expects eigenfunctions of the form R(r)Y,™ (0, ¢) with a degeneracy of (2¢ 4+ 1). The fact that for Hydrogen we
have a degeneracy of n? is due to the special property of the Coulomb field. This degeneracy is often called
accidental. For multi-electron atoms, the energy of the orbitals depends on both n and ¢ because V(r) is no
longer the Coulomb potential.
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tm | Y0, ) tm | Y0, 9)

0,0 | (&) 2,42 | (542)"%sin? 0 e*i2¢

1,0 (%)1/2 cos 6 3,0 (16%)1/2 (5cos® § — 3cos )

1,£1 | F (8%)1/2 sin @ e*? 3,1 | F (%)1/2 sin @ (5cos? 6 — 1) et
2,0 16%)1/2 (3cos?6 — 1) 3,42 %)I/Q sin? @ cos f e*2#

2,1 | F (%)1/2 sinfcosfet® | 3,43 | F (%)1/2 sin? g e+13¢

n,lym | Ynem(r, 0, ) Une(r

10,0 (CTZO>3/2 %refzr/ao (%)3 2 o o Zran

2,0,0 <a%)3 2 L (2 _ %”) o—2r/2a0 ((TZO)B ) - (1 B 2%> o—Zr/2a0

21,0 (;Zo)d 2 \/;27 %Q_Zr/an cosf (£)3/2 L 22 Ze/2

1.0 | ()" dEoE - (&) e st |2y s g (1L g i
ag 276 ao 6ao

3,1,+1 (%)3/2 811/77 Zr _ (%)2 e—2r/3a0 gip, g etiv
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3,2,=£1 (%)3 ’ 811/7? (%’)2 e=27/300 Gin 0 cos f e=i? (%)3/2 81%/% zjé»3 o—2r/3a0

3,2, 42 (CTZO>3 ’ 1621ﬁ <%>2 o—2r/3a0 42 g oEi2e

Table 1.2: Hydrogen-like wave functions (all written with a positive phase factor) and radial

wave functions for states with n =1, 2, 3.

If ¢*¢ d7 is integrated over the surface of a sphere you get the probability of finding the electron
in a shell between two spheres of radii r and r+4dr. Since the spherical harmonics are normalized
to unity the result is just r?R?,dr = u?,(r)dr. Therefore u?,(r) is a radial charge density in
the same sense that 1*1) is a charge density. The probability of finding the electron between 6

and 6 + df is proportional to

}/gm*

2
(0, 0)Y;™(0, ) sin 6 df = [Pgm'(cose)] sin 6 dé.

(1.123)

The probability of finding the electron between ¢ and ¢ + dy is just proportional to dep.

The orbital angular momentum operator, L = r X p, commutes with the Laplace operator,
V2, therefore the Hamiltonian H = —(h%/2m)V? + V(r) also commutes with L and L2 The
components of L do not commute with one another, but any one of them commutes with L?
and H. It is conventional to write the Hydrogen bound states as eigenstates of the operators

L., L? and H, which satisfy

[L?,H] = [L.,H] = [L* L.] = 0.

(1.124)

Since our Hamiltonian does not contain spin operators, the following relations also hold,

[S?,H] = [S., H] = 0.

(1.125)
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Going back to equation (1.100), we see that if £ > 0 the parameter a = /—(2m/h?)E
becomes a pure imaginary number, which may be written as a = 4ix. The radial function
u(r) = e remains now finite for 7 — oo and it is not necessary (in fact it is not possible) to
terminate the series in (1.109). As a consequence, the energy is not quantized and can take any
value from zero to infinity, giving rise to a continuum set of eigenstates. FEach positive eigenvalue
is infinitely degenerate: to each value of E there corresponds an infinite number of states, with ¢
taking all integral values from 0 to oo (with all possible values of m for a given £). The hydrogen
eigenstates for £ > 0 can still be written as the product of a radial function and the spherical
harmonics,

¢k€m(r797(p) = RkZ(T)}/Em(ea(Ap)a (1126)

where k = \/2mFE /h? is a continuous parameter (wave number) that may take any positive
value. The radial function Ry(r) can be written as the product of an exponential function and
a confluent hypergeometric function. We don’t need to provide here an explicit expression,’
but they satisfy the following conditions of normalization and orthogonality

o K —k
/ 2Ry Ry dr = 6§ <27T> = 2w 6(k — k). (1.127)
0

If R,(r) is a radial function of the discrete spectrum and Rg(r) a radial function of the con-
tinuum spectrum, the following orthogonality relation holds?!

/ 2Ry Rye dr = 0. (1.128)
0

The orthogonality of the full eigenstates of the continuum spectrum for different values of ¢ and
m is ensured by the spherical harmonics,

(km|k'¢'m'y = /1/szm(r, 0, 0)Vpr gy (1,0, ) AT = 27 Sgpr Sy (K" — k). (1.129)

It should be emphasized that, if we wish to expand a function in terms of the Hydrogen atom
solutions, it is necessary to include both the continuum states and the bound discrete states.
The bound states form an infinite discrete set, but not a complete one.

1.4.1 Expectation values.

The expectation value of a given power of r is defined as

<rk> = /rkw*wdr = /000 r*R2,(r)r? dr = /000 rRu2, (1) dr. (1.130)

The expectation value of r itself is found to be

a
(e = o [3n% = £(+1)] . (1.131)
27

This may be interpreted as the size of the atom and is inversely proportional to Z.??2 For ¢ = 0
states the value of (r),, is proportional to n?, the deviations from this proportionality being

20The interested reader may consult [11] (chapter 5) or [1] (page 21), for example.

ZIRemember the theorem which states that eigenfunctions corresponding to different eigenvalues are orthogonal.

220f course, this is only true for hydrogenic atoms with nuclear charge Ze. The radii of multi-electron atoms
with high Z do not decrease as 1/Z because the charge of the nucleus is greatly screened by the inner electrons,
so the outer electrons do not see the full Ze charge. Heavy atoms are slightly larger than light ones because the
electrons in the outer orbits have larger values of the principal quantum number n, but for the same n the atomic
radius decreases as Z grows. In some contexts, the size of the atom is defined as one-half the distance between
the nuclei of identical atoms that are bonded together. For the Ha molecule this is 0.74 x 107'° m, which would
translate to a Hydrogen radius of about 0.37 x 107 m (the Bohr radius is ag = 0.529 x 107% m).
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small for states with £ # 0. Note that for the ground state of the Hydrogen atom we have

(r) = 3ap/2, while the maximum value of the probability density function occurs at a value of

r given by rmax = ag. For states with £ = n — 1 the probability density function has a single
maximum located at rpax = agn? /Z. The expectation value of r? is

2 .2

2 Gp ™

<T >n€ = o

=y [n® 1300+ 1)]. (1.132)

We collect below the expressions for the expectation values of a few inverse powers of r that will
be used later to compute several corrections.

1 >, Z 1 1 72 1
z - - dr = = — - = 1.1
ORI L T MRS s I
1 A 1
N 2 , 1.134
<7“3>nz ag nd(0+1)(€ + 3)¢ ( )
1 A 3n? — Ll +1)
=\ =2 . 1.135
<7‘4>nz ag 202 (L + 3)(¢+ 1) (€ + )00 — 3) (1459

1.4.2 One-electron wave functions.
p2 Z€2

We have just seen that for the Hamiltonian H = —— — —— the complete solution to the
time-independent Schrodinger equation Hy = E for Tt%e bognd states consists of the orbitals
Urim(7, 0, ) together with the energy eigenvalues E,,. The Dirac equation to order v?/c? (1.87)
contains additional terms which modify both the ,,;,, eigenfunctions and the FE,, eigenvalues.
We will evaluate later the corrections to F, using time-independent perturbation theory with
the ¥y, solutions as a zero-order basis set.

The Hamiltonian of the free-particle Schrodinger equation, H = p?/2m, commutes with the
orbital angular momentum, L, but the Hamiltonian of the free-particle Dirac equation does not:

[Hp, L] # 0, Hp = cap + Bmc?, (1.136)

where 8 = 7° and ap = 7%9*, (k = 1,2,3). It does commute, however, with the total angular
momentum operator J = L + S, where the spin operator is defined as®3

h h hi( o
s22<‘5 2)522, &:2(0{; fi),z'zl,z,?) (1.137)
1000
@ M (ot 0N B (o} 0\ B (of 0) 30210100 (1.138)
4 0 o? 4\ 0 o} 4\ 0 o2 ) 4 0010 )
000 1

It is easy to verify that the components of S satisfy the same commutation relations as the
orbital angular momentum, [S;,S;] = thSy, with (7,7,k) an even permutation of (1,2,3). A
particle at rest (L = 0) satisfying the Dirac equation is described by a spinor which verifies the
eigenvalue equation

3
S2x = h2S(S + 1)y = hQZx,
and thus has intrinsic angular momentum S = 1/2. The ability to automatically incorporate in

such a way the fact that the electron has spin 1/2 was historically one of the great accomplish-
ments of the Dirac equation.

23This is the spin operator which acts on the bispinor states (4 components) which are solutions of the Dirac
equation. The spin operator which acts on the spinor states (2 components) is just ko /2.



Quantum Physics III. Monday 7" September, 2026, 11:08. 27

We may adopt now the notation ¢(r) = ¢em, (1,0, ¢) for a one-electron spatial orbital char-
acterized by the quantum numbers n, ¢ and my, instead of the previous notation ©,en (1,0, ).
For the one-electron spin function we may write,

1
0 :|%a+%>7 fOI'mS:—}-%
Xm, = X(ms) = 0 (1.139)
1 :|%a_%>¢ forms_—%
The complete one-electron orbital would be
Y(A) = 9(r, 0, 0, ms) = $(r)x(ms). (1.140)

Whenever we write an integral involving spin orbitals, a spatial integration, as well as a sum-
mation over spin coordinates, is to be understood. It will often be the case that the radial
part of the wave function remains fixed, then the principal quantum number (n) can be sup-
pressed without loss of information. For many purposes, the Dirac notation turns out to be
the most convenient one. The notation [fsmyms) stands for the angular and spin parts of the
wave function. The subscripts in my and m, are used to distinguish the projection quantum
numbers associated to £ and to s. The spin orbitals ¥(\) = |[nfsmymg) are still eigenfunctions
2 2

e
of H = ro ——, with the same energy eigenvalues associated to ¢pnem, (7,0, ). However, the

2m T
degeneracy has been increased from n? to 2n?. We have the following relations,

L% |tsmymy) = (0 + 1)A? |[Lsmyms)

S%|tsmems) = s(s+ 1)h? [Lsmgmy) = %ff |esmyms) ,

L, |tsmyms) = mygh|[lsmyms), (1.141)

)
)
)
)

1
S, [lsmyms) = mgh|lsmymg) = iih |[esmemg) .

We are free to make any linear combination of degenerate eigenfunctions to build other sets of
degenerate eigenfunctions. A specially important example is

|lsjm) = Z |Csmyms) (Csmems|lsjm) , (1.142)

mems

where (¢smymg|lsjm) are the Clebsh-Gordan coefficients for the coupling of L and S to obtain
the total angular momentum J = L + S. The |/sjm) eigenstates satisfy

) = e+ )RR esjm),

S%|tsjm) = s(s+ 1)K |[tsjm) = ZFLQ |lsjm) ,
)
)

J2tsjm) = j(j + 1)R*|lsjm), (1.143)
J, [lsjm) = mhl|lsjm) .
And,
. 1 1
j=t-5t+3, m = my +ms (1.144)

The |¢sjm) states are not eigenfunctions of L, or S,. They are said to be in the coupled basis, in
contrast to the [£smyms) states, which are in the uncoupled basis. In the spectroscopic notation
for the orbitals, the small case letters s, p, d, f, ... stand for £ = 0,1,2,3,... in the |fsmyms)
basis. In the coupled basis |¢sjm) (also called terms) we use upper case letters, S, P, D, F, ...
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to stand for £ = 0,1,2,3,..., and the spin s is indicated by writing 2s + 1 as a superscript to
the left. For example, the expression

#HL; = Dy (1.145)

means £ = 2 and 2s + 1 = 2, so s = 1/2.2* The value of the total angular momentum, j = 3/2,
is written as a subscript, and m may be indicated separately as follows

. 13 1

1
Do — 2>. (1.146)

Of course, the choice of basis for the states does not affect the physics results.

In the coupled basis the states cannot be written as a product of a single space-wavefunction
and a constant spinor, like we did in equation (1.140) for the uncoupled basis. This is because
the angular part of the wavefunction turns out to be different for the two components of the
spinor. Indeed, equation (1.142) tells us that the state [£sjm) is built as a linear combination
of [€smyms) states with different values of my, hence different spherical harmonics.

It is instructive to see this difference by finding the explicit form of the one-electron wave-
functions which are simultaneously eigenstates of L2, S2, J? and J,. To be very clear, we can
write the total angular momentum as

10 h
J—L( 0 1)+20. (1.147)

The J, operator is then

o) - 0 1
o> 0 h —i5;+ 35 0
Jzz_m<30%0 5>+203:h< &6 2 o > (1.148)
oo dp

From this expression, it is easy to see that the eigenfunction of J, corresponding to the eigenvalue
mh can be written as

N =

[ Ri(r)Fi(8) eim2)%
Ro(r)Fy(0) eimt2)e |7

where R, Ro, Fy, F5, are radial and angular functions to be determined. For ¥ to be an
eigenfunction of L? we need to require that L?¥ = £(¢ + 1)h?W¥. In full detail,

(1.149)

LR, (r)F1(0) €™ 2)% = 0(0 + 1)R2R, (r) F1(0) /M 2),

L?Ry(r)F5(0) €'"T2)¢ = 0(0 4 1)h* Ro(r) F2 () ' F2)%,

Since we know that L2Y;™ = £(¢ + 1)h? Y™, we conclude

m— 1

) 1 ) m4L
Fi(0) €/m=2)% = Y,"72(9, ), Fa(0) /" +2)% = v,"2(9, ),

Therefore )
m—3
U= ( Bu(r)Y, 7(6.¢) ) . (1.151)

41
R2(r) }/ém ? (9) SO)
Finally, we need to add the requirement that V¥ is an eigenfunction of J? = L?+ 52 +2LS. When
acting on W, the eigenvalues of L? and S? are £(£ + 1)h? and 3h2/4, respectively. Therefore we
can write

(C+1)+2+4L, ir_

3
2 2, 932 2
J* = U0+ DR+ TH o+ hle = h < 1 ()8 - 1L, ) (1.152)

24For one-electron systems we always have s = 1/2 and 2s + 1 = 2, but this notation will be very convenient
when applied to multi-electron systems.
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where

LoY" = (Ly £iL,)Y™ = h/0(0 + 1) — m(m £ 1) Y"1 (1.153)

Imposing now the condition J?W¥ = j(j + 1)k ¥, leads to a system of two equations which can
be solved to obtain the following normalized eigenfunctions (see problem 8),

_1
NG . Rn,j—%(r) €—|—m+%Y£m 2 0o 1 e#o
S N | (—mt iyt ) Ty

_1
v _ By O [y lm 5 (=j+2 140
MR VAT \ L frem iy ) Ty

Of course, the radial functions in the expressions above are the usual hydrogen-like radial func-
tions. Also, be careful to note that the m quantum number is the magnetic quantum number
of the total angular momentum, m = m; = my + ms. Thus, the spherical harmonic index in the
upper components of the spinors tells us that

(1.154)

2 2
While for the lower components we have
1 1 1
me:mj+§:me+ms+§ = Ms="5

The case £ = 0 must be treated separately. If £/ = 0 we only have the spin part and the J,
operator becomes
~h R ({1 O
Je=50 = 2<0 _1)~

The eigenfunctions of L?, S%, J? and J, can then be written for £ = 0 as

1

0 m—+ 5 . 1

\I/nj:w:%,m =Ry o(r) Yy (6, ¢) ( 1 n21 ) , j==, (£=0. (1.155)
Note that in this case there is no angular dependence inside the spinor and the state is written
as a separate product of a space-wavefunction and a constant spinor. The states for the two
possible values of the magnetic quantum number m are

1
Vot = Rua ¥80.0) (¢ ).
(1.156)

0
Qn,é:O,j:%,m:—% = Rn70(7’) YOO(97 90) < 1 ) .

Equations (1.154) can also be written in terms of abstract Hilbert states without reference
to a particular representation (space or momentum) as follows

1 E—l—m—k%
nagv.j:€+7m>:

1 1>
nb,myp=m——-,ms = —

2 V2l +1 2’ 2
VE-—m+3 , | 1
—"_7 n? 7m :m—"_i?msz_i )
V20 +1 ¢ 2 2>
1
1 VE-—m+3 1 1
0j=10—= — Yl lmy=m—=,m, == 1.1
n,«,J 25m> 2€+1 n, £, myg m 2)m 2> ( 57)

1 1>
nbimg=m+—-—,ms=—= ).
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1.5 Spin-Orbit coupling.

In the rest frame of the electron the moving body is the nucleus. This moving nuclear electric
charge creates a magnetic field at the electron position which interacts with the intrinsic magnetic
moment of the electron (originating from its spin). From a classical point of view, this would
give rise to a torque that tends to align the electron spin along the direction of the field.
Alternatively, you may prefer to analyze the problem in the rest frame of the nucleus. In this
case, of course, there is no magnetic field due to the movement of the nucleus and you could
argue that the electron only sees the nucleus Coulombic electric field. This is correct (ignoring
the nucleus intrinsic magnetic moment), but electrodynamics tells us that a moving magnetic
dipole (the electron) acquires an electric dipole moment, and in the nucleus rest frame the spin-
orbit coupling is due to the interaction of the electric field of the nucleus with the electric dipole
moment of the moving electron.

If the electrostatic potential depends only on r, from equation (1.89) we read off the following
spin-orbit Hamiltonian,

e 1do
w=——>-5——"7LS = LS. 1.1
Hoo = =535 L8 = £(1) (1.158)
For hydrogen-like atoms ¢ = Ze/r, therefore
Ze?
The one-electron Hamiltonian with spin-orbit coupling becomes then ‘H = Hg + Hso, Wwhere
h? Ze?
Ho= ———V2 - 25 Mo = £(r)LS. (1.160)
2m T

We will treat the term Hy, as a small perturbation.?® If the hydrogenic states |nfsjm) were non-
degenerate, the first-order correction to the energy obtained from time-independent perturbation
theory would be

B = (3 ‘”Hso ‘ ). (1.161)

However, one has to be careful because Hy has degenerate eigenvalues. There are a number of

eigenstates %(12) with the same eigenvalue, so in this case the first-order corrections to the energy
are obtained from the solutions of the secular equation,

n ni Hso

Hy — EVs;

—0, where HY= <1,z)<°)

1/)53.)> : (1.162)

where wfg) ) 1/153-) are degenerate eigenfunctions of Hg. To decide in which basis it is more conve-

nient to compute the matrix elements we note that

J=L+S, J?=L*+ S* +2LS, LS = %(JQ—LQ—SQ), (1.163)
[Ho, L?] = [Ho, S?] = [Ho, J?] = [Ho, L] = [Ho, Su] = [Ho, J,] = 0, (1.164)

where L,,, S, and J,, stand for any component (rectangular or spherical) of L, S and J, respec-
tively. We have also (see problem (12)),

[LS, L% = [LS, $?] = [LS, J?] = [LS, J.] = 0, (1.165)

but [LS, L,] # 0 and [LS, S.] # 0. Both |£smyms) and |¢sjm) are eigenfunctions of Hy, however
LS does not commute with L, and S,, which means that [£smym,) will not necessarily be an
eigenfunction of LS. The |¢sjm) states are simultaneous eigenfunctions of L?, S?, J2, J, and

25Tt would be a good idea to read appendix B.2 before you proceed.
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LS, therefore the coupled basis is the one we should use because only diagonal matrix elements
will appear in the secular determinant. We have,

(€'s j'm!| LS |[tsjm) = % (0'si'm!| (J* — L? — S%)|¢sjm)
h2

= ? |:.7(.7 + 1) — E(f + 1) — S(S + 1)] 5j’j5£’€5m’m' (1.166)

The expectation value of the radial function &(r) is,

(E(r)) = Ent = (0] £() ) = / TR () dr = /0 )2y (r) dr

Ze? [ 1 Ze? VA A 1
e/o T—gugw(r)dr e<n€ ¢

= = {) = — 1.167
2m?2c? 2m?2c? " > 2m2c? ad 30+ 1)(0+ 30 ( )

1
73

where we have used the value of (1/r3) given by equation (1.134). Combining everything to-

gether,
Z2e2h? j(i+1) =Ll +1) —s(s+1)
{si LS| /sjm) = . 1.168
{lsgm |§(r)LS | Lsjm) 4m202ag n3(0+1)(0+ %)E ( )

To simplify this take into account that

e? h? h e? 1 5 5

- - S o= — —E% = 1Ry. 1.169
T he W=~ ame’ 2a0 g me 1 Y ( )
So
s 3= N = ¢ alme” = alme? = 1oz2mc2 o = a—zRy. (1.170)
4m?c?a3  4m2c? B3 he 4 4 2 2 2
Therefore in Rydberg units
Z4%? j(j+1) =Ll +1) —s(s+1)
FEy = Ry, for £ #0). 1.171
= T8 2000+ 1)+ 1) Y (for £70) (1.171)
To get an expression valid in any system of units note that
1 Z2 E(O)
EW = —(2?/n*)Ry, EV = —§a2m02ﬁ, (Za)? = —QnQ#, (1.172)
Z4C)é2 B 1 Z2 (Z )2 1 E(0)2n2E1(10) o n (E(0)>2 (1 173)
2n3 mn2 Y T ot T2 mc2 \" ") '
so we can rewrite Fg, as
POM
n nlj(j+1)—0(l+1) —s(s+1)]
Ey, = 5 1 . (1.174)
me (04 3)(0+1)
If we want to make explicit the fine-structure constant,
(j+1)—L(0+1) — 1
By = —BEO (zqy? 0D —AFD Zslst 1) (1.175)

2nl(0+ 1) (0 + 1)

Note that this formula for Fg, diverges when £ = 0. This is due to the fact that we have
computed the value of (1/r3) with the eigenfunctions of the Hamiltonian in (1.87), which has
been obtained in the non-relativistic regime where e¢ < mc?. However, the Coulomb energy
Ze? /r becomes infinite at 7 = 0 (where the wave function for ¢ = 0 is still finite) and therefore
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the approximation e < mc? becomes invalid. In any case, atomic nuclei are not point-like
electric charges generating an exact Coulomb potential, so a more careful study should be done
at short distances. A proper calculation with an improved approximation®® reveals that (1/73)
is finite and we can safely use the fact that the matrix element of LS vanishes for ¢ = 0 to
conclude that Ey, = 0 for s states.

For one-electron systems s(s + 1) = 3/4, therefore

14 for j =041
i(G4+1) =Ll +1)—s(s+1) = 2 1.176
JG+1) = e+ 1) = s(s+ 1) {_<e+1> ot 1 (1.176)
We can then rewrite Fy, in Rydberg units as
Z*a? 0 Z4a? (0+1)
By = Ry, E, 1=~ R 1.177
AT T ST R 3 wA e+ (A7)
Z4a? 1
A-EWSO = Eﬁ_;'_% — EZ—% = 7 m Ry (1178)
And in arbitrary units,
0))? (0)) 2
(B)  w (B7)  ag+)
Ep1 = 2 1 ) E, 1=- 5 i (1.179)
2 mes L0+ 5)(0+1) 2 me? L0+ 3)(0+1)
()
n n
A-ESO = E£+% - Eg?% = mC2 E(E—F 1) (1180)

The size of the spin-orbit energy shift in the Hydrogen atom is of the order of 107°eV, or
0.1cm~!. Since the energies between states with different values of the principal quantum
number, n, are about 10* cm™!, we see that the spin-orbit energy shifts are much smaller and
the first-order perturbation theory seems appropriate. Nevertheless, one has to take into account
that the spin-orbit energy increases rapidly with the atomic number due to the Z* dependence.

The conditions on j, £ and m for the spin-orbit interaction matrix elements to be nonzero
can be read directly from equation (1.166). They are

Aj = A0 =Am = A(mg+ms) =0. (1.181)

To see if there are any restrictions on the individual values of m, and ms we should compute the
matrix elements of LS in the uncoupled basis, |¢smyms). To do this it is convenient to express
L and S in spherical components,

1 , 1 ‘
Ly = —E(Lm +iLy), L= E(Lr —iLy), Lo=L. (1.182)

1 _ 1 .
S = _E(Sz + ZSy)a S_1 = ﬁ(sﬁv - ZSy), So =5 (1'183)

1 1
L,=——(Ly1 —L_1), Ly=—(L41+ L), L,=1L 1.184
ﬂ( +1 1) y ﬁ( +1 1) 0 ( )
1 )

Sy = —7(S+1 — S_l), Sy = L(S—f—l + 5—1)7 S, = So (1'185)

V2 V2

This leads to LS = —L11S_1 + LoSo — L-15+1, and therefore the matrix element

<€sm2m; ‘ —L1S 1+ LoSo— L1541 ‘ Esmgms> (1.186)

26We do not perform this particular calculation here, but a similar one will be done when studying hyperfine
interactions.
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1) J1-g) [0 [0-3) [-13) [-1-3)
1L 1
<<_21‘ ? 11
2 2 /2
<0§\1 7 0 1
. !9
(13 7 3
(-=1- 3 2

Table 1.3: <1%mgms‘§('r)LS‘1%mgms> matrix elements for p states in units of h%&,, =
h% (nl|€(r)Inf). The notation has been shortened from |[fsmyms) to |mems) because £ = 1
and s = 1/2 for all the states in the table.

vanishes unless Amy = 0,£1 and Ams = 0,£1. A further requirement is that, if m, increases
by one unit, ms must decrease by one unit and vice-versa. In summary, the matrix element is
zero unless

Amy = Amg =0, or Amy = —Am, = 1. (1.187)

As a reference, the different values of (11myms | £(r)LS | 13mems) are shown in table (1.3)
in units of h2&,, = k% (nl|&(r)|nl).

1.6 Relativistic correction to the kinetic energy.

From (1.87) we see that the relativistic correction to the kinetic energy is given by

4 2\ 2
P L (p
= — = — = . 1.188
Hr 8m3c? 2mc? <2m) ( )
2 7 2
Using Hg = 2p—m — Te we have,
1 Ze2\? 1 ) 11 (Ze?)?
_— Skl I Ze* (Ho- + - . 1.1
H, P2 (7‘[0 + . ) 9mc? [7‘[0 + Ze (Hor + r?‘lo) + 2 :| (1.189)

We want to compute the effects produced by H, within a multiplet of states specified by par-
ticular values of n, £, s and j, as for example the 25, /2 OT ’p, /2 eigenstates of Ho belonging to
a particular value of n. Therefore, treating H, as a perturbation, the basis set is |nfsjm) and

the relevant matrix elements are (nf'sj'm’|H,|nlsjm). Let EY) be an eigenvalue of Hg, then
2
<n V'sj'm/ ‘ H? ’ nﬁsjm> = (quo)) 8000 Oy - (1.190)

Since [p,r] # 0, Ho and 1/ do not commute. However Hg is Hermitian,?” therefore we find the
following two matrix elements to be equal

1
“Ho
”

1
<n€/sj’m/ ’Ho;

nﬁsjm> = <n€/5j/m/

= E0 <n€’sj’m'

nﬁsjm>

n

nﬁsgm> = Eéo) <71”> 5@5’5jj’5mm’- (1.191)

2TRemember that a Hermitian operator satisfies <1/) ‘ AT¢> = (A¢ | o) = (@] AY)™. So

. 1 1 1
<7’L£S]m ‘ 7‘[0; HO; wnésjm> = <ngn€sjm ‘ ; w'nfsjm>

n55]m> = <wn£sjm
1

T T

1
= <H0¢nlsjm ‘

¢nlsjm> = E’ELO) <¢nlsjm ’

wnfsjm>
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In the last step, we have taken into account that the value of (1/r) only depends on the radial
part of the wave function and is independent of ¢, j and m. Similarly

<n€'3j’m’

, 1

Thus H, has only diagonal matrix elements and its expectation value is

(Hr) = =gz [B 4226 () + = (3) | (1.193)
n
For Hydrogen we have
7% 2 Z? me* 72
po_ 4 ¢ _ Zme 2 1.194
" n? 2ag n? 2h? n?2 Ry, (1.194)
and
1 Z 1 1 72 1
nN_2z1 N2 1 1.195
<r> ag n? <r2> ag n3(0+ 1) ( )
) EQ [ 72 ¢ Cog2Z ] n22a0<Z 2)222 1
e e — ——(Ze" ) =
" 2mc? | n? 2aq apn? 7% €2 ag n3(0+ 3)
EVz22 1 1 1 3 1
— 2 - - - | —EOz22 | 1.196
mc2ag 4n? " n?  p(l+1) noaa 4n? * n(l+3)|’ ( )
where
2\ 2 2 2
9 e e I
_ (€Y _ _ 1.197
“ <hc> mclag’ R (1.197)

We have obtained a formula for (#,) which is valid for all values of ¢ (including ¢ = 0), namely.

Za)? | 3 1
B, =(H _ po SRR — 1.198
To write this in Rydberg units note that BY = —(Z%/n?) Ry, therefore
Z4a? 3 1
E.=— ——+ —— | R 1.199
Using the relations
1 72 72 26
0) _ 2,2 . n
we can also write the relativistic correction in this useful form
(0 2 (B0 o2
g Za( dn ) (£7) o ( an 3 (1.201)
T 4p2 {+ % N 4a2mc? {+ % )

(02
B =— (Eno ) <£4" - 3) (1.202)
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1.7 The Darwin term.

For the Darwin term let’s consider E = —V ¢, with ¢ = Ze/r. Then

12 722 _, (1
Hp=-"1 v.E=-2" 2 () (1.203)

-~ 8m2¢2 8m2c? r

The direct computation of V2(1/r) would give zero everywhere except, possibly, at r = 0. This
also happens with the divergence of #/72,

v < r) . 10 (7’212> =0, for r #0. (1.204)
T

r2)  r2or

On the other hand, using Gauss’s theorem we can compute the volume integral of V (#/r?) over
the interior of a sphere of radius R, centered at the origin, as the integral of #/r2 over the surface
of the same sphere. The result is

i £ i . .
/v <7«2> Br = % (ﬂ> do = / <R2) R%*sinf0dfdet = 4r. (1.205)

Taken together, equations (1.204) and (1.205) tell us that V(#/r?) = 4md(r). Now, since
V(1/r) = —t/r%, we have V2(1/r) = —V(#/r?) = —4xd(r). Therefore the Hamiltonian of
the Darwin term is

B 4 Ze?h?

It is clear that we only need to consider the radial part of the wave function. The ma-
trix elements of the delta function are just the values of the wave functions at the origin,

(nl|5(r)|nl) = |1(0)|?, therefore

nZe’h?
(Hp) = WW(O)\Q = Ep. (1.207)

This formula implies that (Hp) is nonzero only for s states. In Hydrogen

3 252 73 4,252
O = 7mZ%g’ Ep = 7;%;02 wiag - 2nZ3n32§2a8' (1.208)
In Rydberg units,
Ep = Z;?Q Ry, (£=0 only) (1.209)
Since EY) = —(Z%/n?) Ry, we can also write
Ep = —E}l())(Z::)Q, (¢ =0 only). (1.210)

To make the comparison with mc? explicit we can trade (Za)? for another factor of quo) using
2

1 Z
the relation B = —§a2m02—2. Therefore
n

(5)
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Figure 1.1: Fine structure energy shifts on the n state of a hydrogen atom (not to scale).

1.8 Combining all corrections.

To recapitulate, the corrections due to the spin-orbit effect and the Darwin term are

Z4%2 j(j+1) —(l+1)—s(s+1)

Z4a2
n® 2000+ 1)t +1) ¥

Eso = ED =

Ry. 1.212
5 Ry ( )
The expression for Fg, is only valid for £ # 0, although we know that Es, = 0 for states with
¢ = 0 anyhow. On the contrary, the Darwin correction applies only to states with £ = 0. The
relativistic correction is valid for all values of ¢,

(gi])__il]_gy (1.213)
2

Taking all this into account, it is easy to show (problem 14) that by adding the three corrections
we obtain a formula that depends only on n and j, but not on ¢ or m.

Z4a? 1 3
E E.+FEp=— —— — —| Ry. 1.214
so + Er 4+ Ep e MJ y (1.214)
The zero-order Hydrogen energy levels are given by E7(10) = —(Z?/n?) Ry. By including all
corrections we have computed we arrive then at
zZ? 7?02 [ 1 3
E,,=——|1 _—— Ry. 1.215
nj ) + " (j n % in y ( )
In arbitrary units,
Z20? 1 3
E,.j=EY |1 - —1. 1.216

The splitting that arises within a manifold of states belonging to the same value of the principal
quantum number, n, is known as fine structure.

To summarize: without relativistic corrections, the energy F,, depends only on the principal
quantum number n. After relativistic corrections, the FE, energy level splits into n different
levels, one for each value j = 1/2,3/2,5/2...,n—(1/2) of the total angular momentum quantum
number j. This splitting is called fine structure splitting, and the n levels j = 1/2,...,n—(1/2)
are said to form a fine structure multiplet (see Fig. 1.1). The dimensionless constant that
controls the scale of the splitting, o &~ 1/137, receives the name of fine structure constant.

1.9 The Lamb shift.

It is interesting to note that equation (1.215) predicts the energies of the 2S; /2 and ’p, /2 levels
(notation 2**1L;) to be the same for a given n (see Fig. 1.2). This is a result that holds even for
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Figure 1.2: Fine structure energy shifts on the n = 1,2, 3 states of a hydrogen atom (not to
scale).

the exact solution of the Dirac equation for Hydrogen, which predicts that states with the same
value of the quantum number j, but different values of ¢, have the same energy. However, already
in the late 1930’s several small discrepancies were observed between the measured spectra and
theoretical expectations. The 2S; s2 and ’p, /2 levels, for example, did not coincide because
there existed a slight upward shift of the 2S; /2 level. Nevertheless, not all observations around
that time agreed with each other. The broadening of spectral lines, due mainly to the Doppler
effect, made high-precision spectroscopy measurements very difficult. In 1947 W. E. Lamb and
R. C. Retherford performed a brilliant experiment using microwave techniques to stimulate a
direct radio-frequency transition between the 2S; /2 and ’p, /2 levels. Since the Doppler effect
is proportional to the frequency of the waves, working in the microwave regime guarantees
negligible line-broadening due to this effect.

The need to explain the so-called Lamb shift stimulated the revision of fundamental physical
concepts such as the renormalization of mass, and contributed to the final formulation of the
theory of quantum electrodynamics. The calculation of the Lamb shift can only be done with the
methods of quantum field theory and is beyond the scope of this course. However, a qualitative
explanation may be provided in the following way. A quantized radiation field in its lowest
energy state is not characterized by a vanishing amplitude of electromagnetic fields. There exist
zero-point oscillations similar to those which appear in the study of the quantum-mechanical
harmonic oscillator. This means that even in the vacuum there are fluctuations in this zero-point
radiation field which can act on the electron, causing it to execute rapid oscillatory motions so
that its charge is smeared out and the point electron effectively looks like a spherical charge of a
certain radius. If the electron is bound by a non-uniform electric field, as in atomic systems, these
oscillations will make it experience a potential that is slightly different from that corresponding
to its mean position. In particular, the electron in a one-electron atom would not be so strongly
attracted to the nucleus at short distances. As a result, s-states (which are most sensitive to
short distance modifications because |1(0)|> # 0 for these states) are raised in energy with
respect to other states for which the corresponding modifications are much smaller.

The present measured value for the energy difference between the 25, /2 and 2P, /2 levels of
Hydrogen is 3.36 x 1075 eV (we do not quote the full available accuracy here) and there is good
agreement between theory and experiment. The proper calculation of the Lamb shift has to take
into account higher-order radiative corrections in addition to the vacuum polarization effect just
described, and also the proton size.?® Figure (1.3) shows some of the loop diagrams contributing

28In fact, vacuum polarization contributes only a small part of the radiative corrections in ordinary atoms.
However, in muonic atoms (where an electron is replaced by a muon), the vacuum polarization dominates the
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Figure 1.3: Some loop diagrams contributing to the Lamb shift. Taken from Griffiths [3].

to the Lamb shift. At present, the greatest uncertainty in the theoretical calculations comes
from the root-mean-square charge radius of the proton, which has to be taken from experiment.
For ¢ = 0 the Lamb shift has been computed to be

1
AFEamp = a5m02mk(n,0), (1.217)

where k(n,0) is a numerical factor that varies slightly with n, from 12.7 for n = 1 to 13.2 for
n — o0o. For ¢ # 0 the Lamb shift is

1 1 1
AEpamb = o®mec?— | k(n, 0) £ for j=40+—, 1.218

where k(n,{) is a very small number (less than 0.05) that varies slightly with n and ¢. The
Lamb shift is very small, except for s states where is about 1/10 of the size of the fine structure.
The hierarchy of corrections to the (Bohr) Hydrogen energy levels is the following

Bohr energies: of order a’mc?
Fine structure: of order a*mc?
Lamb shift: of order o®mc?

4. 2

Hyperfine splitting: of order (m/my)a*me

The hyperfine splitting, which will be computed in chapter 2 (see equation (2.172), for exam-
ple), is smaller than the Lamb shift by an order of magnitude due to the small value of the
electron/proton mass ratio.

1.10 Special hydrogen-like atomic systems.

1.10.1 Antihydrogen.

The antihydrogen, a pe™ bound system, is specially interesting to study possible fundamental
differences between matter and antimatter. To be sure, we already know there are differences
between matter and antimatter. Perhaps the most conspicuous one is that antimatter is es-
sentially absent in the visible Universe. Still, we expect the antihydrogen to behave exactly as

radiative corrections.
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hydrogen, since this is an electromagnetic system where we expect the weak interaction to play
a negligible role.

Antihydrogen atoms were first produced at CERN in 1996. Several experiments take nowa-
days place in the so-called CERN’s Antiproton Decelerator (AD), a complex that produces
low-energy antiprotons for studies of antimatter, and creates antiatoms. In one recent publica-
tion the ALPHA collaboration has reported the observation of the 1S-2S transition in trapped
antihydrogen atoms. They are magnetically trapped using a very sophisticated superconduct-
ing trapping device. The vacuum region where they are confined is a cylinder of 28 centimeters
length and a diameter of 4.4 cm. Special windows let a laser beam go through the chamber. One
of the goals is to measure the frequency of the 1S-2S transition in antihydrogen and compare
it with the very precise measured valued in hydrogen, 2466061413187035(10) Hz. A significant
deviation from this value would mean a breakdown of CPT symmetry, but no anomaly has been
observed so far.

1.10.2 Positronium and muonium.

The positronium is a e™e™ bound system. Essentially all formulas we have studied so far can
adapted to this (and others) exotic hydrogenic atom by changing the mass of the electron by
the so-called reduced mass. For a system of two particles with masses mq and meo, the reduced
mass is defined as
mims
= — 1.219

h = (1.219)

For positronium g = m./2, and the unperturbed Bohr energies are given by half of the formula

we derived for hydrogen,
1 1
pos __ 2 2 -

EP® = 2En = —atme” . (1.220)
The Bohr radius for this system is a factor of 2 larger, ah® = 2aq¢p = 1.06 x 1078 cm. The
perturbative corrections get similar factors, except the hyperfine splitting, which is of the same
order than the fine structure because we don’t have anymore the mass suppression ratio me/m,.
The positronium is an interesting test system for QED. It has been produced in the laboratory
and there are several measurements that could be discussed, but this is not the place to do it.
Let’s finish this section by remarking that this is not a stable system. It decays to two photons

with a lifetime of
2h

=5 5 =125 10719 sec. (1.221)

T

The muonium is a u"e~ bound system. The mass of the muon is about 207 times the mass
of the electron, and all formulas have to be adapted with a new value of the reduced mass. The
lifetime of the muonium is 2.2 x 107% seconds, which is the lifetime of the muon itself.

1.10.3 Rydberg atoms.

An atom with an electron in a very high-energy state, with principal quantum number even as
high as n = 100, is called a Rydberg atom. The size of such an atom is truly big compared
to atomic standards. With electron orbital radii of the order of 10~7 m, it is almost as big as
a bacteria. Of course, the ionization energy for hydrogen atoms with n = 100 is very small,
about 1.36 x 1073 eV. Another important feature is that the energy separation for states around
n = 100 is also very small, because we are approaching the region were the spectrum becomes
continuum.

The study of Rydberg atoms is important for several areas of astrophysics, plasma physics
and quantum optics. The highly excited electron of a Rydberg can be removed very easily, even
in thermal collisions. However, in the interstellar vacuum space a Rydberg atom can in principle
have a long lifetime and emit radio waves which can be detected on Earth by radio telescopes.
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1.10.4 Pionium.

The pionium is a 7t7~ bound system, called usually As,. The reduced mass is now my /2
(my = 139.57MeV /c?), leading to a Bohr radius of 378 fm = 3.78 x 10~ m. This exotic atom
is very unstable, it decays mainly from the 1s state to two neutral pions, A, — 7 + 7Y,
with a lifetime of the order of 10~!® seconds. The measurement of the Ay, decay width to two
neutral pions, I'y 0, is an important input to understand quantum chromodynamics (QCD) at
low energy.?? We mention this hydrogen-like atom because, as it happens, the University of
Santiago de Compostela was a founding member of the DIRAC (Dimeson Relativistic Atom
Complex) collaboration at CERN, which had as its primary goal to measure I'y 0. To produce
pionium atoms, protons accelerated up to 24 GeV/c by the CERN PS accelerator were directed
into thin target foils of less than 100 pm thickness. The proton collision with the target produces
many particles, most of them pions, which can form As; atoms. These atoms, produced at
relativistic energies with a large boost, travel inside the target foil interacting with the ordinary
atoms of the target. This may lead to the break up (ionization) of the As, atom before it has
had time to decay to 27°. By measuring the momentum spectra of pairs of oppositely charged
pions leaving the target foil it is possible to infer the ionization probability and the I'y0 decay
width.

1.10.5 Quarkonium.

In the quark model all mesons are bound states of a quark and an antiquark, qigs. The
light-quark mesons, like for example the 7°, which is a combination of utt and dd states, are
intrinsically relativistic and a simple analysis is not possible. Heavy-quark mesons, however, like
the J/¢ (ct) or the 1, (bb), could be possible candidates. Even in these systems the interaction
energy, E, is so large that the different energy levels are treated as different particles, with
masses given by

E
Mzml—l-mg—i-g (1.222)

A very important difference with respect to the preceding systems, where the binding is
due to the electromagnetic interaction, is that the binding is now due to the strong force.
The potential to use, instead of the Coulomb one, could in principle be derived from quantum
chromodynamics (QCD), but nobody has been able to do it yet. For reasons that we don’t go
into here, it is known that the strong potential at short distances (but not very short) goes like
1/r, as in the Coulomb case. For large distances, the potential may be taken to be linear with
r, so a possible parametrization could be

V(r)=—g——+ o, (1.223)

where «; is the chromodynamic analog to the fine structure constant. If the constant Fy is
chosen to fit the experimental data, the result is about 900 MeV fm~!. To have a feeling of how
strong two quarks attract each other, we may translate those 900 MeV fm~! to 14 x 10*J/m
and boldly say that it would be sufficient to lift a weight of about 14 tons. However, quarks
cannot be found as free particles outside hadrons. If enough energy is put into a qq system, a
new quark-antiquark pair is formed instead of tearing apart the old one.

29 Although the As, is an electromagnetic bound system, the decay to 27° is due to the strong interaction.
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1.11 Problems.

1. By definition, a vector is a three-element tensor V;, i = 1,2,3, that verifies the
following commutation relations with the angular momentum operators

where Einstein’s convention of summing over repeated indexes applies. The spherical
components of a vector are constructed as follows

1 1
V2 V2
Also by definition, an irreducible tensor of rank j is a set of 2j + 1 operators, o7,

with m = —j,—j + 1,...,7 — 1,7, such that their commutators with the angular
momentum operators are

Vil = (V1 + V%), V_y (V1 —iVy), Vo = V3.

[J3,07"] = hm O,
[J1 iy, OF'] = h/j(G+1) —m(m +1) O}nﬂ‘

Demonstrate that the spherical components of any vector constitute an irreducible
tensor of rank j = 1.

2. The purpose of this problem is to help you understand the Wigner-Eckart theorem by
providing simple examples of how to use it. Consider the cartesian tensor of rank 2
defined as T;; = z;2;, where x; denotes the i-th Cartesian component of the position
vector.

a) Factorize Tj; using the irreducible tensor of rank two O, = |/ 2ZZr2Y;™(6, ¢)

and the irreducible tensor of rank zero O)_, = V4rr?Y{ (6, ¢), where Y;™(6, ¢)
are spherical harmonics, in this case for £ = 0,2. Why contributions of an
irreducible tensor of rank 1 are not expected in this case?

Hint1: write explicitly the Y7" and Y as a function of z; and r and identify the T;;
components.

Hint2: You may also need to consider:

/1 [1 (22 + 9%+ 22)
Yoo(ea@): E: in 2

b) If [nfm) denotes an eigenfunction of the Hydrogen atom (without considering
its spin), and x = (322|zy|300). Compute the matrix elements (32m|T;;|300)
as a function of the matrix element x. This exercise shows that, thanks to
the Wigner-Eckart theorem, all (32m|T;;|300) matrix elements are equal to
(322|2y|300) multiplied by a combination of CG coefficients. Thus, if needed,
we would only compute the y matrix element and then look up the relevant
CG coefficients in a table to find the values of the remaining ones.

3. a) Working in one dimension to make the notation simpler, follow the next steps
to prove that the position representation of the momentum operator can be
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derived from the canonical commutation relation [X, P] = ¢h. Take two eigen-
states of the position operator, X |®,,) = z¢ |Ps,) and X |Dy,) = 21Dy, ).
Using the commutation relation it is clear that

(Ps, | [X, P)| ®sy) = iho(x1 — 20).

Taking into account that X is a Hermitian operator compute separately
(Py, | XP|P,,) and (P, | PX | P,,), expressing the results in terms of
(Py, | P| Pyy). From this you should be able to get a new expression for
(Py, | [X, P]| Psy), which you can compare to the previous ihd(z; — xg) re-
sult and conclude that (z1 — z¢) (@, | P | Pz,) = ihd(x1 — xp). Now remem-
ber that the Dirac delta distribution verifies the relation z¢'(z) = —d(x) and
use it to infer that the position representation of the momentum operator is
P =—ihd/dx.

b) Using the commutation relation [P, X] = —ih, and the general commutator
property [A, BC| = B[A,C] + [A, B]C, prove by induction that

[P,X"] = —ihnX"" !,

This tells us that the commutator [P, X"] acts like a derivative. In fact, for
any function f(X) expressible as a power series in X we can write compactly
df

P f(X)] = —ih—.

[P, 1(X)) = —ih g
This is the operator identity that underlines the coordinate representation of
the momentum operator, P = —ihd/dz. In an analoguous way, prove that the
representation of the position operator in momentum space is X = ihid/dp.

4. A quantum system with only three linearly independent states is described by the
following Hamiltonian

(1—¢) 0 0 ~1.0 0
H="Ho+0H =V, 0o 1 ¢ |, sH=ecV%| 0 0 1],
0 e 2 0 10

where V) is a constant and € < 1 is a very small parameter.

e Write down the eigenvectors and eigenvalues of the unperturbed Hamiltonian,
Ho.

e Find the ezact eigenvalues of H and expand them as a power series in €, up to
second order.

e Use first- and second-order non-degenerate perturbation theory to find the
approximate eigenvalue for the perturbed state arising from the non-degenerate
eigenvector of Hy.

e Use degenerate perturbation theory to find the first-order correction to the two
initially degenerate eigenvalues. Compare with the exact results.
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5. Using the o and 8 matrices show that the four components of the free-particle Dirac
equation are given by the expressions in equation (1.60). Check also that using the
Pauli matrices you are able to write the Dirac equation in the two-component form
shown in equations (1.62) and (1.63).

6. Prove the relations pA — Ap = —iAVA and p x A+ A xp = —ih(V x A). Use
the last one to prove (om)? = (p — %A)2 — %0' -(V x A), where m = p — ¢A.
Hint: Use the identity (A-o0) - (B-o)=A-B+i0c-(A xB), with A=B=m.

7. The free-particle Dirac Hamiltonian can be written as Hp = cap + Smc?, where
B =1"and ap = ~%9*, (k = 1,2,3). Prove that [Hp, L] = —ihc(a x p). This shows
that, for a particle satisfying the Dirac equation the orbital angular momentum
operator does not commute with the Dirac Hamiltonian, and therefore does not
correspond to a conserved quantity. Consider now the spin operator defined as

h(fo 0\ _h
S2<0 0)222

and prove that [Hp, S] = ific(ae x p). This, combined with [Hp, L] = —ihc(a X p),
means that Hp commutes with the total angular momentum operator J = L + S,
and thus a particle satisfying the Dirac equation has intrinsic angular momentum
S = 1/2. This is a profound result, since it shows that spin can be considered to
emerge as a direct consequence of requiring the wavefunction to satisfy the Dirac
equation.

8. Complete the missing steps in the lecture notes to find the wavefunctions of an
electron in a central potential which are simultaneously eigenstates of L2, S?, J?
and J,.

Hint: from the eigenvalue condition J2¥ = j(j + 1)A% ¥ you can obtain a system of two
coupled equations for the radial functions (R; and Ry in the lecture notes notation). The
existence of a non-trivial solution requires that the determinant of the coffecients of Ry and
Ry vanish. From this condition you should be able to obtain that the only possible values of
j are j = ££1/2, which determine the possible values of the ratio R;/Ry. Finally, normalize
the obtained eigenfunctions.

9. Consider the Hydrogen atom with a modified electrostatic potential given by

e Although V' (r) has spherical symmetry, it is not a Coulomb potential, so there
is no reason to expect that the spectrum will show the accidental degeneracy
characteristic of Hydrogen. Show that the energy levels for this potential are
dependent on both n and ¢ according to the following expression (in Ry)
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2 . . .
where v = 2"1?7265 = % is a dimensionless parameter. For v = 0 we recover

the Hydrogen spectrum.

e Assume now that 3 is small, treat Ze?(/r? as a perturbation and compute
the energy levels using first-order perturbation theory. Show your result as a
function of ~.

e Discuss the compatibility of the exact and first-order perturbation results.

Hints: You may consider reproducing the line of thought going from equation (1.106) to
equation (1.112) with the required modifications. For the second part you may want to use
that for the hydrogen eigenstates the expected value of 1/7? is

(%)= wier

10.

In his historical 1925 Christmas break in Arosa (Switzerland), aside from formulating
his non-relativistic wave equation, Erwin Schrodinger studied a covariant equation
for spinless particles,

(cp — eAM)(cp, — eA,) ¥ = m2ct D,

which we now know as the Klein-Gordon equation with electromagnetic interaction,
after its rediscovery by Oskar Klein and Walter Gordon in 1926 (Schrédinger never
published his finding). For the Hydrogen atom with a pure timelike Coulomb four-
potential, A* = (£,0,0,0), this equation becomes

o e\’
[(”ﬂ%‘i) + (ch)2V?

Use the separation technique and spherical coordinates

U = (m02)2 v,

U = T()R(r) Yo (0, ) = T(t)“f)ifem(e, @),

where T'(t) = e~ 7 and Yo (0, ) are the spherical harmonics, to solve this equation
and find that its energy spectrum is

2172
2) 11+ a 1%

n—(0+3)+ (64—%)2—042

E,, = mc

where « is the fine structure constant. Discuss the discrepancies with the equation
shown in problem 16. These discrepancies lead to a disagreement with laboratory
measurements of the Hydrogen fine structure, therefore Erwin Schrédinger decided to
discard the Klein-Gordon equation and publish instead the non-relativistic equation
named after him.

Hint: You may consider reproducing the line of thought going from equation (1.91) to
equation (1.112) with the required modifications.
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11. For the Hydrogen atom calculate the energy splitting originated in the spin-orbit
coupling if the electrostatic potential were given by

o= 2 (1-2).

This is the same potential considered in problem 9. To use the unmodified Hydrogen
atom wave functions we need to assume that § is small. Compare the magnitude of
the spin-orbit splitting with the shift in the energy levels at first-perturbative order
obtained in that problem.

Hint: You might need the following Hydrogen atom relations in a.u.,

<n£
€>4_ Z45 [3n% — (0 +1)]
)T ) (e D1y

Ll A
2l =
73 n3(0+1)(¢+1)¢

(nt

rd

12. Evaluate the commutators [LS, L], [LS, S], [LS, J], [LS, L?], [LS, S?] and [LS, J2].

13. Compute the matrix elements shown in table (1.3).

14. Check that by adding the three corrections FEg,, E, and Fp, given by equations
(1.171), (1.199) and (1.209), you obtain formula (1.214), which depends only on n
and j, but not on £ or m.

15. How many protons should the nucleus have (atomic number) to make the relativistic
correction to the kinetic energy of a 1s-electron to be comparable to 1% and 10%
of the electron rest mass energy? To do this calculation ignore the effect of the
remaining electrons in the atom.

16. The Dirac equation can be solved exactly (without using perturbation theory) to
obtain the Hydrogen fine-structure levels. The result is
24 —1/2
2 a

1+ - —1yp.  (1.224)
n- G+ 3+ p - e

E,; =mc

Expand this to order a* and recover equation (1.215)

17. Compute the value of the energy splitting due to the spin-orbit coupling in the 2p,

3p and 4p states of the Hydrogen atom. Express your answers in Ry, eV and cm™!.

18. In your quantum physics laboratory course you have seen a very conspicuous red
Balmer line in the visible region of the Hydrogen spectrum, coming from the transi-
tion n = 3 to n = 2. Determine the wavelength and frequency of this line using the
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unperturbed Hydrogen eigenvalues. Once you take into account the fine structure
this line splits into several closely spaced lines. Determine how many and how close
are they. Draw an energy level diagram showing all possible transitions from n = 3
to n = 2, together with the respective energies and frequencies.

19.

Consider a state of a multi-electron atom with total electronic spin S = 2 and total
electronic orbital angular momentum L = 2. In analogy with the hydrogenic case,
assume that the spin-orbit interaction is described by the Hamiltonian Hg, = ALS.
Show the splitting of this state due to the spin-orbit interaction on an energy level
diagram in units of A (assume A to be positive). Indicate the value of J and the
energy of each level, 25T1L ;.  of the multiplet. Compute the shift of the multiplet
center of gravity (mean average energy) with respect to the unperturbed energy of
the term (don’t forget that for each value of J you have a 2J 4+ 1 degeneracy).

20.

The fluctuations in the electromagnetic field associated with the QED vacuum per-
turbs the electrical potential that an electron sees inside an atom. This perturbation
causes fluctuations in the position of the electron. Assuming that the fluctuations
are isotropic, the effective potential energy of the electron can be written as the
following average

V(r+60) % V) + ¢ ((00)2) V2 V() = V() + A V2V (),

6
where 73 = <(6r)2> is the spherical-average quadratic size of the fluctuations,
and V(r) = —e?/r is the Coulomb energy. Treating the rg term as a very small

perturbation compared to V(r) = —e?/r, compute the Lamb shifts for the 281/2 and
’p, /2 levels of the hydrogen atom. Leave the result in terms of rp and fundamental
constants. Compute the value of ry taking the Lamb shift for the 2S; /2 hydrogen
level to be AEyamb = 3.36 x 107° eV.

The unperturbed hydrogen wave functions you should use are

r

\/24ag

1 . .
'(/Jls = 1/1100(T7 9; 90) = 736 7/a07 1/]2pm = wQIm(Ta 9, (P) = € r/2a0 Ylml'
Tag

21.

Compute the wavelength of the photon emitted in the following He™ transition taking
into account the fine structure

2p 2P3/2 — 1s 251/2.

The measured value of this wavelength is 30.378040982 nm . If your result is not
compatible with this value try to explain the origin of the discrepancy. (Note: be
sure to use enough significant digits for the value of the Rydbgerg constant).

22.

Consider a two-particle system with the Yukawa potential

efr/a

r/a’

The system has reduced mass m. Use the variational principle and the family of

Vir)=-W Vo,a > 0.
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functions

1/1)\(7“) = N)\G_AT/@(I), A >0,
to address the following items.
a) Show that
23

8mad’

Ny =

b) Show that for the considered functions the energy mean value is

BN (ﬁ/z)AS)

B = 2ma? < 4 (14 N)?

2
where xk = 2’”}?72‘/0

c¢) By calculating the derivative of the previous expression demonstrate that the
minimal energy condition, achieved at A = ), is equivalent to

(14 X0)® = KAo(3 4+ No).

Use this expression to find that the minimum energy estimate is

R222 (1A
Ey = .
8ma? \ 3+ \g

From this, it should be easy to prove that this family of functions predicts a
bound state if K > 2.

d) If the energy minimum is at A9 = 2 show that

1 K 27 K2
Ey=———3, 0= 573
10 ma 20 ma

Let us suppose that the system under study is the nucleus of deuterium, the
hydrogen isotope constituted by a proton and a neutron. The radius of deu-
terium is: a = 2.126 fm. What is Ey for this system? Compare your result
with the experimental value of Fy = —2.22 MeV.

e) Find for deuterium in its estimated ground state the energy shift due to the
relativistic kinetic energy correction:

- L (2
" 2me2 \2m )
Hint: The next expression (which is not difficult to prove) might be useful:

|
> _ n!
redr = ——.
0 antl

23. The Coulomb problem in two dimensions is given by the Hamiltonian
p2 Z€2

- 2m T
where r = /22 + y? and p = —ih(0;, 9y). The corresponding Schrodinger equation

)
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in polar plane coordinates is

G 32¢+1a¢ 1 0% Ze?

S et T el 54
2m | Or2  r Or 12 0¢? T v v
Use separation of variables:
esz¢)
Qﬁ(ﬁ d)) = R(T) my = 07 :l:la :I:Qa

V2T ’

and the ansatz

to find the eigenstates of this system and show that the eigenvalues are

Z2e? 1 B 72
2a0 (n+1/2)2  (n+1/2)2

En = Rom

where a9 = h?/me? is the Bohr radius, R, is the Rydeberg constant and n
0,1,2,3,....




Chapter 2

Atoms in static fields and hyperfine
interactions.

2.1 Magnetic fields.

Let us consider a hydrogen atom surrounded by a constant magnetic field B. The vector potential
can be taken to be! 1

We have seen that the Schrodinger equation for an electron interacting with fields given by the
potentials A and ¢ is

Bt = [ (o SA) (9
4 R? h
L V20— 550 (Vo) xpl| v, (22)

8msdc2  8m?2c?

The interaction terms that depend on the vector potential are
2

B
—° (PA+ADP)+ o (VxA)+ —— A2, (2.3)

2me 2me 2mc2

With A = %B x r we have VA = 0, so’> pA = Ap and the Hamiltonian which describes the
interaction with the magnetic field can be written as

2

e eh e
Hn=-—Ap+_-—0B+
me

A2 2.4
2me 2mc? (2:4)

2.1.1 The linear term. The Zeeman and Paschen-Back effects.

Limiting ourselves for the moment only to effects linear in B = V x A, the magnetic Hamiltonian

can be approximated by

h
Mo~ Ap + — &B. (2.5)
mc

2me

h .
The orbital angular momentum operator isL=r x p, and S = 50’, so?

1 1 1
Ap = §(B Xr)p = §B(r X Pp)= §BL (2.6)

If B is uniform, check that with this choice of A the relations V x A = B and VA = 0 are verified.
2Using a dummy function it is easy to see that
(PA — Ap)y = —il(V A)yY — ihAV) +ihAV) = —ih(V A)i.

3Remember the properties of the scalar triple product: (a x b)c = (b x ¢)a = (c x a)b.

49
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e e e 1

2me

where the positive constant

eh

o =5 = 9.273 % 10~ erg/G, (2.8)
is known as the Bohr magneton. In the SI system of units, the Bohr magneton is written as*
h
ps = 26— = 9273 x 10724 J/T = 5.788 x 10~ MeV//T. (2.9)
m

Defining (with a minus sign due to the charge of the electron)

2

I
==L, ps = —=-8, (2.10)
we can write
Hpy = —p, B — puB. (2.11)

This expression is similar to that of the classical energy® of a magnetic dipole in a magnetic field,
suggesting that p, and pg should be interpreted as magnetic moment operators associated to L
and S, respectively. The factor 2 which appears in the relation pug = —2usS/h is not expected
on classical grounds. On the contrary, the expression pu; = —pugL/h is exactly what classical
electrodynamics would predict for an orbiting point charge. It was one of the early triumphs
of the Dirac equation to be able to predict the factor 2. Higher-order corrections computed in
quantum electrodynamics show, however, that this number is not exactly 2, but rather we have

phe = —geg‘BS, ge ~ 2.0023, (2.12)
where g, is the gyromagnetic ratio for the electron.’
The quantities p; and pg defined previously are magnetic moment operators. They should
not be confused with the corresponding magnetic moment values, which we define now. The
orbital magnetic moment, py,, is

p = (Cmg = L] pk | 6me = 0), (2.13)

where p% is the z-component of the operator u,. This is the matrix element of the third
component of p, in a state with the maximum value of the third component (m, = ¢) of the
orbital angular momentum. Since p, = —pusL/h and pl = —ug L. /h, we have

M = _ILLT; (6,;my =C| L. | €, me = L) = —ppl. (2.14)

“See Egs. (B.28) and (B.29) in the appendix on Gaussian and SI units.

5The classical energy of an ideal electric dipole p in an electric field E is H. = —pE. Here, p = ¢d, d is
the vector connecting the negative charge with the positive charge, and ¢ is the magnitude of the positive charge
(equal to the magnitude of the negative charge). Similarly, the classical energy of a magnetic dipole in a magnetic
field is given by Hm = —uB. For an infinitesimal closed loop current the magnetic dipole moment can be written
as p = la, where [ is the current and a the vector area, with the direction assigned by the usual right hand rule
(fingers in the direction of the current) and the magnitude given by the area of the closed loop.

5Tt is worth to mention that this number is measured to an extraordinary accuracy, which is matched by a
similar accuracy in the theoretical calculation using quantum electrodynamics (QED). From reference [14] we
may quote the experimental value

% —1=2 2_ 2 = (0.00115965218991 £ 0.00000000000026,
B

which is a beautiful testimony of the very high level achieved both in experimental techniques and theoretical
understanding.
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Similarly, the spin magnetic moment is defined as

ps = (s,ms = s|u | s,ms = s)
HUs 1 ~

e (s,ms=s|S.|s,ms =8) = —ppges = —5HBge N —[lp. (2.15)

The spin eigenvalue 1/2 approximately cancels the gyromagnetic ratio g.. Thus the absolute

value of the spin magnetic moment of the electron is one Bohr magneton. Using these orbital

and spin magnetic moments defined in this way we can write, instead of u; = —pgL/h and
s = —2u5S/h, the following expressions

*&L f@S:2NSSf_ge“B

— — _ S n 2t
Po="op™ Bs = on n n n

To simplify future calculations it is convenient to assume the magnetic field to be aligned with
the z-axis, B = (0,0, B), therefore our Hamiltonian (2.7) reduces to

S. (2.16)

1
Han = 715 B(L: +25). (2.17)

If the energy change due to the application of the magnetic field is small compared with
the spin-orbit coupling energy, the field is said to be weak. This is the regime of the Zeeman
effect, while the case of a strong field is called Paschen-Back effect, although in the most recent
scientific literature there is a tendency to use just the term Zeeman effect in both situations.
Historically there was also a distinction between the so-called normal and anomalous Zeeman
effects. The normal effect appears in transitions between atomic terms with zero spin (singlets),”
producing an energy splitting that could be understood using a classical model developed by
Lorentz. The anomalous Zeeman effect arises in transitions between states with non-zero spin. It
could only be explained after the discovery of the electron spin and the development of quantum
mechanics. Cadmium lamps are often used in academic labs to show the normal Zeeman effect
in 1Dy — 'P; transitions, and the anomalous effect in 3S; — 3Ps.

Let’s start with the weak field regime, in which case we shall assume the effects of the spin-
orbit coupling to have been already taken into account and we work with the eigenstates in the
coupled® basis, |¢sjm). It is necessary to evaluate only matrix elements diagonal in £, s and
4, since individual terms like 2S; /25 ’p, /25 2p, /2, ete. are isolated (different energies) in the
weak-field regime. We need the Landé formula (see appendix B.5.5), which is

(ajm | AJ | ajm)
3G+ 1h?

<ajm/ ‘A‘ajm> = <ajm".] |ajm>, (2.18)
where A is an arbitrary vector operator and |ajm) are eigenstates of the total angular momentum
(a stands for any other quantum numbers needed to completely specify the state). In our case
we are only interested in the matrix element of the third component of the vector operator
(L + 2S)J, so this formula transforms into

lsym | (L +2S)J | lsjm)

<€sjm' ‘ L,+2S, ‘ Ksjm> = < G <€sjm' ‘ J, |£sjm> . (2.19)
First note that (¢sjm’|J, | €sjm) = hmdpy,. Furthermore,
1
L=J-8, L*=J?+ 5% - 287, SJ = 5(J2+s2—L2), (2.20)

"States with zero spin can only be present in multi-electron atoms, as we will see.

8We are dealing with two perturbations simultaneously: Zeeman splitting and fine structure. The appropriate
basis to work with is the one associated to the good quantum numbers of the dominant perturbation. If the
external magnetic field is weak the dominant perturbation is the spin-orbit interaction, therefore the good quantum
numbers are n, ¢, j and m;, but not m, and ms because in the presence of spin-orbit coupling L and S are not
separately conserved.
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3 1
L+29)=(J-S+28)J=J+8)J=J>4+8T= 5J? + 5(52 —L?). (2.21)
Therefore
. . . 3 2 1 2 2 .
(Csjm | (L 4 2S)J | €sjm) = ( Lsjm §J + 5(5 — L*) | lsjm
3n? R? h?
= 7j(j +1)+ 55(3 +1) — Eé(f +1). (2.22)
And . . . .
(Csjm| (‘L’+ 28)1 | £sjm) 14 JjE+1)+ s‘(s‘+ 1) —4(l+1) . (2.23)
J(G+1Dh 2j(G+1)
where g; is the so—called Landé g factor. So, finally
(€sjm’| L, + 285, | €sjm) = hgymé . (2.24)

This result shows that only the diagonal elements are nonzero. The energies in a weak magnetic
field, known as Zeeman levels, are then given by

E., = ugg;Bm. (2.25)
They are proportional to the magnetic quantum number m, something which was to be expected.
To use the actual value of the gyromagnetic ratio, g, rather than the round value of 2, we need
to make the substitution

(L+28)J — (L+geS)J=(J—8)J+g.SI=J%+ (g —1)S7J,

which leads to write the Landé factor as

j(j—l—l)—l—s(s—&—l)—ﬁ(ﬁ—l—l).

14 (ge—1 iSd 2.26

95 (ge ) 2](] + 1) ( )

The total magnetic moment operator is defined as p; = _ng/; 2 J. Taking into account that
the total magnetic moment is

_ . . JI| - . _ HBds . . . . _ .
pe = Gem=jlp[jm=j) = === Gym=jlJ1jm=j) = —gsmj, (2.27)
we can write the Landé factor as g; = —pu;/(usj), so that the magnetic moment operator
becomes
9ils 22 Ky
— J, =, =227, 2.28
“J h gJ ILLBJ l’l‘J jh ( )

The Hamiltonian which describes the interaction of the electron with the magnetic field is then
1
Hpm = ﬁ,uBB(LZ +25,) = —u,B. (2.29)
Comparing this with our previous relation H,, = —p, B — p B we see that p;, = p, + pg,
1
o = (L + 28), (2.30)
so all our definitions make sense.

For an electron in a s state, 281/2, we have ¢ = 0, s = 1/2, j = 1/2 and g; = 2, so the
energies of the Zeeman levels given by E, = g;ugBm are Ey, = tugB, for m = £1/2. For



Quantum Physics III. Monday 7" September, 2026, 11:08. 53

B 13 N [ 0 L M S Y R S )
1<12 !1 Bt +2unB . ;
(13 —?ﬁne vasnt
<0%‘1 %gnﬁ MBB 2
13
<0 —15’ —hétBB 752571(
<_1§| ﬁgné _7571( ,
<_1 _ % %ﬁne —2upB

Table 2.1: M/, matrix elements for p (¢ = 1) states. The notation is shortened to |myg, ms).

a 2P1/2 term g; = 2/3 and there will be also a splitting in two levels, while for a 2P3/2 term
g; = 4/3 and the splitting is in four different levels.

Eu(®S1)5) = +usB (2.31)
1
En(*Pijps) = igMBB (2.32)
2
En(*P3j2) = +2unB, £2pnB (2.33)

If the strength of the magnetic field is increased to the point where the splitting becomes
comparable to the spin-orbit coupling, it is no longer possible to isolate a single term with a
specific value of j, because terms with different values of j may have the same (or nearly the
same) energy. In such a case we should include both the spin-orbit and the magnetic field
interaction in the perturbation Hamiltonian

H' = £(r)LS + “—;B(Lz +25.). (2.34)

The matrix elements are now more easily calculated in the |£smyms) basis, since then
('smym/, | (L. + 25.) | £smgmy) = h(my + 2ms) 0006 mlymy Omymg (2.35)
and
<€/sm’4m; ‘ LS ‘ Ksmgms> = <€’sm}m’s | (—=L41S-1+ LoSo — L_15+1) Msmgms> ) (2.36)

For the multiplet of p states we have already collected the LS matrix elements in table (1.3).
It is now straightforward to update the table including the magnetic field interactions given by
equation (2.35). This is shown in table (2.1). According to the structure of this table it is clear
that the secular equation factors out into the following four equations, where &,y = (nf|£(r)|nf),

h2
(%B + but — E) =0, (2.37)
h? h?
—osn ) B/sn
Qé ‘ v g (2.38)
ﬁ&nf psB — E
—u.B_-E 2 .
M,]; hz‘/ig ' =0, (2.39)
ﬁgnﬁ _?é-nﬁ )

h2
<2§ng —2usB — E) = 0. (2.40)
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The energy eigenvalues are then,

s~ e, 3 24
o)) () e
o2 (BE) - (12) 4 ew

hféie - _Q;Bffe ! % >

Now we can study these energies as a function of the magnetic field, B. This is shown in figure
(2.1). The following interesting regimes are visible.

e Strong field, s B > h%€,,. This is the Paschen—Back region, where the spin-orbit coupling
is negligible compared to the magnetic interaction. Remember that in this situation the
good quantum numbers are n, £, my, ms but not j and m;, because in the presence of an
external torque caused by the magnetic field the total angular momentum is not conserved,
whereas L, and S, are. Ignoring the fine structure we can assume the energies to satisfy
the relation Ey, = ugB(my + 2ms). The hydrogenic energy levels will then be

(0)
E
Entmem, = —5 + i B(me + 2my). (2.45)

In the strong field regime the fine-structure Hamiltonian Hg = Heo + Hr + Hp can be
considered to produce a small perturbation in the unperturbed energies Ky pm,m, given by
the previous expression. Although the states |¢smyms) are degenerate (their energy does
not depend on ¢ and states with the same value of my + 2mg have the same energy), it can
be shown that the fine-structure correction to the unperturbed energies (2.45) can be com-
puted with ordinary first-order non-degenerated perturbation theory using the |smym)
states.” Thus

Ef(sl) = (bsmyms | Hs | Lsmems) = (Lsmyms | Hso + Hy + Hp | Lsmemg) . (2.46)
The relativistic and the Darwin contributions are still given by (see equations (1.198) and
(1.210)).
Za)? | 3 1 0 (Za)? | 3 1
B, = B0 = ~B i 2.47
"on dn (04 1) Yond M4m0+ |7 (247)
0 (Za)? (0 (Za)?
Ep=-E)) —— =—-F 5 (£=0 only). (2.48)
n n
For the spin-orbit term we need to evaluate
(LS) = (Lg) (Sz) + (Ly) (Sy) + (L2) (Sz) = (L2) (S2) = h’mgms. (2.49)

°In appendix B.2 (see equations (B.52) and (B.53)) it is shown that if we can find an operator A which
commutes with both the unperturbed Hamiltonian Ho and the perturbation #’, then we can apply non-degenerate
perturbation theory using the simultaneous eigenstates of A and Ho. In the particular case of the strong-field
Zeeman effect, we can choose the operators L? and J., which commute with o and H' = Hss, to play the role
of A. Note that L? removes the degeneracy in ¢, while J, removes the degeneracy in my + 2m, = m, + m;, and
the |£smem;) states are simultaneous eigenstates of Ho, L* and .J..
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Note that (Ly) = (Sz) = (Ly) = (Sy) = 0 for eigenstates of S, and L,. Since the
expectation value of £(r) is given by equation (1.167), we have
Z%e2h? memg 0) (Za)? mMeMms

Eso = =—-F . (£+#0 only). (2.50
2m202a8n3€(€—|—%)(€+1) L p3 g(g+%)(£+1) (£ #0 only). ( )

Adding everything we get

Ef(sl) = Er + Eso + ED

0 (Za)?
= —E! e

i _ 1 n MM
dn. (043 (+ e+ 1)

(1 —6p0) +6n0| - (2.51)

The first (1—dgp) factor makes sure the spin—orbit contribution is computed only for states
with ¢ # 0. The second dgg represents the Darwin contribution, which is non—zero only for
¢ = 0 states. The total E ¢y, energy is given by

e
Enémgms = n2

1 Z%a? < 3 1 MM

n o (0+3) Tuer DE+1) 1 _5[0”5@0)

+ upB(mg + 2ms).  (2.52)

n

o Weak field, usB < h%£,,. If we consider only linear terms in psB, the energies can now
be approximated by

1 1 2 1

Ey = §h2§n2 + 2up B, Ey = §h2fn€ + gMBB, B3 = —h?6n + gMBB- (2.53)
1, 2 > 1 1,

Ey= 5h*6u — S B, Es = =& — gunB, Bg = 5h € — 2usB. (2.54)

Here we recognize again the energies for the splitting in a weak magnetic field given by
equations (2.32) and (2.33), together with the energies for the spin-orbit interaction with
(=1.

Figure 2.2 shows the correlation between the spin-orbit weak-field and strong-field splitting
for a p state. In the weak-field regime m; = my +my is a good quantum number and the system
is best described in the coupled representation. In a classical analogy, one would say that the
spin and the orbital angular momentum are coupled to produce a total angular momentum,
j, which precesses as a whole about the applied magnetic field. On the other hand, when the
field is strong the good quantum numbers are my and ms separately, as appropriate for the
uncoupled basis. In classical terms, in this case the spin angular momentum and the orbital
angular momentum are each individually precessing about the magnetic field. See figure (2.3)
for an illustration.

Note that in the presence of an external torque the total angular momentum is not conserved.
When the atom is placed in a magnetic field, the Hamiltonian is no longer invariant under all
three-dimensional rotations but only under rotations about an axis parallel to the magnetic field.
The consequence of this reduced symmetry is that the Hamiltonian no longer commutes with J2,
although it does commute with J,. In other words, in a magnetic field j is not a good quantum
number, but m is. When these features are fully realized the field is regarded as strong. The
field is considered weak if, to a good approximation, j is still a good quantum number.

Atoms can be exposed to electromagnetic radiation to produce electronic transitions be-
tween magnetic substates. These are known as electron spin resonance (ESR) experiments (also
electron paramagnetic resonance, EPR). For an s state the energies are given by Ey, = +ugB,
therefore we need a photon energy of

h g v=—=_°p (2.55)

E, =hw=2usB =2 =
Him 2mec 2r 2Tmec
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my =0, m, =%

BB/EHQ

Figure 2.1: Transition from a weak to a strong magnetic field for a 2P term (figure taken from
Weissbluth, 1978; the parameter 8 is the Bohr magneton, ug).
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Figure 2.2: Splitting of a p state under the influence of spin-orbit coupling and a magnetic field
(figure taken from Weissbluth, 1978; the parameter § is the Bohr magneton, ug).
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(a) (b)

Figure 2.3: Precession of L, S, J in a weak (a) and strong (b) magnetic field.

To end this section, let us see how the Hamiltonian of the spin-orbit interaction can be used
to make an estimation of the internal magnetic field in the Hydrogen atom. Based on this, we
can make an estimation of how large should an external magnetic field be to cause a strong
Zeeman effect. Furthermore, We will use this example to show how to convert expressions from
the Gaussian system of units to the SI system.

The Hamiltonian of the spin-orbit interaction in Hydrogen is

2

e e e
zggggfLS:<4S>———fL:—-B, 2.56
Hso 2m2c?r3 m/ 2mc?r3 H (2:56)
where p = —2upS/h = —eS/mc = —eh/2mc is the electron magnetic moment and B is the

magnetic field created by the proton at the position of the electron. To make an estimation of
the value of the magnetic field we could take L = h and r = aq, so that

eh eh eh ah?
Ho=|7—]|——==—puB =— B= = Gauss. 2.57

% <2mc) 2mea} H 2meal  2mea} ( )
In the last step we used the expression for the (dimensionless) structure fine constant in Gaussian
units, a = e?/hc. In this system of units, the absolute value of the electric charge of the electron
is

1
e = Vahec = 37 * (1.055 x 1027 erg - 8) x (2.9979 x 1010 ¢cm - s~ 1)

= 4.80 x 107 statcoulomb, (2.58)
so the value of the magnetic field is

= % (1.055 x 10~*" erg - 5)*

B —
2 x (9.109 x 10728 gr)(4.80 x 10~ 19 statcoul)(5.291 x 10~ cm)

; =62x10"G.  (2.59)

It is interesting to work out in detail the conversion from Gaussian to SI units. The electric
charge and the magnetic field in both system of units are related through the expressions (see
equations (B.12) and (B.16) in the appendix on Gaussian units)

€si 47

: B, = 1/ — Bs. 2.60
T g o (2.60)

eg:
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Therefore,

Ho po egh Mo €si h Vioeo  esih 1 egh
4 4w 2meag 4w \/4mey 2meay dmeg 2meay dmeg 2mecag

In the last step we have used the relation /up€eg = 1/c. Therefore, in the SI system of units the
expression to use is

1 esih ah?
_ _ Tesla, 2.62
4me 2mcal  2megcad et ( )

Bsi

where o = €% /(4mephe) is the fine structure constant written in the SI system. If we compare
the last expression for By with the one for B, given by (2.57), without paying proper attention
to the electric charge, we might conclude that By/Bs = ¢, but this is wrong. The correct
comparison to make is

By e 1 4m
= —c=47megc = V4me =4/—. 2.63
B €g 0 0 \/m Ho ( )
Putting numbers in the SI system,
1 —34 2
—==(1.05 x 107°*J -
B il il —6.2T. (2.64)

T 2(9.1 x 103 kg)(1.6 x 10719 C)(3 x 108m/s)(0.53 x 10~ 01m)3

A strong Zeeman field would be one such that, for example, Beyxt > 10T, and a weak field one
such that Bey < 10T. Note that the Earth’s magnetic field is about 10~ T, which is certainly
weak in the Zeeman effect sense.

2.1.2 The quadratic term. Diamagnetism.
2

Let us study now the quadratic term in (2.4), 27:;02 A2, For a vector potential given by A =
%B x r this term is
e? 1 2
Hq = WZ(B xr)(Bxr)= S B%r?sin? 0, (2.65)

where 6 is the angle between B and r. This is the so-called diamagnetic term, while that of
equation (2.7) is the paramagnetic term.'Y Since = rsinfcosp and y = rsin@sin g, for any
spherically symmetric state we have

(5?0 = (2 +47) = (1 = 2) = (%) = (%) = (%) = 1 () = 2 (¢?),

and the expectation value of Hgq would be

(Ha) = Eq =

B? <T2 sin? 0) = B? <r2> , (2.66)

where r is the distance of the electron to the nucleus.

To put numbers it is convenient to use the relations ag = h/(amec) and pug = eh/(2mec) to
write eag = 2up/a. Then, for B = 1 Tesla (10* Gauss) and the hydrogen ground-state, where
<T2> = 3a(2)/2, the diamagnetic energy would be

1(eapB)® 1 (usB)* 1(5788x107°eV-T™! x1T)?

8 mec?  202mec? 2 (ﬁf x 511 x 103 eV

(Ba)n,, = —6.15 x 10" " eV.

10The paramagnetic term gives rise to the alignment of magnetic moments in an external magnetic field, which
leads to paramagnetism.
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We see that, for ordinary magnetic field values, the diamagnetic energy is really small. The
ratio of Fq to the energy of the Zeeman levels given by equation (2.25), Ey, = ugg;Bm, is

E, 2 B2{(r? 1 e{r?

Zd € ) _ () B. (2.67)
En  12mec? psg;Bm 12g;m pgmec?

To estimate the size of this ratio let’s put in numbers again for a magnetic field of 1 Tesla and
af =0 (gym = 1) hydrogenic state. From equation (1.132) we have

2,2 4.2
9 _agn 9 N on*ag
Therefore 4 9o . .
Eq on®  e‘ag on®  ugB on _6
—_— = = = 2.13 x 107°). 2.69
B~ A2 myme D T 67 atmo ~ ozz < 2310 (2:69)

Since laboratory magnetic fields do not usually exceed a few tens of tesla, the diamagnetic
term can be safely neglected unless n is large. Nevertheless, it is worth noting that in some
astrophysical environments, such as at the surface of neutron stars, magnetic fields as large as
108 Tesla are believed to exist. In such situations the quadratic diamagnetic term cannot be
ignored.

The magnetic moment may be taken as'!

0Eq e? )
- Za_ B 2,
H 0B 6mec? <T >’ (2.70)

thus the diamagnetic susceptibility is

2
" e 1
=T e ) T g () 27

The diamagnetic susceptibility is a measure of how much a material will become (dia)magnetized
in an externally applied magnetic field. Diamagnetism is due to the orbital motion of electrons,
therefore it is a general property of all atoms and molecules. However, paramagnetism arises from
the alignment of the magnetic moments associated to the orbital and spin angular momenta in
an applied external magnetic field. It is not uncommon for a material to have both a diamagnetic
and paramagnetic susceptibility.

2.2 Electric fields.

2.2.1 Linear Stark effect.

External electric fields applied to atoms give rise to the so-called Stark effect. In general, this is
a second-order effect, except for hydrogen, as we will see in this section. The interaction of an
electron with an external electric potential ¢(r) gives it an extra energy of —e¢(r). Since atoms
are very small compared with the scales over which the external macroscopic potential varies, we
can replace ¢(r) with the first two terms in its Taylor series expansion, ¢(r) = ¢(0) 4+ [V $(0)]r.
Setting the (arbitrary) value of ¢(r) at the position r = 0 of the atomic nucleus equal to zero,
this gives ¢(r) = [V¢(0)]r = —Er, where £ = —V¢(0) is the electric field at the nucleus.!?
Choosing the z-axis as the direction of the electric field, the Hamiltonian of the interaction may
then be taken as

4
Hs = —ed(r) = efz = efrcosl = 4/ 3 Y eEr, (2.72)
" Remember that the energy of a magnetic dipole immersed in an external magnetic field is E = —uB =

— e By — pyBy — p. B.. If the direction of B is along the z-axis, £ = —pu. B, and we may just take the magnetic
moment to be y = —90E/0B.
12Note that the electric field is written in calligraphic font, £ and &, to avoid confusions with the energy, F.
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where we have written cos @ in terms of the Y;? spherical harmonic. For the strong-field regime,
where the Stark effect is large compared to the spin-orbit splittings, the uncoupled basis is the
appropriate one to perform the calculations. Let’s compute then the H; matrix elements in the
[nfsmyms) basis. We need the formula for the Y matrix elements in terms of the 35 symbol
coeflicients,

(I'my | Y M ’ {m)

ZQ4WW¢;@@+UQL+W%+U< ¢ ﬁ£5><g §§>.(zm)

—my

According to the 3j-symbol properties, the second 3j-symbol in the previous equation is zero
when ¢/ + L+ ¢ is odd. Since L = 1 (we are dealing with Y = Y}?), the above matrix element is
zero if / = . This implies that, in general, there is no first-order splitting due to an electric field.
This was to be expected, because the wave functions ¢, have a definite parity (even when ¢
is even and odd otherwise), therefore the matrix element (¢ |€€2|1nem) vanishes because the
Hamiltonian Hy = e£z has odd parity.'?

However, for Hydrogen things are a bit different because, in first approximation, the energy
eigenvalues depend only on the principal quantum number n and not on ¢. For n = 2, for
example, we have four degenerate states: (¢ = 0,my = 0), (¢ = 1,my = 0,%1). So within this
collection of states there is a first-order Stark effect because there are nonzero matrix elements
of Y between the state with £ = 0 and the states with ¢ = 1. To compute the first-order Stark
effect in the n = 2 states of Hydrogen note that

< eoLt >_o (2.74)

— Ty M my

unless —my + M + my = 0. This implies that my = my, because M = 0. Also, since one of
the ¢ values is zero, we conclude that my = my = 0. We have then only two nonzero matrix
elements left. Using the notation |némy),

1
200 | Y| 210) = (210 | Y{? | 200) = ——. 2.75
(200]¥7 |210) = (210 ¥ 200) = 279
To proceed further we need the matrix element of  between the radial part of the wavefunctions
|200) = 2s and [210) = 2pg, which is given by
9 ag

(R(2s) || R(2po)) = (R(2po) || R(2s)) = A7 (2.76)

Now, since Hs = e£rY?\/47 /3, we combine everything together into

9 a 4 1
200| Hs|210) = —eE—=—1/ ———= = —3efay/Z, 2.77
(200, 210) = e =0 S of .17)
and build table (2.2) showing the matrix elements for the Stark Effect in hydrogen with n = 2,
s = 1/2, ms = m/. From the table, we see that the secular equation leads directly to the
following four eigenvalues,
E = +3efay/Z, 0, 0. (2.78)

The two states with my, = 0 are shifted up and down symmetrically, while the states with
my = 1 are not affected by the electric field. This means that the m degeneracy is only partially
lifted, as shown in figure (2.4). You may check that the eigenvalue —3e€ag/Z is associated to the
new normalized eigenstate %(1/1200 + 10210), while the eigenstate %(1&200 — 1b919) is associated

to +3efap/Z.

13The integration over all space of an odd-parity expression vanishes. Remember that the parity of Y™ is (—1).
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m = 0; %(l@oo — 1b210)

(=0, m=0
6:1, m:O,:I:l //// m:il, ¢2717i1
4 degenerate states \\\

. om=0; %(1#200 + ¥210)

Figure 2.4: Splitting of the degenerate n = 2 Hydrogen level due to the linear Stark effect.

oo)  Jigp  Nin [i-0
(0 0] —3efay/Z
(10| —3e€ay/Z
(11]

(1 -1

Table 2.2: Matrix elements for the Stark effect in hydrogen with n =2, s =1/2, ms = m/,

s*

In hydrogen, assuming an electric field of £ = 10* V ecm™!

5.29 x 1079 cm)
3efag =3 x 10" x 5,29 x 107%eV = 1.59 x 107%eV = 1.28cm™?, (2.79)

, we have (remember that ay =

which is much larger than the fine structure splitting. The Stark effect in hydrogen is linear due
to the degeneracy of states with different ¢ and the same n. At very high electric fields there
appears a quadratic effect superimposed on the linear one, resulting in an asymmetric shifting
of the energy levels.

2.2.2 Quadratic Stark effect.

We have seen that for the ground state of hydrogenic atoms there is no linear Stark effect. We
must then go to second order in perturbation theory. The second-order correction to the (zero

order) energy eigenvalue EY is (see equation (B.64)).

OIETA N
g )

: (2.80)

where Hs = e£z is the small perturbation. The second-order correction to the hydrogenic ground
state is then (we neglect now the fine structure),

AHE)

(2) _ ‘<wn£m
E1g = 282 mgm E%O) _ E7(LO)

(2.81)

The complete set of hydrogenic states is the union of a discrete set and a continuous (non-
discrete) set of wavefunctions. The summation above implies a summation over the discrete
set of eigenfunctions and an integration over the continuous set of eigenfunctions. Since the

energy differences EEO) — E,(LO) are always negative for n > 2, it is clear from (2.81) that the
(2)

correction Elgo is always also negative. The effect of the quadratic Stark effect is to lower (make

(2)

it more negative) the energy of the ground state.'* We can easily obtain a lower limit for El?)()

14This is a general feature of second-order corrections in time-independent perturbation theory, they are always
negative.
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by replacing the energy differences E%O) — E,(lo) by E%O) — Eéo). Remember that, in Rydberg units

we have

© 0., 1 _3 0 (0 13
By —B ~1-1=1, EV — E| Nl- > for n>2
Therefore
0 0)\ |2
’<1/’7(zezn ‘ z ’ ¢§02)>‘ —e2£2

2) _ (0) 0) \ |2
Eioo = —e’E? n;é;ldm E7(10) . E§O) > Eéo) . E%O) n%m ’<7/’nem ‘ z ‘ ¢1?)0>‘ . (2.82)

To perform the summation we first note that <w§% z ‘ wggw = 0, therefore we may write

S [ [ [ = 3 (6% < |
nlm

n#1,6,m
= 3= (Ui | 2| ¥hom) (Wi | 2| w0 = (wlon| 22| ¥800) = (Phroo (288)

nt,m

where we have used the completeness relation of the hydrogenic sates, Z

V) (9| = 1

n,,m
(summation and integration). Now we use the results
2 ag n® 2 ap
() o = o35 1on° +1=30(L+1)], (r*) 100 = 373> (2.84)
Z? 2 Z
and take into account the symmetry of the hydrogenic ground state to write
han= @ = 0= 3 0 (Po= 39 255)
#7100 = \¥ 7100 = \Y /100 T 3\ /100> Z )10 = 72 '

Plugging everything in (2.82) we get

202 2 2

) —e*&%  aj 1 <e€ao>

g 5 e 4 _ (2.86)
100 Eéo) _ Eio) Z2 Eéo) _ EEO)

Expressing energies in Rydberg units we have

A 1

PO = _=2 .
n2 EéO) . EgO)

n

41 2 1 [fefag 2
=7 B > —1.33Z< ~ ) . (2.87)

Another approximation can be obtained in an easy way (see problem 14), which is

2 2
@ _ 1 eCap\~ 1 [efag
Eygo ~ E(0)< 7 ) ——Z< =) (2.88)
1

In any case, it is possible to perform a full evaluation of the sum in equation (2.81). Here we
just quote the result,

2 2 2
@ g 1 e€ag __gl e€ag _ e€ag
Elp = 3 7E§O) <Z ) =37 7 =—-1.125 7 ) (2.89)

It is interesting to note that about one third of this value arises from the contribution of the
continuum in the summation.
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AV(xo,'}o,i)

Figure 2.5: Potential experienced by an electron interacting with a nucleus of charge Ze in a
uniform electric field of strength £, as a function of z, for x = xg and y = yo fixed (adapted
from Bransden, [2]).

2.2.3 Ionization by a static electric field.

An external electric field applied to the atom may have the effect of removing the electron
from the atom. Consider a hydrogenic atom placed in an external electric field £ in the z-axis
direction. The potential energy of the electron is given by

2

V= _ZTe + efz. (2.90)

A plot of V' as a function of z, for x and y fixed (figure 2.5), shows that the nucleus represents

just a local minima, and that V' can become even more negative if z is negative enough (large

distances from the nucleus). One could then see this potential as having two minima separated

by a barrier, one at the nucleus and the other at the anode. The electron has a non—zero

probability to escape from the atom by means of the so-called tunnel effect and be accelerated
towards the anode.

This ionization can be observed when the external electric field is very strong and/or for
levels with high principal quantum number n. Consequently, in the presence of an external
electric field the lifetime of the discrete levels is decreased due to this tunnel effect, so the width
of the spectral lines is increased. This is known as Stark broadening. In particular, the ground
state itself is no longer stationary. It can be shown that the lifetime of the hydrogen ground
state in an external electric field is (in atomic units)

1 2
T = 15 exp <35) . (2.91)

For small values of the electric field strength, £, the lifetime of the ground state is very long
and can be considered essentially stable. Even if we take a high value such as, for example,
E=00lau =514 x10°V -m~!, we get 7 =2 x 106 a.u. = 4.8 x 10”s.

2.3 Hyperfine interactions.

An ideal point-like nucleus without intrinsic angular momentum (spin) gives rise only to a
Coulomb potential of the form —Ze/r. But real nuclei are notoriously complicated systems,
certainly not point-like, with charge distributions not necessarily spherical and different values
of spin. All interactions between electrons and nuclei other than the Coulomb interaction are
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referred to as hyperfine interactions. Among them, the most important are those due to the
nuclear spin and the nuclear quadrupole moment. The nuclear spin gives rise to a nuclear
magnetic moment that interacts with the electronic magnetic dipole moments associated with
the orbital and/or spin angular momenta. Furthermore, a non-spherical nuclear electric charge
distribution creates an electric quadrupole moment that interacts with the electric field gradient
created by the electronic charge distribution at the position of the nucleus.

2.3.1 Magnetic hyperfine interaction.

The Hamiltonian for the magnetic hyperfine interaction can be derived from the Dirac equation
(1.79), which we reproduce here expanded,

E'py, = [qqs + % [a (p - %A) Ko (p — ZA)H " (2.92)

where

2mc?

K= ,

E' +2mc? — q¢

It is convenient to write in a separate Hi term the dependence of the Hamiltonian on the vector
potential,

E' = E —mc. (2.93)

H:q¢+% [a (p—%A) Ko (p—%A)} = Ho+Ha (2.94)
Ho= a0+ 5 (oB)K(0D). (2.95)

2
My = _27502 [(ap)K(aA) + (aA)K(ap)] + 55 (O A)K(cA). (2.96)

The last term of the previous expression is quadratic in A and can be neglected in a first
approximation. If the potential ¢ depends only on r, ¢ = ¢(r), then K is also a function only
of r, K(r), and we may write

dKr
K=—-. 2.

v dr r (2.97)
Furthermore remember that the operator p = —tAV acts on everything that stands to its right,

so for an arbitrary function f(r)

. . . LdKr
pKf(r) = —ihV(K f(r)) = —ihK(V f) —ihfVK = Kpf — zhﬁ;f. (2.98)
Therefore dK
r

K=Kp—ih—-. 2.99
P p—ih - (2.99)

Using this relation we can write

LdK 1

(op)K(ocA) = K(op)(ogA) — zh%;(ar)(aA). (2.100)

Inserting this result in the expression for H; and neglecting the quadratic part in A we have

Hy = 5L [K(op)(oA) —ih% ()0 A) + K(oA)(op)] (2.101)

This expression can be transformed using the rule
(cA)(6cB) = AB + ioc(A x B), (2.102)
into

dK 1
Hi = ——L K(pA + Ap) +iKo(p x A+ A x p) — iho—

S - [rA +io(rx A)].  (2.103)
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To proceed further we need to specify the vector potential. If we assume the nucleus to be a

point dipole with a magnetic dipole moment p, the vector potential at r is'®
pUXr . .
A= 3 (Gaussian units). (2.104)
Now we use the vector identities
V(axb)=b(V xa)—a(V xb), V x fa=(Vf)xa+ f(V x a), (2.105)
Va)—a(V
v (?) _ a>f2a( 2 (2.106)

together with the fact that V x p = 0, because w is constant, to find that VA = 0. Indeed,
since V x r=0and V(1/r3) = [0(1/r3)/0r] £ = —3#/r* = —3r/r®, we have

r r r
VA=V (1x 5) = 5(m - (V% 5)
1 1 r
= | (Vg ) xr+ VT =u<375 X r) = 0. (2.107)
Furthermore, note that rA = 0, because r(pu X r) = 0, and remember that p x A + A x p =

—ih(V x A) and pA — Ap = —ihV A, which means in this case pA = Ap because VA = 0.

Combining now everything together and putting ¢ = —e, we get

e

dK 1
Hi = —_—
2me

[2KAp + Kha(V x A) +h—o(r A)} . (2.108)
rTTr

According to the special form of the vector potential, we may write

1 1 1 1
Ap = r—g(u Xr)p = T—3(r Xp)p = 731;/1 = ENL' (2.109)

Also, since p is constant!6,

1 1 1 1
VX<“>:V(T>XH+rVXN:V<r>X“:_H’XV<)Zuxr:Aa (2.110)

r r 7«3
V2 (%) = pv? <i> — —drpd(r), (2.111)
v (%) = pv (i) + %Vu = pv <i> - —%, (2.112)
viv(®)]=-v(4)=- [(ur)V (;) + 7}3V(ur)] = (ur) % rigu, (2.113)

where in the last step we have used V(ur) = V (upz + pyy + p.2) = p. We need also the vector
identity V x (V x a) = V(Va) — V?a to write

VxA=Vx [v X (ﬁ)} -V [v (H)} — V2 (E) — (ur) k- %u Fdrpd(r).  (2.114)

T T r T

The last bit of vector handling we need for the moment is a x b x ¢ = b(ac) — c(ab),

1 1 pn o r(rp)
rx A= T—?’(r X @ Xr)= ﬁ[u(rr) —r(rp)] = P a (2.115)
15See Eq. (B.313). In the SI system we would have A = %OT pxr (SI units).

3
16T the vector operations discussed here be careful to note that the gradient of a divergence, V(Va), is not
the same as the Laplacian of a vector, V?a = (VV)a # V(Va).
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Now we insert everything back in the expression for H; to get

2pp . [p(L—8) | 3(pr)(Sr) 2 dK [pS  (pr)(Sr)
= K 470 S — | -— 2.116
Hy 5 o +4md(r)uS| + Y | 2 T ( )
where 5 5
e
- = —0. 2.11
us 2mc’ S 20- ( 7)
We need to play close attention to K because when replacing ¢ by the Coulombic potential we
have a divergence at r = 0. Indeed, setting ¢ = Ze/r and ¢ = —e we have
2mc?
K= 5 - (2.118)

Z
E' +2mc* + k
r
When computing the fine structure of Hydrogen we made a non-relativistic approximation to
the Dirac equation by assuming that (see (1.85))

7 2
E 76 < 2mé?. (2.119)

However, this approximation is not valid for an atom in an s state, since the wavefunction for an
¢ = 0 state has a nonzero value at r = 0. In such a case we will follow an argument adapted from
the original derivation by Fermi and assume that the kinetic energy of the electron is negligible
compared to the electron rest mass energy, E' = E — mc?> < 2mc?, but that the terms Ze?/r
and 2mc? may have a similar size. Therefore

1 1 Ze?
K(r) ~ = = . 2.120
(T) 1 + Z€2 1 + @7 TO 2m62 ( )
2mc3r r

For Z =1, for example, the ratio r¢/ag is

ro_ @ ome LN 1, 11N (2.121)
ag  2mc? h? 2 \ he 2 2\137/) ° '
Since ag = 0.52 x 1071 m, we get 79 = 1.4 x 107'® m. This value is in the range of nuclear sizes,

much smaller than the Bohr radius. In the plot (2.6) we see that K (r) rises from zero at r = 0
to almost unity in a distance of several units of g, so we may approximate it by a step function,

K(r) ~ 0, when r=0 (2.122)
" 11 when r #0. '

We can show that, under this approximation, the §-function term in H; can safely be ignored.
Indeed, since K(0) = 0, for any state (with any value of £) we have

([ Ko(r) |v) = K(0)[4(0)* = 0. (2.123)
We write then H; without the J-function,
Hi = He + Hy, (2.124)

_ 2us (p(L—8) | 3(ur)(Sr) gy, — 2He dK [pS  (pr)(Sr)
h r3 7o ’ b hdr 4 ’
We have set K =1 in ‘H,. This is a valid approximation because, as it will be shown later, there

is no contribution from H, in s states, which are the only ones with non-vanishing amplitudes
at r = 0 (where K = 0).

Ha

3 : (2.125)
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Figure 2.6: Variation of K and K’ with r, in units of r.

We turn our attention now to the term K’ = dK/dr. We expect that, since K was approx-
imated by a step function, K might be approximated by a J-function. Figure (2.6) shows that

the function
ro/r?

2
(1+3)
r
goes close to zero within just a few nuclear radii, so we could take K’ = 0 for r # 0. On the
other hand, assuming that K(r) is the step function given by (2.122), we have

K' = (2.126)

/oo Kdr=K(x)-K0)=1-0=1. (2.127)
0

The behavior of K and K’ at negative r has no physical meaning, so we may as well set

K =K' =0 for all » < 0 and write
—+oco

K'dr =1. (2.128)

—0o0
This last equation, together with the condition K’ = 0 for r # 0, are the properties of a
S-function. Let us write K’ = 4wr2§(r), because then

400 +oo +oo
K'dr = / 476 (r) r2dr = / d(r)dr = 1. (2.129)

—00 —00 —00

Concerning the H; term, let’s write it as

_ 2ug dK [S  r(Sr)
=—uB th B=- — | - 2.130
o #E: A hodr {73 rd |’ ( )
and apply the Landé formula (let A — B, J — S and j — s in equation (2.18)),
(sm|BS|sm)
<8m ‘ B ’ Sm/> = W <Sm ‘ S ‘ Sm,> 5 (2131)
with p sz (Spy?
2Up K r
(sm|BS|sm) = — <sm o [7‘2 - ] ‘3m>, (2.132)
and
h? n?
(Sr)(Sr) = Z(ar)(o-r) = (2.133)
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to get (for s =1/2)

21 dK [S? B2
B — (BS) = M Sl
(sm|BS|sm) = (BS) - <sm ’ = [7“2 02 sm

_ 2up /dK 1 . R dK 1

where ((dK/dr)(1/r?)) represents an integral taken over the radial part of the wave function.
But since K’ = 47r26(r), we have

<‘§::2> =4r (3(r)),  thus  (BS)= —dmugh(5(r)). (2.135)

Inserting this back into the Landé formula (2.131) gives

16
(sm|B|sm') = —Tﬂu—; (6(r)) (sm |S|sm). (2.136)
We may express this as an operator relationship
167 ug
B=—"76(r)S 2.1
L2 5(0)s, (2.137)
so that H; can be written as
16 16
My = —pB = —EB5(0) uS = a s, with  a=—2E25(r). (2.138)
3 h 3 h
The term B = —aS is sometimes regarded as an effective magnetic field. Inserting this expression

for H; into equation (2.125), the magnetic hyperfine Hamiltonian can be written as

2 L-S 3(ur)(Sr 8
Hy=Hy = gB 2l = ) 4 (“T)E)( )+;5(r)uS (2.139)

We want to write now the nuclear magnetic moment operator p in terms of the nuclear
spin operator I. It is possible to write an expression similar to the one used for the magnetic
moment of the electron,

1
n = ﬁgN/Lva (2.140)
where
o= 50505 x 102 erg/G = 5.0505 x 10~27 J/T (2.141)
YT oMe  MTP T ' '

is the nuclear Bohr magneton. Here M is the mass of the proton and gy is a factor whose
magnitude and sign depend on the nucleus under consideration. It is also common to write the

nuclear magnetic moment as
_ gnHn

h
where the relation v = gyux/h is known as the nuclear gyromagnetic ratio. We define the
magnetic moment of the nucleus, u, as the expected value of the p operator in a nuclear state
which has the maximum value of its spin third component,

I =1, (2.142)

p={I(my = D|p|Imy = D)) = L2 I(my = D|L|I(my = 1)) = gupxI = yRL. - (2.143)

This allows us to write the magnetic moment operator as p = By

Using the nuclear spin operator, I, the magnetic hyperfine Hamiltonian can be written as

2usgnpn [I(L—8)  3(Ir)(Sr)
Hp = 72 i B B

+ 8?”5(1«) IS (2.144)
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This is the most common expression used for the magnetic hyperfine interaction. The first
two terms in the brackets taken together are known as the dipole-dipole interaction, in analogy
with the corresponding classical expression. The last term is the Fermi contact interaction and
has no classic analog. In the absence of orbital angular momentum, the magnetic hyperfine
Hamiltonian can be written as

Hj, = IAS, (2.145)

where
A 2p g i _i 3(rr) _1_815(1.) :

h2 r3 7o 3

is the magnetic hyperfine coupling tensor.

(2.146)

2.3.2 Magnetic hyperfine interaction in one-electron systems.

To simplify the dipole-dipole part of the magnetic hyperfine Hamiltonian we start by writing
the Hamiltonian (2.144) as

I N 2usg (L—S  3r(Sr) 2 87
= — —I— - IS]|. 2.14
[ h[h<r3+r5 R (2.147)
Denoting
2ug [L—S = 3r(Sr)
B =_22 2.14
h [ r3 + 7o ’ (2.148)
we have o 8
__ 9nHn ; _ 4aHp OT
Hy = - [IB h 3 o(r) IS} : (2.149)

We will show now that the operator B’ is in fact proportional to the total angular momentum
of the electron, J. We need to use the Landé formula,

(jm ! B’ ’jm'> = <‘77(]’]i‘1)|5:1> (jm } J ’jm'>, (2.150)
with
(jm|B'J | jm) = —2% <Jm’ (L ;3S)J - 3(81;)5(1:]) ’jm> : (2.151)
Now take into account that
(L-8)J=(L-S)(L+8)=1L>-5% (2.152)

and that [jm) = |¢sjm) is an eigenfunction of L?, $2, J% and J., to write

(jm|(L = 8)J|jm) = (jm| L? — S* | jm) = £(¢ + 1)R* — s(s + 1)I°. (2.153)
Also,
rJ=r(L+S)=r(rxp)+rS=rS=Sr, (2.154)
therefore
h? R,
(Sr)(rJ) = (rS)(xS) = Z(ar)(ar) =7 (2.155)
The integration over the radial part of the wave function gives then
3 1
(jm|B'JI|jm) = —2ush {e(z +1)—s(s+1)+ 4} <T3> , (2.156)

and for s =1/2,

(jm|B'J|jm) = —2ught(¢ + 1) <:3> : (s =1/2). (2.157)
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Inserting this back into equation (2.150) we have

e s (4 . .y
<jm|B|]m>:—2/;L JEJ:’_I—?) <T13><jm‘.]|]m>, (2.158)

which means that, as an operational relation, we may write

;o 2 l(0+1) /1 o
B == j(j+1)<r3>J’ (s =1/2). (2.159)

Now we replace (2.148) with (2.159) and put it back into (2.149) to get the following Hamiltonian
for the case s = 1/2.

_ 2Uupgnpin 0l+1) l 8£ 9 _ 2pupgnpix 00+1) i
Hn =3 [MH) 3 )W+ OIS = ==5=2nm 5 (3 ) 1 + ArIS,
(2.160)

where

Ap = ]-GTWMBL;]{;,U’N W}(O)’Q’ |w(0)|2 — <5(I‘)> . (2161)

The first (dipole) term in (2.160) is zero when ¢ = 0, while the second (contact) term is zero
when ¢ # 0, which means the two parts of the magnetic hyperfine interaction do not overlap.
For s states we only need to consider the contact interaction. For non-s states, only the dipole
term contributes. Similarly to what happens in the spin-orbit coupling, the form of the Hy
Hamiltonian suggests that it will be convenient to couple the nuclear spin, I, and the electron
total angular momentum, J, to form a new angular momentum operator (the total angular
momentum of the atom),

F=1+J. (2.162)

We can use the notation |Imy), |jm), |Fmp), to designate the eigenfunctions corresponding to
I, J and F, respectively.
The Fermi contact term in Hydrogen.

Let’s consider now the hydrogen in an s state, where only the contact term contributes. We set
¢ =0 and replace J by S, so that now F =1+ S and F? = I? 4+ S + 2IS. Thus

1
IS=_ (F?-5*-1%). 2.163
L ) 169
The spin of the proton is 1/2, therefore
1 1
I == == F=0,1 2.164
2’ S 27 0’ ) ( 6 )

and

(Fmp |IS| Fmp) = (IS) = <Fmp % (F? - 52 - 1?)

Fmp>
:7122|:F(F+1)_8(8+1)_I(I+1)} ZH;{F(F+1)—§ , (2.165)

which shows that only diagonal elements are nonzero. For the two possible values of F' we have

(2.166)
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Since for an s-state ngo) = ArIS, the energies are
h? 4
—Ap = *WHBQNMNW(O)R F=1,
E = 43h2 3 (2.167)
_TAF = _47WB9NMN|¢(0)|27 F=0.
For Hydrogen we have I, = S,, sol”
1 1 gpe
l“l‘p = ﬁgN,U’NI = ﬁngNIp = Wpcsp, 9p = 2 x 2.7928 = 5.5857 (2168)
1
(0)* = —, Yh = pngn = 2.82 x 1072 erg/G, ap = 0.529 x 1078 cm.  (2.169)

Using the previous numerical values and u5 = 0.927 x 10720 erg /G, the energy difference between
the two levels of the s state hyperfine splitting is

167 16
AE = W2 Ap = =% pingupin|(0)? = 2 ERINEN
3 3 ag

=042 x 10 ®erg =942 x1072°J =5.88 x 10 %eV — 0.04738 cm™'. (2.170)

To evaluate AE directly in the SI system we need to express the Bohr and nuclear magnetons in
ST units. Equation (B.30) in the appendix on Gaussian units tells us that each magneton gets a
factor of /g /47, so we should mutiply the previous expression for AE by a factor of ug/47.'8
Thus

(AB)gy = (1) sngnie _ A7 x 10 T Hua )

A7/ 3 ag A
169.27 x 10724 J T ! x 5.586 x 5.05 x 10727 JT!
= =942 x1072J. (2.171
*3 (5.20 x 10-11)3 m3 X (2.171)

Using the fact that in the SI system eouo = 1/c® and ag = 4megh?/(mee?) = h/(mea), the
energy difference can also be written as
gl 4 Me 4 o

4
AE=-—"__ _—_—¢g ¢ . 2.172
3 mpym2cag 39 mpa Me€ ( )

This hyperfine splitting for Hydrogen is shown in figure (2.7). Since AE = hv for electromagnetic
radiation, this corresponds to a frequency of v = 1420.4058 MHz, or to a wavelength of 21cm.
Radiation of this frequency can be detected by radio-frequency techniques, and its observation
can be used to map the concentration of cold atomic hydrogen in the interstellar regions of our
galaxy.!? It is found that the spiral arms of the galaxy contain the greatest concentrations of
hydrogen atoms and the different arms can be identified by making use of the Doppler shift,

"The proton magnetic moment is measured to an extraordinary accuracy,
Hp = 2.7928473446 + 0.0000000008 px [14]. If we write g = 24pc, then p, = MSP, and the expectation value
mpc

eh

of the third component of p,, in a state with ms = 1/2 is precisely <(p,p)z> = tpy -
mp

= UplN, SO [ip is the proton

magnetic moment in units of un.

18The permeability of free space (vacuum) in the SI system is po = 47 x 1077 Hm™'. The energy and magnetic
flux density equivalences are 1lerg = 1077 J and 1gauss = 10™* T.

19This radiation was theoretically predicted by the Dutch astronomer H.C. van de Hulstin in 1944 and was
experimentally detected by American physicists Harold Ewen and Edward Purcell at Harvard University in 1951.
The hyperfine transition responsible for this radiation is very rare, but there is so much atomic Hydrogen in our
galaxy that can be detected on Earth. Furthermore, radio-frequency radiation can easily go through clouds of
interstellar dust that block optical observations.
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Figure 2.7: Magnetic hyperfine splitting of the ground state of hydrogen. This splitting is due
only to the Fermi contact term.

since each arm possesses a different radial velocity with respect to the Earth. In contrast to
atomic hydrogen, molecular hydrogen does not emit 21cm radiation and this technique cannot
be applied to find regions with significant concentration of molecular hydrogen. Still, high-
density galaxy regions contain other types of molecules with a suitable wavelength emission
to be detected using radio-frequency techniques. In deuterium, with a nucleus consisting of a
proton and a neutron, this wavelength has been measured to be about 92 cm. This energy
splitting is much smaller than the separation energy between atomic states (~ eV) and nuclear
states (~ MeV), therefore it is safe to assume that only the ground states of the atom and the
nucleus play a role in the magnetic hyperfine interaction.

It is very instructive to evaluate the magnitude of the effective magnetic fields at the position
of the electron and the proton due to their spins. For the electron we have seen (equations (2.25)
and (2.31)) that the 2S; /2 level is split into two states when the atom is placed in an external
magnetic field. The two states are separated by an energy AE = 2upB. The magnetic field due
to the proton spin produces also a splitting which we could write as AE = g.pupBS;. It is found
that By comes out to be about 508 G.

e AE  942x107%)J
o geps  2x9.27x 10724 J/T

=5.08 x 1072T = 508 G (2.173)

Similarly, we can find the effective magnetic field at the proton location by writing AE =
gN,uNBgﬁ« = vthﬁ, where gypun = vh is the magnetic moment of the proton, in analogy with
Jeltn, which is the magnetic moment of the electron.

AFE 9.42 x 10°2%J

BP — _
of = gt 5.586 x 5.05 x 10~27 J/T

=33.4T =3.34 x 10°G. (2.174)

This shows that very high magnetic fields exist at the position of the nucleus due to the large
magnetic moment of the electron. As a comparison, note that the magnitude of the earth’s
magnetic field at its surface ranges from 25 to 65 microteslas. Another interesting comparison
can be made with the superconducting magnets of the Large Hadron Collider at CERN, which
are able to deliver 8.3 Tesla, a bit less that the 33 Tesla that the electron creates at the center
of the atom. At CERN, the electromagnets use a current of 1.108 x 10* amperes to produce the
field, and a superconducting coil working at 2 K (—271.3 C) allows the high currents to flow
without losing energy due to electrical resistance.?’

The dipole term.

Consider now the dipole term in (2.160). For hydrogenic atoms we have

1 VA 1
<r3> T @+ D+ e (2.175)

20Much more powerful electromagnets working at room temperature have been built. However, it is very difficult
to design reusable magnets delivering more than 100 Tesla, since the enormous mechanical stress generated when
they are switched on and off can easily tear them apart.
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Figure 2.8: Hyperfine splitting in sodium (I = 3/2). Each multiplet of F' states has a different
value of the splitting parameter A. Figure taken from Krane, Introductory Nuclear Physics,
John Wiley € Sons, 1988.

We need also the relations (remember that F =1+ J),

1J = % (F2=1*-J%), (Fmp|1J|Fmp) = h;[F(FJrl) —I(I+1) —j(j+1)] (2.176)

Here again only diagonal matrix elements are nonzero, therefore the energies are given by

_ ZSMBQNMN
adndi(j+1)(¢ + %)

[F(FH) —I(I +1) —j(j+1)] (2.177)
For 22Py)5, Z =1,j=1/2,1=1/2,n =2 and £ = 1, we have

2
(E)p=1 = “igZ’;fN, (E)p=0 = —MB553MN7 AE = —7MSZ§MN7 (2.178)
0 0 0

which is a factor 24 smaller than the splitting due to the contact interaction. Similarly, for
22P, /2 the energies are

4
(E)pen = “ggNgN, (E)poy = —HBININ AE = “HBININ, (2.179)
ag

18a3 45a3

In figure (2.8) we can see the hyperfine splitting in several levels of 23Na. The electronic
configuration of Na is that of Ne plus a single electron in a 3s orbital, therefore the Na ground
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state is 2S; s2- The two first excited Na states correspond to the spin-orbit doublet 2P, /2 and
2p, /2. These states are separated by about 2.1 x 1073 eV, an amount considerably larger than
the fine structure splitting in Hydrogen, but this is expected because the spin-orbit interaction
goes like Z* and we are dealing here with Z = 11. The 23Na nucleus has a spin of I = 3/2,
therefore the coupling with J = 1/2 and J = 3/2 generates two doublets (F' = 1,2) and a
quartet (F' = 0,1,2,3), as indicated in the figure. The hyperfine structure can be measured
with high precision using laser beams.

Magnetic hyperfine interaction in the presence of an external magnetic field.

An important practical case is that of magnetic resonance experiments, where we need to consider
the magnetic hyperfine interaction in the presence of an external magnetic field. Let’s study
this situation for Hydrogen in an s state, where only the Fermi contact term contributes. We
need to use equation (2.7), namely My = fus B(L + 2S), with L = 0, add the contact term
and take into account the interaction of the nuclear spin, I, with the external magnetic field, B.
Therefore the Hamiltonian may be written as

2Uup

H = ZEBS+ApIS—9BI = gegBBs + ApIS — 9N§N BL (2.180)

In any case, the nuclear magnetic moment is very small compared to the electronic magnetic
moment, so the contribution of the term vBI can be neglected for our purposes here. The
magnetic field felt by the s electron due to the nuclear magnetic moment is about 500 G. If
the external magnetic field is large compared to this value, the electronic and nuclear angular
momenta will be decoupled. The argument here is similar to the one used in the case of strong
versus weak fields to study the spin-orbit coupling. To find the eigenvalues of H = (2ug/h)BS +
AFIS over a wide range of external magnetic field amplitudes, it will be more convenient to use
the uncoupled representation, |sImgsmy). Since both s and I are fixed to 1/2, the notation can
be shortened to |mgmy). Choosing the external magnetic field B along the z-axis, we can write
‘H in the following form,

2
H = %BSZ + Ap[ = 11S -1+ ISy — I-1514], (2.181)
where we have used the spherical components of I and S to write IS = — 1,151+ 1pSo—1-151,

as we did before in equation (1.186) for LS when computing the spin—orbit coupling. We need
to fill up a Hamiltonian 4 x 4 matrix for mg and my, each taking on the values £1/2. The matrix
elements for the 2usBS,/h term are easy to get, they are all zero except those in the diagonal.
For the terms containing the spherical operators we need to use the well-known relations that
can be seen in appendix B.5. The results are collected in table (2.3), and the corresponding
secular equations deliver the following four eigenvalues,

h2 h2 h? 2usB\ 2
E=—Ap+uB E=-—Ap+——Ap/1
4 F HBD, 4 F 9 F +<h2AF>7

which can also be written as

h2 2unB h2 2upB\ 2
E=—Ap|142 E=—Ap|-1£2¢/1 . 2.182
1 F[ (hQAF)}’ 1oF +(h2AF> (2.182)

These energy eigenvalues are shown in figure (2.9). We should examine several interesting
limiting cases:
e For B = 0, the first of equations (2.182) gives %AF (twice), while the second gives

%QA F and —%A . The eigenvalue %ZA F is three-fold degenerate due to the degeneracy
associated with F' = 1, and we recover exactly the results in equation (2.167).



Quantum Physics III. Monday 7" September, 2026, 11:08.

75

B £ N Y N =) M = £
55 usB + A
<1<2_2}1‘ ’ o B_14 i)
27 2 [23: ! F 3 F2
(-3 TAr  —mB- A :
(=2 -3 —sB + 2 Ap

Table 2.3: Matrix elements of the magnetic hyperfine interaction in the hydrogen s state in the
presence of an external magnetic field.

h2 m m
ugB + TA s L
—_— 12 +1/2
+HBB ‘."
— A2
‘.’. * 0.. #BB - TA
. +1/2 —1/2
. 2
- —ugB + TA
—_— 12 —1/2
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Figure 2.9: First—order splitting of the hydrogen ground state in a magnetic field with hyperfine
interaction (adapted from Weissbluth, 1978).
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Figure 2.10: Variation with an external magnetic field of the energy levels of the hydrogen
ground state in a magnetic field with hyperfine splitting (adapted from Weissbluth, 1978).
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o If uyB < h?2Afp we take the approximation v/1 + 22 ~ 1 + 2%/2 for small z in the square
root of (2.182). Two of the energies get thereby a quadratic dependence on the field B.
h2 ,UBZBQ 3h2 ,UBQBZ

h2
E="Ap+,..B E="24 _ .
it nd TRy 1 R2 AL

o if uzB > R2Ap we can do V1 + 22 ~ x for large z in (2.182) and get the following list
of values, which appear also as the diagonal elements in the matrix shown in table (2.3).
Using that table we can associate each energy eigenvalue with its corresponding values of
ms and my, as shown below

E Mg my

usB + (R AR /4) | /2 1/2
usB — (R2Ap/4) | 1/2 —1/2
—psB — (RPAp/4) | —1/2  1/2
—pupB + (RPAp/4) | —1/2 —1/2

Note that, when upB > h?Afp, we can replace the Hamiltonian (2.181) by

2
because this gives also the same energy eigenvalues shown in the previous table. The case
psB > h?Ap may be regarded as the Paschen-Back region for the magnetic hyperfine
interaction.

All this is somehow similar to what we have observed when treating simultaneously the spin-
orbit and external magnetic field interactions. When the magnetic field is weak (< 500 G in
hydrogen), the electronic angular momentum and the nuclear spin are coupled to form states
with F' = 0,1, and the levels spread linearly with the field. At larger field values the dependence
is quadratic. At still larger field values (> 500 G) the electronic angular momentum and the
nuclear spin become uncoupled and the dependence on the field becomes linear again. The good
quantum numbers at very low fields are s, I, F', mp. At very high fields the good quantum
numbers are s, I, mg, my. At intermediate fields the levels are mixed and neither collection
of quantum numbers provides an adequate set of labels. Figure (2.11) shows the level scheme
for an s electron interacting with a nucleus with spin I = 1 through the magnetic hyperfine
interaction. This occurs, for example, in N, which has a nucleus with spin I = 1.

2.3.3 Electric quadrupole interaction.

In classical electrodynamics the electric potential created by any shape of charge distribution
can be described by a multipole expansion, and this is also the case in the quantum domain. The
electric potential generated by a spherical distribution of charge is just of the simple Coulombian
form, —Ze/r, which corresponds to the monopole term in the multipole expansion. But nuclei
are not necessarily spherical, specially the heavy ones. They can be classified as having either
a prolate ellipsoidal (football) shape exhibiting a positive electric quadrupole moment (to be
defined later), or an oblate shape creating a negative quadrupole moment. The dipole term
vanishes, as we will soon show.

In a coordinate system centered inside the nucleus the electrostatic interaction energy be-
tween a single electron and a nucleus containing Z protons is

Z 2

w=-5S_¢ (2.184)

=1 re —rp|’
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Figure 2.11: Magnetic hyperfine levels for a nucleus with spin I = 1 and positive coupling
constant as a function of the magnetic field (taken from Weissbluth, 1978, which is adapted
from Introduction to Electron Paramagnetic Resonance, by M. Bersohn and J. C. Baird, Addison-
Wesley / W. A. Benjamin Inc.).

where r, is the electron position vector and r,, is the position vector of the pth proton. The sum
is extended to all Z protons. It is found convenient to use the spherical harmonic expansion for

1|re =),

¢ ¢
1 T mx*x m
D it e Y O )Y (O 00), (2.185)
= >

1 oo
)
|r€7rp‘ (=0 m=

where the notation 7~ means the greater of the two distances (r¢,r}), and 7« means the smaller.
Later we will show that there is no quadrupole interaction for s states, therefore we can as-
sume that the electron does never venture inside the nucleus and take always r. > r,, so the
electrostatic energy becomes

L 14
1 T me* m
W=—dre®y > Y mﬁyz (Op, p)Y(" (Oc, pe)- (2.186)
YA €

o
p:l /=0 m=—

It will be easier to compute the matrix elements if we write the Hamiltonian in terms of the scalar
product of irreducible tensor operators.?! The set of the 2¢ 4+ 1 spherical harmonic operators
Y® = {Y[e, Y[ZH, cee Yf*l, Yf } is an example of irreducible tensor operator of rank ¢. Under
a coordinate rotation, Prr = r’, the components of this tensor transform as a linear combination
of themselves,

PRY;"Pp' = Z Dim Y. (2.187)

The scalar product of two irreducible tensor operators of rank £ is defined as

TH . TW =3 (~1)0 T® *). (2.188)

q —q
q

21For a short review on this topic see appendix (B.6).
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Since Y, ™ = (—=1)™Y;™, we can write

l 4
Syrmyr =y (-0my Y = YO, YOQ), (2.189)
m=—~ m=—/
Qp = (6p, 0p), Qe = (0e, @e), (2.190)

Defining

Z
4 | 4w 1
) — E I~Nr (€ ) — L
p=1 ¢

We hayve,

w=> QWul. (2.192)
=0
Note that when ¢ = 0 we have (since Yy = 1/v/4m),

Z

QO =Y VIR YO(Q,) = Ze,  UO = —ev/Ir -y O (@,) = —£, (2.193)
Te Te
p=1
0 o — _Z¢

QWU = =~ (2.194)

This is just the Coulomb interaction energy of the electron with a point-like nucleus of charge
Ze (Z being the sum over the protons), that is, the monopole contribution.

The contribution of the dipole term, Q) UM is zero because it corresponds to the inter-
action of a nuclear electric dipole moment with the electric field created by the electrons, but
nuclei states do not have electric dipole moments. This is true to the extent that they have a
well-defined parity (we neglect here any possible tiny contribution from weak interactions). In
other words, the electric dipole moment p is an odd operator (it changes sign under a spatial
inversion p — —p), therefore its expectation value in a nuclear state with a well-defined parity
vanishes,

(p) = /w* py dr =0. (2.195)
The next term we should then consider is the quadrupole interaction, with ¢ = 2,
Ho = QP UX. (2.196)

We take the electronic state to be characterized by the angular momentum quantum numbers j,
m;, and the nuclear state by I, m;. To compute the interaction energy associated with Hg we
will use the coupled representation, with the total angular momentum given by F =1+ J and
the states specified by the quantum numbers I, j, F', mp. The matrix element for the scalar
product of two tensor operators of rank k, taken between two states with angular momentum
quantum numbers |j1j2jm) and [j]j57'm’) is given by

A

J1J2J m’>

sy { LY [0 (o] o)

<j1j2jm ‘ T®U®

j;> . (2.197)

where the quantity in curly brackets is a 65 symbol defined in (B.193). For our particular case
this equation transforms into

<IijF ‘ Q®@u® } IjF’m’F>

o snpi, {145} (@2 G0 ])- am
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Here the 65 symbol has the value

{ I i F } B (—1)FHH 2[3X (X — 1) —AI(T +1)j(j + 1)]
/@I —1)21

g I 2 (27 +1)(21 +2)(27 +3)(25 — 1)25(2j + 1)(2j + 2)(2j + 3)’
(2.199)
where
X=II+1)+j(G+1) - FF+1). (2.200)

To proceed, the reduced matrix elements must be computed. To evaluate <I H Q® H 1 > we are
going to relate it to the nuclear electric quadrupole moment, which is a second-order symmetric
tensor whose components Q;; are defined in the following way (see equation (B.301) for the
classical definition of the quadrupole moment tensor). Let r), be the position vector of a proton
with respect to the center of mass of the nucleus, and let =, = (xp)1, ¥p = (Xp)2, 2p = (xp)3 be
its Cartesian components. Then

Qij = 3(xp)i(xp)j — bij7p,s (2.201)
p

where the sum is taken over all the protons in the nucleus. Note that Q;; is a traceless tensor,
Q11+ Q29+ Q33 = 0. It is customary to define the magnitude Q of the nuclear electric quadrupole
moment as the average value of the component Q,, = Q33 in the state with the maximum value
of the projection quantum number, |I,m; = I),

D> (35 —rp)

p

Q0= <I,m1:I

I,my = I> : (2.202)

This quantity Q has dimensions of area and is often measured in barns.?> To quote a number,
the deuteron has an electric quadrupole moment of about @ = 0.0028 barns. For a charge
distribution with spherical symmetry one would have

(rp) = (e +9p +2) =3(5), (2.203)

which leads to @ = 0 for a sphere. If the charge distribution is elongated along the direction
of I, Q is positive. If the charge distribution is flattened (oblate form) Q is negative. The Q,,

component can be written using the Yy = %\/% (3cos? @ — 1) spherical harmonic as

> By -r)=2> ﬁrg VY (92,). (2.204)

On the other hand, from (2.191) we have, for £ = 2 and m = 0,

9 47
Pr=ed VA () (2.205)
p

Comparing the last two expressions we see that
1
Qy) = 5ed (32 7). (2.206)
P

Therefore the matrix element of the 0-component of the tensor Q) is related to the electric
quadrupole moment in the following way.

1
<I,m1:I‘Q(()2) ’I,mf :I> — e <I,m[:I

> 3z —rp)

1
I,mr = I> = ieQ. (2.207)
P

221 barn = 107 # cm? = 1072 m?.
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This can be used to compute <I H Q® H I > by means of the Wigner-Eckart theorem. Indeed, we
have (see equation (B.229) in the appendix)

<ImI)Q(()2)‘ImI>:(—1)I‘mI( L2 1 )<IHQ<2>HI>, (2.208)

—-my; 0 my

with the 35 symbol

iod 2N (3 202 gy 3m? — j(j +1)
(m —m 0>_<_m 0 m)—( 1) N DS ST (2.209)

Setting my =1,

( I 2 I>_(_1)” 312 —I(I+1)
-1 01) VERI+3) T +1)20 +1)I(2I -1)

_ I(2I - 1) _ I(2I 1) (2.210)
V@I+3)(IT+1)(21 + 1)I(2] — 1) (I +3)(I+1)2I+1)"

Note that this coefficient is zero for I = 0, %, which means that nuclei with spins I = 0, % have

no quadrupole moment. Inserting this back into the Wigner-Eckart theorem,

(1= 1] =1) = iy (1] 0¥ | 1) = o0

2T+ 3)(I + 1)(21 + 1

SO

(1[0 ) - 3o oo 22

To compute < J H Uu® H J > we follow a similar approach. We define a quantity eq such that

it is equal to twice the expectation value of UéQ) in a state with the maximum value of the
projection quantum number, |j, m; = 7).

1
jymy = j> = Zeq. (2.213)

<j’mj:j‘U(§2) 2

From (2.191) we have, for £ = 2 and m = 0,

47 1 47 1 5 (3 1 €322 — 2
U2 — o2 2 yv0 )= o /28 2 2 (2 eos2p, — =) = _E2% " Te 2.214
s eV 3 2 () = —ey/ < T§\/4W 5 €05 0 — 5 3 (2.214)

This can be related to the zz component of an electric field gradient tensor. Remember that
the components of this (symmetric) tensor are given by

82 —€ 37“1‘7‘]' — T26ij
o (5) = (BT v == s o

Therefore the expression

9?2 e 322 — 12

2 ()25
is the zz component of the electric field gradient tensor produced by the electron at a point
whose coordinates with respect to that electron are (x,y,z). We see then that, since we are

= V.., (2.216)

r rd

working in a reference frame centered at the nucleus, the quantity 2Ué2) is the zz component of
the electric field gradient tensor at the nucleus produced by an electron at re,

@ 1 o2V e322—r2 1
_1 __eeE T Ly 2.21
Yo =3 <6z2 o 2 1P 2" (2.217)
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where V' = —e/r is the potential due to the electron, and the second derivative is evaluated at
the origin (nucleus). Therefore

€q = <j,mj =7 | V.. |j,mj :]> = <]]|sz |]j> = <sz>7 (2~218)

which is the expectation value of V,, over the electronic state |jj). Now we apply again the
Wigner—Eckart theorem to get, similarly to equation (2.212),

(109 s = 3/ CT B DD, aats)

The insertion of (2.219), (2.212) and (2.199) into (2.198), leads to

<1ijF ‘ Q@u® ‘ IjF'm’F>
DI e by, (1) 2[3X(X 1) —AI(I +1)5(j + 1)
V(@I —1)21(21 + 1)(21 +2)(21 + 3)(25 — 1)25(25 + 1)(25 + 2)(2j + 3)

1 [T +3)(I+1)(2I+1) (25 +3)(7+1)(25+1)
“ 1 12— 1) J(2— 1)

62qQ

 BXX ) -4 +1)5( +1)] (I+1) U+D 200
2RI —12IT +2)(2j — 1)2j (2 +2) | IRI—1) \j(2j—-1) !

~ 2121 —61§Q(2] —1) [iX(X - 1) - I+ 150 + 1)] . (2.220)

where e2¢Q is known as the quadrupole coupling constant, which may be positive or negative.
The Hamiltonian Hg = Q®U® can be written in another useful form. Using the relations

F=1+17J, 21 =I? + J? - F? (2.221)
we have
(IjFmp | —213 | IjFmp) = h? [I(I Y1)+ +1) - F(F+1)| = 2X. (2.222)
h? 3t 3h2 3nt
- =X 2.22

(1J) 5 X 3(13)*) = - - (1J) 1 (2.223)

Therefore,
1 (LiFme |3 + = (1) = I*J* |\ IjFmp ) = 2 X(X = 1) = I(I +1)j(G +1), (2:224)

which allows us to write

2 r 2
2) = a9 2, 31 7272
= il =)o =1 P 5 M) -1 ] (2.225)

Ho = Q(Q)
The first—order energy shift due to this electric quadrupole interaction is then

e?qQ _§X(X— 1) I(I+1)j(j+1)]. (2.226)

{LjFmp | Hq | LjFmp) = 2I(2I —1)j(25 - 1) |4

Since V., = —e(32% — r2)/r5, the expectation value (V,.) vanishes when the electron charge
distribution is spherically symmetric, therefore there is no quadrupole energy shift for s states.
We recall that nuclei having no spin (I = 0) or a spin I = 1/2 have no electric quadrupole
moment, so the energy shift vanishes also in those cases.
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We have seen that the magnetic dipole correction (2.177) is

B ZS,UBQNMNX
agn?’j(j + 1)+ %)

— Z3MB9NHN B o -
P @G0+ [FE+1) -1+ 1) = j(i+1)] =

. (2.227)

therefore the total (magnetic dipole plus electric quadrupole) hyperfine structure energy correc-
tion is given by

72 ppgnpin X
adndi(G+1)(+ 3)

AFE

2
49 [3 (2.228)

=3Il 1);2j - 1) ZX(X -1)—-I(I+1)j(j+ 1)] -
The hyperfine energy levels obtained after this correction are still independent of the quantum
number mp, and therefore are (2F + 1)—fold degenerate. This degeneracy can be removed by
applying an external magnetic field.

The electric quadrupole interaction Hg can also be written using only nuclear spin operators.
This is particularly interesting if the matrix elements of the quadrupolar hyperfine hamiltonian
are to be computed in the uncoupled basis. This can be of use in cases when, for instance, an
interaction with an external field is to be simultaneously treated with the quadrupolar hyperfine
interaction. We quote the result here without derivation

e%qQ

"e = pagrr -1

(315 — I?) + (I3 + 131)], (2.229)

where the parameter 0 <7 <1 is defined through the relation
(Vaw = Viyy) =1 (Vzz) = neq, 0<n<1, (2.230)

and Vg, Vyy, V.., are the diagonal elements of the electric field gradient tensor?® produced by
the electron at a point whose coordinates with respect to that electron are (x,y,z). For s
electrons the charge distributions has spherical symmetry and V,, = V,, = V... But since V'
must satisfy the Laplace equation®*, V2V = 0, the principal components are all zero and in
particular eq = (V,,) = 0. From this, it follows that there is no quadrupole interaction with s
electrons (as stated before).

Let’s examine a few other particular cases. Assuming axial symmetry, V,, = V,,, we have
n =20, so

_ GQQQ 2 2
2
Eo = (Imy|Ho | Imy) = 4[(62;1%1) [3m§ —I(I+ 1)}. (2.232)

In this situation there are only diagonal elements with twofold degeneracies in mjy, which means

that states with +=m; values have the same energy. For I = 0, % the quadrupole energy vanishes.
For I =1 the energies are,

1 e2qQ/4, my; = +1
Eg = —€*qQ(3m? —2) = q2 /4 ’ (2.233)
4 —e“qQ/2, my=0.
For I = 3/2,
1 15 e?qQ/4, m;=+3/2
Eg = —e%qQ <3m2 — > = q2 /4 ! /2 (2.234)
12 4 —e qQ/47 my = :|:1/2.
23This is a symmetric tensor, therefore diagonalizable.
241n the most general case the Poisson equation is the one that holds (V2V = —p/ep in SI units and
V2V = —4rp in Gaussian units), but if we are interested in finding the potential in a region where there is no

charge (the charge in this case is elsewhere, is in the electron position) we need to use the Laplace equation,
VvV =0.
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2.3.4 Isotope shifts.

The so-called isotope shifts in atomic energy levels are caused by two effects: the mass effect due
to the fact that the nuclear mass is finite, and the volume effect arising from the distribution of
the electric charge of the nucleus within a finite volume. For one-electron atoms the mass effect
can be taken into account by introducing the reduced mass,

mM
= 2.235
Py M ( )
together with a new unit of length and atomic energy,
m 0
a, = ZGO, E/.L = EEOO, (2236)

where E, stands for the energy in the case of a nucleus of infinite mass, and ag = h/(mca) is
the Bohr radius (sometimes denoted also as a~,). It can be seen that the reduced-mass effect
modifies all the energy levels of the atom in the same manner, leading to all the frequencies of
the spectral lines being reduced by a factor u/m ~ 1 —m/M. If we call AE the reduced-mass
correction to be applied to the energy levels F.,, we obtain

AE = E,, — B = Eoy (% . 1) ~ —%Em. (2.237)

Notice that AE is positive. For atoms with more than one electron the mass effect causes an
additional energy shift called the mass polarization correction, which we skip for the moment.

To make an estimation of the volume effect let us assume a simple model of the nucleus where

the electric charge is distributed in a uniform way within a sphere of radius R = rgA/3. Here A

stands for the nuclear mass number and rq is a constant that can be taken to be approximately

ro ~ 1.2 x 107" m. The electrostatic potential created by such a uniform sphere can be shown

to be )
Z Z
o(r) = i ( — ;2> for r <R, o(r) = 76 for r> R. (2.238)
For simplicity, we shall assume that the unperturbed Hamiltonian is just the hydrogenic Hamil-

tonian,
2 2
P Ze
Ho=+——— 2.239
0 2/,L r ( )
and that the perturbation H’ is the difference between the interaction induced by (2.238) and
the Coulomb interaction —Ze?/r (we ignore here all other effects such as relativistic corrections

etc.). The Hamiltonian of the perturbation is then
Ze? r? Ze?  Ze? (r? 2R
'MN=-="%(3-—= — =— =+ —- fi <R.
H'(r) 5R (3 R2>+ " R <R2+ " 3) or r<R
H(r)=0 for r>R.

Using now ¥nem = Rpe(r)Y,"(0,¢) and the fact that the spherical harmonics are normalized,
we can write the first-order energy shift due to this perturbation as

Ze2 (R /2 2R
AE = (nom | H' | Ynem) = o ), <R2 - 3) | Ry (7)) 72 dr. (2.240)
The region r < R is very small compared to atomic dimensions, so we take R,(r) to be the
constant R,,(0) and pull it out of the integral. Furthermore, R,,(0) vanishes unless ¢ = 0,
therefore we are left with

AE = €|Rn0(0)|2/ (r - 3) ridr = 610 | Rno(0)]*. (2.241)
0




84

We have ,00(0) = Rno(0)Yy (0, ) = Ry0(0)/v/4m, and also the relations

1 VA 473

Yoo OF = LB OF = T RuoOF = 555 (2:242)

which allows to write finally, for £ = 0 (we have AE ~ 0 for ¢ # 0)

2e2 74 R?
AE ~ ——— 2.243
5a3n3 ( )
In the SI system we have
2 74 P2 2 42 42
AE — 1 2e*7Z*R _ e 2hcZ*R _ 2cheZ* R ‘ (2.244)
dmeg ) Sadn? 4dmeghc 5a3 5a3

What is measured in the laboratory is the difference, §F, of energy shifts between two
isotopes whose charge distributions have radii R and R 4 d R, respectively. To first order in §R
we have then

2274

4e*7*
= ““_RéR (2.245)
i

§E = AE(R+0R) — AE(R) S PR

[(R+6R)*— R?| ~

Note that the isotope with the larger radius has the higher energy value (less tightly bound).
This is confirmed by experiment. Another feature to observe is that § F increases rapidly with
Z and decreases with n, so that the most important volume effects occur for low—lying s states
of hydrogenic atoms with large Z, in particular for the ground state.
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2.4 Problems.

1. Compute the matrix elements which appear in table (2.1). Compute the energy
eigenvalues using the secular equations (2.37) to (2.40) and find the approximations
for the strong-field and weak-field cases.

2. Work out the weak Zeeman effect assuming that it is possible to compute the expec-
tation value of L +2S = J 4+ S by noting that L and S precess about the constant J
vector, so that the time-average value of S is just its projection along J.

3. Consider the eight n = 2 Hydrogen states, |2¢jm;) and find the energy for each of
them under the weak-field Zeeman splitting assumption. Make a diagram with the
energy in the vertical axis and the intensity of the external magnetic field applied in
the horizontal axis. Draw in the diagram the corresponding eight straight lines in
the weak-field regime specifying the eight slopes.

4. For each of the eight n = 2 Hydrogen states, |2¢myms), find its energy under the
strong-field Zeeman splitting. Express each answer as the sum of three terms: the
Bohr (zero order) energy, the fine-structure (proportional to o), and the Zeeman
contribution (proportional to upBext). If you ignore the fine structure altogether,
how many distinct levels are there and what are their degeneracies?

5. e Determine the total number of possible states with principal quantum number
n = 4 for the electron in the hydrogen atom. Give the values of the orbital
angular momentum ¢ and the total angular momentum j for each of the states.
In other words, write them in the basis |(jm;). Write them also in the basis
[emems).

e All these states are degenerate if the fine structure is not taken into account.
Compute the energy shift induced by the fine structure for all the states. Write
the result in Rydberg units and give also the ratio of the energy shift to the
unperturbed energy Eio).

e [f the hydrogen atom is surrounded by a weak magnetic field B pointing along
the z axis, a further energy shift due to the Zeeman effect takes place. Compute
this energy shift and draw a diagram (not to scale) showing this splitting on
top of the fine structure splitting for the energy levels with n = 4.

e Make a rough estimation of how large the external magnetic field B would have
to be to produce an energy shift comparable to that of the fine structure. Give
your result in Tesla and Gauss.

6. An electron in a hydrogen atom is under the influence of the perturbation
V =a(a® +y°) + 2%,

with 0 < a < —8 < €*/a3. Determine the energy correction to the five hy-
drogen eigenstates with n < 3 and ¢ < 2, without taking into account the spin
of the electron. Calculate the Zeeman effect for B parallel to the z axis and B
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parallel to the x axis, in the regime of strong magnetic field assuming that ugB < V.

Hint: you may find useful the following relations:

2
(r2) = / B2 (rrtdr = " (5n? 41— 30(0+ 1))}

(COS29)YVEm(97¢) 1 |:((€+1) -m )((£+2> -m )

T 20+3 20+ 1)(20 1 5)
(E + 1)2 —m? 2 —m? m

’ [(2€+1)(2£+3) 4@21}3@ (6, ¢)
1 ((£+1)27m2)(€27m2) 1/2

+2£+1{ (20 -1)(2¢ - 3) }

1/2
]xﬂw@

5/577—12(67 ¢)

7. For the linear Stark effect in Hydrogen, compute the matrix elements given in equa-
tions (2.75) and (2.76). Show that the eigenstates corresponding to the eigenvalues

:|:3656L0/Z are %(1/)200 + ¢210).

8. Consider the linear Stark effect in the n = 3 levels of the Hydrogen atom.
a) Show that the energy splitting is symmetric around the unperturbed energy.
b) Specify the degeneration of each level after the perturbation is considered.

c¢) Show that the levels are equally spaced in energy.

9. A Hydrogen atom in its ground state is exposed to a uniform electric field £ in the
z-axis direction. The Hamiltonian of the system can be taken to be H = Hg + ez,
where Ho = p?/(2m) —e?/r is the unperturbed Hydrogen Hamiltonian. To study the
ground level of the perturbed system use the trial function » = N(1+ Sz)¢, where 3
is a real variational parameter and ¢ = e~/ a0 / \/rag is the Hydrogen ground state
wave function.

(a) Taking into account that <¢ ’ r? } ¢> = Sa% prove that the normalization con-
stant is given by |N|? = 1/(1 + $%a2). Prove also the following relations
in 8¢ xdo
Hoal =0 o=
(b) Using the above relations and the fact that (¢|r|¢) = 3ao/2, you should be

able to find the following expression for the energy of the perturbed system as
a function of the variational parameter

h2
E(B) = 14‘152@% [EO + B <an3 + 2m> + 256&%} )

(c) If the electric field is not very strong we could expand F(f3) up to second-order
in the small parameter 8. In this approximation, prove that the correction to
the ground-state energy is

(e€ap)?
By

(AE)"™ = E -, =
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You may find useful the relation 1/(1 + 22) ~ 1 — 22 for small z.

(d) The energy correction computed with the variational method, (AE)() is
quadratic in the electric field. Explain why this was to be expected and
compare this result with the value which is obtained using second-order time-
independent perturbation theory. Make the ratio of both values and give a
numerical result.

10. In this exercise we will compute the energy splitting produced by a weak external
electric field V(r) = e€z (weak Stark effect) that is much smaller than the fine struc-
ture in the Hydrogen atom. In such a case we need to use the coupled basis |n, j, m).
Remember that the first-order Stark effect arises only in degenerate states, there-
fore states with the same n and j quantum numbers. In this scenario, and since
[J2, z] = 0, only matrix elements between states with the same m are different from
zZero.

a) To compute the matrix elements we will need to express the states of the
coupled base as a linear combination of the states of the uncoupled base,
|n7€7m£7m8>7

|n7j7 m> = Z <n?€7 mEamS|n7j7 m> |n7€7 me’m5> .

mye,Ms

For systems such as the Hydrogen atom, with s = 1/2, states couple in doublets
(except for £ = 0) and it is possible to derive the following general expressions
that relate the |n, j, m) basis to states with arbitrary ¢ and m in the uncoupled
representation:

. 1 Vitm+s 1 1
) = i = 4 gms ) = e o = = e = )
(—m+3 , S
2€+1 n, amg—m] 2,m3 2 )
0—m+ 1 1 1
W2>: n>]:£_77 j>: 50 1 n,ﬁ,mg—mj 2,m5_2>
€+m+%

Show that J?|v;) = A%j;(ji + 1) [¢;), which demonstrates that [¢1) and |1)2)
are indeed J? eigenstates.

In the space-spin representation these states can be written as (for £ # 0)

m_l
ng(’f') \/£+m+%}/£ :

1) = \/m mner% )

1
gy = Fmelr) [ WEmmA Y

_ Anelr) e
\/264‘1 ,/f+m+%}/€m+§
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Hydrogen levels with the same values of n and j are degenerate (have the same
energy), therefore we need to identify, using the previous expression, states with the
same values of n and j, but different values of £. These are the doublets corresponding
tol=j+1

m_l
_ Ry, j—1/2(7) V”H_myj—éz 0= 1 040
‘¢1> - \/2> _ m+1 ) =17 9’ 7& 5
J Vi— Y7%2
1
R’I‘L' r \/]_m+1y l2 1
o) = Tmaria) it (=j+35, L#0.

; - m+3
20410\ —vFFm+1Y] .
2

b) Use the previous expressions for |¢1) and |p2) to show that the energy shifts
produced by V(r) are

2 _ (x 2
AE:igdmme%,,@+1ﬂ)
4 Jji+1)

You might need the two following relations:

/ PRy, j_1/2(r) Ry ji1/2(r) dr = 5"V n? — (j +1/2)? ao,
0

(L+m)(l—m)
(20 —1)(20+1)

Y+ Y.

m [+ m+ )l —m+1)

cosOY(" = N/ 20+ 1)(2 + 3)

c¢) What is the magnitude of the electric field (£) that would produce a Stark
effect shift of 10% the fine-structure shift in a state with n = 2, j = 1/2 and
m=—1/27

11. We saw in the previous problem that the degenerate hydrogen levels with the same
values of n and j (but different values of ¢) are the doublets:

; m—1/2
I¢) = Bnjo1pp(r) (Vi+mYi g:j_l (40
V2l \ Vimm YR ) 2 ’
- m—1/2
162) Ry jt1/2(r) VvJ —m+1Yj+1/21 , | E:j+1, 0+ 0.
VeG T \ —viFmE1Y]d 2

Consider now a perturbation that is smaller than the fine structure of hydrogen and

is given by V = \z2. Demonstrate that the energy shift of the hydrogen spectrum
due to this perturbation is:
a2 n? m?
AEppjm = A2 — [0 +1 =300+ 1)] (1 — —— ] .
i = Aoy 1 m ”( (j+1>j>

Hint 1: It is useful to write 22 as

2/ 2

2 2 2 2 0 0
z-=rcos?0=——r| =Y, +Y, ).
3 (\/52 0)

Hint 2: Use a conservation law to justify that (¢2|V|¢1) = 0.




Quantum Physics III. Monday 7" September, 2026, 11:08. 89

Hint 3: Consider

(Y v 1ye)

(1w¢i<w+nm+n(fQ§ i><€§

Hint 4: Also consider

( L 2 0 )_(_ je-m 2[3m2 — £(¢0 + 1)]
-m 0 m ) V@O+3)20+2) 20+ 1)(20)(20 — 1)

12.  a) Given a 2 x 2 hermitian operator

o Hiu Hae
= (G e )

prove that the solutions of the secular equation are

1
At = 2 [Hn + Moo £ V/(Hir — Haz)? + 4‘7{12’2} '

In LS coupling, the degenerate levels of a spin 1/2 system can be described using the
basis |a, L, S, M = My — %,Ms = %) and |, L, S, My = My + %,Ms = —%), where
« stands for other quantum numbers that might be needed to completely specify
the states. Consider an atom under the influence of an external electric field that
produces a perturbation (quadratic Stark effect) comparable in magnitude to the
spin-orbit interaction. Ignoring constant terms that do not contribute to the energy
splitting, the combined perturbation can be described using the Hamiltonian

_a b

L-S— L%

" h? h?

where a and b are constant parameters (in fact b is proportional to the modulus
squared of the electric field).

b) Prove that, if [M;| < L + 3 (which is equivalent to require [M;| < L — 3), the
energy of the levels is shifted by the amount

b 2 1\?
AE:—(Zw—wM}i¢Z<L+2>+h@+@M}

Hint: compute the H matrix elements and use the result of part a).

c) For My =L+ % the state |a, L, S, My + %, —%) does not exist, because M7, is not
allowed to have the value My = My + 3 = L + 1. Similarly, for M; = —(L + 3)
the state |a, L, S, My — %, %) does not exist. In any of these two cases we have a
single level, not a doublet. Prove that, for M; = +(L + %), the energy shift is

AE:%L—M?

13. Deuterium is a hydrogen isotope with a nucleus of spin 1 consisting of a proton and a
neutron. The interaction between the nucleus and electron spins leads to a hyperfine
splitting of the deuterium ground state. Transitions between these hyperfine levels
lead to emission electromagnetic radiation which can be detected on earth to map
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the concentration of atomic deuterium in our galaxy. Determine the wavelength
of that radiation. (Data: dipole magnetic moment of the deuterium nucleus pg =
gapin = 0.857 pun; Planck constant h = 6.626 x 10734 J - s; permeability of free space
o = 47 x 1077 Hm™'; nuclear magneton uy = 5.05 x 10727 JT~1; Bohr magneton
ps = 9.27 x 107247 T1).

14.

The second-order correction to the energy in time-independent perturbation theory

is
V| m>\2 |Vnm|2
E,(LZ) = L = _ . (2.246)
2 B0 g0 T 2 0 gD

Show that this can also be written as

Vo  (Vin)? EW [V |?
B = (3)) . <03 > 570 | ) (2.247)

By neglecting the sum of the right-hand side of the previous expression obtain an
approximation for the quadratic Stark effect on the Hydrogen ground state.

15.

For an electric field strength of £ = 107 Vm™!, compute the linear and quadratic

Stark effect in Hydrogen. Give the answers in eV and cm ™.

16.

When an atom is placed in a constant magnetic field, B, the Hamiltonian must be
modified by adding a perturbation given by

1
m = —pusB(L+2 A?
H it (L +28) + 2me2”

where A = %B X T.

a) Assuming a very strong magnetic field (but less than de 50 Tesla), study the
effect of the quadratic term (diamagnetic perturbation) on the 2p states of the
Hydrogen atom. Compare the result (make a ratio) with the largest perturba-
tion due to the linear term (Paschen-Back effect).

b) Compute the corresponding energy shifts for a 50 Tesla magnetic field.

c¢) Determine the intensity of the magnetic field needed for the diamagnetic pertur-
bation to be 10% of the Paschen-Back effect. Is perturbation theory applicable
to such an intense magnetic field?

d) Suppose now that the only perturbation to the Coulomb interaction in the
Hydrogen atom was given by the Hamiltonian

(e4)”

Hi= 2mc?

(14 2cos(2¢)),

where ¢ is the azimuthal angle in spherical coordinates. Neglecting the spin
degree of freedom, study the effect of this perturbation on the states |211),
1210), |211) (the notation |nfmy) = |211) means n =2, £ =1, my = —1).
Hint: you may use the integrals over r and 6 computed in part a).
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17. Compute the matrix elements of the magnetic hyperfine interaction in the hydrogen
s state in the presence of an external magnetic field and check that you obtain the
results shown in table (2.3). Compute the corresponding eigenvalues.

18. Assuming axial symmetry for the diagonal elements of the electric field gradient
tensor, Vi, = Viyy # V.., compute the quadrupole splitting induced by a nucleus of
spin I = 2.

19. The most abundant Aluminium isotope, 27Al, has a nuclear spin of I = 5/2, a
quadrupole electric moment of Q = 0.147 barns, and a nuclear quadrupole coupling
constant of e2gQ = 2 x 1077 eV. Assuming axial symmetry for the diagonal elements
of the electric field gradient tensor, V., = V,, # V.., compute the quadrupole
splitting induced by the nuclear spin on the electronic energy levels, giving the results
in eV and cm™!'. Compute also the value of the quantity ¢ in the 27Al nuclear

quadrupole coupling constant, giving the result in units of fm=3.

20. For an atom of Xenon, 1§’§Xe, compute the energy of the 1s state using the hydrogenic

atom wavefunction for a point—like nucleus. Next, assume that the nuclear electric
charge is uniformly distributed within a sphere of radius R = rgA'/3, where ry =
1.2 x 10715 m, and compute the energy shift due to the finite size of the nucleus.
What fraction of the point—like hydrogenic energy does this shift represent? Repeat
the calculations for the case of a muon in the 1s state of the Xenon atom and comment
on the results (m, = 105.66 MeV /c?). For such a heavy nucleus you can ignore the
effect of the reduced mass.

21. If the proton could be treated as a uniformly charged spherical shell of radius b, the
potential energy would be the constant —e?/b inside the shell (for r < b) and —e?/r
outside the shell (for r > b).

(a) Use this very simple model and first-order perturbation theory to prove that
the correction to the ground state of the hydrogen atom due to the finite size
of the proton is AF = 2621)2/(3@2). (Hint: take R(r) ~ R(0) to simplify the
integrals, where R(r) is the radial part of the ground state).

(b) Evaluate AE assuming that the proton has a radius of about b = 0.88 fm.
Express the result both in eV and as a ratio with respect to the unperturbed
energy. Is the size of the correction comparable to the fine structure?

(c) Repeat the calculation for the muonic hydrogen (a muon bound to a proton)
and answer the same question as before.

Data: m. = 0.511 MeV; m, = 938.27 MeV; m, = 105.66 MeV; hydrogen ground

1\*? 1
state wave function: ¢ = <> —e /% Bohr radius ag = 0.529 x 10710 m.
a, Nis

e

22. A particle of mass m and charge ¢ = —e is placed in a 3-dimensional box of sides
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(a,a,b), where b < a. A weak electric field
€=~E(y/a,z/a,0),  E>0,

is applied to this particle. Find the energy of the ground state and first excited states
to order & (first order in perturbation theory).




Chapter 3

Atoms with several electrons and
molecules.

3.1 The helium atom and the hydrogen molecule ion.

Before going to more complicated systems let us have a look to the simplest multi-electron atom.
Even in this case no exact solution of the Schrodinger equation has been found. Ignoring spin-
orbit coupling, the Hamiltonian for helium (Z = 2) consists of just two hydrogenic Hamiltonians
and an additional term describing the repulsion between the two electrons,

2 2¢? 2 2¢? e?
= (L) (2 ), (3.1)
2m 2m 7o T12
If we could ignore the €2 /715 term, the solution to the Schrédinger equation would be the product
of two hydrogen-like wave functions,

1/}(1'171'2) = wném(rl)wn’é’m’(PQ)’ (32)

Since Z = 2, the Bohr radius for helium would have to be divided by two with respect to
hydrogen,
h2 h2
— (@ =5, (33)

(o) = 2z

and the energy of each electron multiplied by 4,

Since we have two electrons, the total energy would be

In particular, the ground state energy for this simplified helium atom would be
Ey=—-8x13.6eV =—-109¢eV, (3.6)

and its wavefunction

Yo(r1,r2) = Y100(ri)Yioo(ra)

3/2 3/2
_(Z / Le—zﬁ/ao Z / Le—Zrz/ao :ie—Q(rlm)/ao. (3.7)
ao Nis ao Nis rad

93



94

Since this is a symmetric function under the interchange of the two electrons, the corresponding
spin state has to be antisymmetric to make a total overall antisymmetric state, as required for
a system of two identical fermions,

1
V2

The actual ground state of helium is indeed a spin singlet (parahelium), but its measured energy
value is —78.975 eV, quite a bit apart from the estimation we got by ignoring the electronic
repulsion. The excited states of helium consist of one electron in the hydrogenic ground state
and the other in an excited state, ¥,sn1100. Both electrons in excited states is a very unstable
configuration: one electron would decay immediately to the ground state releasing enough energy
to knock out the other, leading to ionized helium.

Parahelium 10,0) = —= (1)) — [41))- (3.8)

Although the ground state is necessarily parahelium due to Pauli’s exclusion principle,’ the
excited helium states may be found with the electrons in the singlet configuration or in the
triplet (symmetric) configuration. This latter is called orthohelium.

1

V2

Since the symmetric spatial state brings the electrons closer together, we expect a higher
interaction energy in parahelium, leading to higher energy levels (atom less tightly bound) than
their orthoehelium counterparts. This can be seen in figure (3.1). The values of the energy
levels shown in that figure are relative to the ground state of ionized helium (with just one
electron, so the binding energy is —4 x 13.6eV = —54.4eV). To get the total energy we have to
subtract 54.4eV; for example, from the figure we see that the energy of the ground state would
be —24.5 — 54.4 = —78.9¢eV.

In chapter 4 it will be shown that radiative transitions between singlet and triplet spin
states (known as intercombination lines), are not allowed in the electric dipole approximation
provided the spin-orbit interactions can be neglected. Therefore, for low Z (Z < 40) where
spin—orbit effects are negligible, the energy spectrum of two—electron atoms (or ions) consists of
two nearly independent systems of levels, one for the para (singlet) states and the other for the
ortho (triplet) states. This is precisely what happens in the helium spectrum. The presence of
two independent types of spectra for helium led to the first spectroscopists to talk about two
different species of helium, parahelium and orthohelium. This terminology is still used now,
even if there is only one helium and the origin of the two spectra is understood.

Orthoelium L =M, L0y =—7=(t)+1N), [1,-1)=). (3.9)

3.1.1 The ground state of helium through the variational principle.

As stated before, the ground state energy of helium has been measured to be Eg = —78.975
eV. We don’t quote any uncertainty here because in this section we are going to make only
an estimation of this energy applying the variational principle,? not a detailed calculation to
be compared with experiment. We have seen already that if we ignore the electronic repulsion
term in the Hamiltonian we get an approximate solution for the ground state which is given as
a product of two hydrogenic wave functions, ¥y = (8/ 77@3)6*2(“4r 2)/a with an energy of about
8E1 = —109 eV (we write here a instead of ag for the Hydrogen Bohr radius, for brevity). Recall
that E,, = —13.6/n* eV for Hydrogen and that for a nucleus with atomic number Z we should
do the transformation E,, — Z2FE,,.

Before going to the variational principle method let us compute the effect of the electronic
repulsion using the vy wave function of the previous section. Ignoring fine structure and smaller

'The spatial wave function for orthohelium states must be antisymmetric but, for the ground state, an anti-
symmetric spatial wave function is identically zero (see equation 3.67).
2There is no known exact solution to this problem.
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Figure 3.1: Energy level diagram for helium. The parahelium energies are uniformly higher than
their orthohelium counterparts. The numerical values on the vertical scale are shifted by 54.4
eV (to get the true total energy subtract 54.4 eV from each level). Taken from Griffiths, 2018.

corrections the Helium Hamiltonian is
hZ

2 2 1
2 2 2
=——(Vi+V35) — —t ——— . 1
7 Qm( ! 2) — € (rl o \rl—r2]> (3.10)

Calling Vie = €2/|r1 — ra|, we may write

H = —h—2<v2+v2)— 2(2, 2] 4y, (3.11)
| oo2m ! 2)—¢ re o T e '
therefore
Hipo = 8E11)g + Veeto, (") =8E1 + (Vee) , (3.12)

where, using atomic units (see problem (1)),

2 —4(r1+r2)/a 2
(Vio) = (900 | Veo | t0) = <i3> 62/6d3r1d3r2 = 5 Op —3uev. (3.13)
T

’I‘l — 1‘2’ 4a 2
Here we have used the relation a = —e? /2F;, which is easily seen to be consistent with the more
familiar expression E; = —a?mc?/2,
1,1 1 1e? 1
E, = —5625 = —56204:0 = —5%0477162 = ——a’mc’. (3.14)
So we get
(H) = —109eV + 34eV = —T5eV, (3.15)

a value much closer to the measured one.
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We employ now the variational method to find a better approximation to the ground state
by assuming that the effect of one of the helium electrons over the other is to partially screen
the nuclear charge. In other words, each electron represents a cloud of negative charge which
partially shields the nucleus, so that the other electron actually sees an effective nuclear charge
¢ that is a bit less than Z = 2. Let’s try then the following functional form,

3
Y1(r1, o) = %e—drﬁ—m)/a’ (3.16)

where ( is a variational parameter. We must find the value of ¢ that minimizes (H), where H
is the full Hamiltonian (3.10) without any approximation.® We rewrite this Hamiltonian in the
following manner,

H——;i(VerV%)—eQ (€+C) +e2<(c_2) (St ) (3.17)

1 T2 1 T2 !rl - 1‘2!

11 is an eigenfunction of this part

Note that 1, is the ground state eigenfunction of the partial Hamiltonian indicated by the
under-brace symbol in the previous equation. The expectation value of that partial Hamiltonian
computed for 1y is then 2¢2F; (compare with 2Z2F1). And the expectation value of the full
is

() =201+ 2(6 - 2 () + (V. (3.18)

where (1/r) is the expectation value of 1/r in the one-particle hydrogenic ground state 100
with nuclear charge (. This can be found by taking equation (1.133) and replacing Z/ag by

C/ao :C/aa
<i>:§ . <7{>:§:_§§El. (3.19)

For (Vee) we may take the result we got before for ¢ = 2 (equation (3.13), 5¢2/4a) and multiply
the parameter a by 2/( to make the equation valid for any value of (,

5¢2  5Ce? 5¢

ee) — —5— g ——E . 2
(Vee) 4%@ 8a 4! (3.20)
Putting everything together we find
5 27
(H) = [2@2 —4¢(¢ —2) — éﬂ B = [2{2 + 4(] Ey. (3.21)

According to the variational principle, the value of this expression exceeds the actual ground—
state energy of helium, Egq, for any value of ¢. To find the lowest bound we minimize (H) with

respect to (,
d(H) 271 . 21 1 /3\*

The value of ( is slightly less than 2, in agreement with the screening hypothesis. Inserting this
value of ¢ in (3.21) we find

(H) = <3>6E1 — 7756V (3.23)

Indeed, we are a little closer to the measured value of —78.975 eV. The Helium calculation was
first done in 1927, and historically was considered to have provided one of the earliest signs that
Schrodinger’s wave mechanics was on the right track. Using more complicated trial functions
with more adjustable parameters it is possible to calculate the helium ground state energy with
good precision.

3Remember that in the variational method the Hamiltonian is not modified. For a brief review you may read
appendix B.4.
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3.1.2 The hydrogen molecule ion, Hj.

As another application of the variational principle we discuss now the hydrogen molecule ion,
H;, consisting of a single electron in the Coulomb field of two protons. Let us first assume the
protons are fixed at a distance R apart from each other. The Hamiltonian is then

2 11
H= 22 ( + ) , (3.24)

2m ry T

where 71 and ro are the distances of the electron from the respective protons. In fact, the
Schrédinger equation for this simple Hamiltonian (with R taken constant) can be solved analyt-
ically using spheroidal coordinates. However, this approach is not applicable to more complicated
cases and we go directly to apply the variational method. For a trial ground state function, we
take a linear combination of the two hydrogenic states which would be associated to the electron
being bound to one proton or the other.*

b= Afo(rr) + ora)l,  wo(r) = e/, (3.25)

Ta3

We now normalize this trial function (the ¢ (r;) wavefunctions are already normalized),

1= [ = 1P | [P+ [P a2 [ é]
— 24P [1 + /wo(rl)wo(rg) d3r] - 2]A\2(1 + I), (3.26)

where (see problem 4)

I'= (Yo(r1)[to(rz)) = ;3/6_(””2)/“ d’r = e /0 (3.27)

R\ 1/R\’
I+{—=)+35(—

a 3\ a
The parameter I, called the overlap integral, measures the amount by which g(r1) overlaps

1o(ra). Note that I goes to zero as R — oo, and goes to 1 as R — 0. The normalization constant
in terms of I is

1
|A]? = 2T+1) (3.28)

Now we should compute the expectation value of H in the trial state » = Afo(r1) + vo(rs2)].
Since 1g(r1) and vp(re) are hydrogen ground eigenstates corresponding to the electron being
bound to proton 1 or proton 2, respectively, we have

<—h2V2 — 62> Yo(r1) = E1vo(ry), <—FL2V2 - €2> Yo(r2) = Etpo(ra), (3.29)
71 T2

2m 2m
where F; = —13.6 eV. Therefore we can write
P, (1 1
M= A | =92 = e (4 | [olr) + do(ra)]
m T T9

2 2 2 2
=A (—hV2 - e) Yo(ry) + A (—;TLVQ - e) to(rg) — Ae? L}Z%(Pl) + :17»00(1‘2)]

2m 1 T9

= Eyp — Aé? [Wo(rl) + 11/10(1'2)] . (3.30)
2 ]

4This strategy of taking a linear combination of atomic orbitals (LCAO) is a standard procedure that we will
study later in this chapter from a more general point of view.
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Before computing (¢ |H|v)) note that, due to the symmetry of the problem, we have

(uten) + Aunea) | A= (e0) + 4 v0lr) ) =
Ape? <¢0(F1 nte0)) + 142 (wntez)| - otz )
+14Pe (e ‘wo r2) ) + |47 (i) ‘% )=
2/ Afe? <wo<r1> =t ) + 21ape <wo<r1> ACCO)ICE

Therefore

() = B2~ 22147 | (o)

=) + (voten)

The so-called direct integral is given by (problem (5))

’wo ). e

D=a <1/10(r1)

<¢0 ry)

Note that both D and X go to zero when R — co. When performing the direct and exchange
integrals it might help you to use a more explicit (but cumbersome) notation, to make clear that
there is only one r to integrate over. If we write the electron wavefunction bound to proton 1

as I/J(gpl)(r) instead of 1 (r1) and, similarly, (()pz)(r) instead of 1g(r2), the exchange integral can

be written as )
— ot | L nea)) =a (4l

To proceed, we could take a reference frame such that proton 1 is at the origin and proton 2 is

:2 ‘¢0(r1)> - % - (1 + 3) e2R/a, (3.33)

and the exchange integral,

a

‘wo ry > = <1 + R> e f/a, (3.34)

! wé”)(r>> -

r

on the z—axis at the point z = R. In this frame, the wavefunction w(()pz) can be written as

LZJ((JPQ)(I‘) _ 1 e—%\/r2+R2—2chose

mald

9

where r = (r, 6, ) is the electron position vector referred to proton 1 (the origin).
Collecting everything we have (since 1/a = —2E; /e?)?

D X D+X
(H) = E1—262\A|2<a a) Ey +4E|AP(D + X) = {14—2(11[”&. (3.35)

According to the variational principle, the actual ground state energy has to be less than the
value for (H) that we have just calculated. Furthermore, we should not forget that there is also
potential energy associated with the proton-proton repulsion, which is given by (remember that
Fi < 0)

2
e 2a
Vpp == E == —EEl (336)
e\ 1 1
5We are using E; = — — = —13.6eV, or, since in our expressions we are taking —— = 1, we use
dmey ) 2a 4meg

62

FEi=——.
! 2a
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Therefore the total energy of the system would be

2a D+ X
Eioi = _EEl + [1—1—2( . >] E;. (3.37)

For R — oo we recover Eio — FE7, which is just the ground-state hydrogen binding energy. This
is expected because in that situation we have two infinitely separated protons with an electron
bound to one of them. In units of —F; the total energy is

Etot 2@ D+X
=——|142 . .
~E1 R [ - <1+[>] (3:38)

Defining a new variable, x = R/a, we have

1 1 1
D=-— (1 + ) 2 X=(14z)e® I= (1 +z+ 3:62) e " (3.39)
X X

Therefore the total energy (in units of —FE7) can be written as

2
<1 - 3x2> e+ (1+z)e

Eio 2 D+X 2
R P B (e O O Y . (3.40)
—-E x 1+1 x 1 9\ _,

1+ 1+m+§x e

It is very instructive to plot this function and see that there is a region where the graph goes
below —1, with a minimum around 2.4 Bohr radii for the proton—proton separation, as shown
in figure (3.2). This means that the binding energy of the system is less than that of a neutral
hydrogen atom plus a free proton (—13.6eV) and the bonding of the H; molecule ion is possible
in that region. It is the prototype of a covalent bond, with the electron shared equally by the
two protons. The equilibrium separation of the two protons is about 2.4 Bohr radii, or 1.3 A
(the experimental value is 1.06 A). The variational principle only gives an upper bound for the
ground state energy (overestimates the energy), which means that underestimates the strength
of the bond. More accurate estimates of the energy and proton separation can be obtained using
more ellaborate trial functions. The experimental value for the energy required to completely
dissociate the molecule according to Hj — H* + HT + e~ is Eoq = —16.39eV.

3.2 N-electron atoms.

To study atoms with an arbitrary number of electrons we need to extend the one—particle
Schrédinger equation by summing over N electrons and adding all the relevant electron—electron
interactions. We will assume that it is not necessary to include operators involving more than
two electrons. The most important terms in the Hamiltonian of a N-electron atom in the absence
of external fields are then

N p? Ze? e? al
= < — — ifi P = s 41
H ;(m - > +;n~j +;§(T) si = Ho+ Hi + Ho (3.41)
= J =
Ho Hy Ho

where r; is the distance from the nucleus of charge Ze to the ith electron with mass m, charge
—e and momentum p;. The distance between the ith and the jth electron is r;; = |r; —r;|. The
term Hg contains the kinetic and potential energy of every electron in the field of the nucleus.
The term H; is a sum over all electron pairs and contains the Coulomb repulsion between every
pair of electrons. The term Hs contains the spin—orbit interaction. Other effects such as those
due to hyperfine interactions or relativistic corrections will be treated as perturbations.
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Figure 3.2: Plot of the function F(z) given by equation (3.40). This shows the existence of a
bound state at an equilibrium x value of about 2.4. The variable z is the distance between the
protons in units of the Bohr radius. Figure taken from Griffiths [7].

The relative importance of the H; and Ho terms depends on the atomic number Z. For
low Z, H; is the dominant term and Ho can be treated as a perturbation. For high Z it is the
other way around, since the spin-orbit interaction goes with Z* (equation 1.177). The basic
Hamiltonians for these two limiting cases are then

N 2 2 2
Dj Ze e
HI = H() + Hl = Z <27’n — - > + T (fOI' low Z), (342)
i=1 ¢ i<j Y
N 9 9 N
- 7
Hu=Ho+Hs = Y <§n - : ) + Y €(r) s (for high Z). (3.43)
i=1 t i=1

The properties of most atoms can be described on the basis of one of these Hamiltonians,
especially Hr, which is often regarded as the fundamental Hamiltonian in atomic physics.

3.2.1 Symmetries of the Hamiltonian. LS coupling and j;j coupling.

For a system of N identical particles, the Hamiltonian must be invariant under an interchange
in the coordinates (spatial and spin) of any two particles. This forces the eigenstates of the
Hamiltonian to be symmetric or antisymmetric with respect to an interchange of two particles.
Fermions obey the Fermi-Dirac statistics, therefore the total wavefunction for a system of N
electrons must be antisymmetric with respect to an interchange of any two of them. The
Hamiltonian given by equation (3.41) is also invariant under a parity transformation (spatial
reflection with respect to the origin, r — —r). This implies that the eigenstates have a definite
parity, either positive or negative. In other words, parity is a good quantum number of atomic
states.
Due to the inter-electronic repulsion, the Hamiltonian H;

al p?  Ze? e
Hp= ) (42— +ZT—=H0+H1, (3.44)

2
2m T i
i=1 v i<j Y

does not commute with the orbital angular momentum of the individual electrons, £;, but we
can prove (problem 7) that it does commute with the total orbital angular momentum of the
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entire electronic system,%

L=) ¢, [H1,L] = 0. (3.45)

The absence of spin operators in Hy seems to suggest that [Hr, S| = 0, where S = ) .'s; and s;
is the spin operator for the ith electron. This is correct, but the rigorous proof (which we do
not provide here) cannot rely on such a simple argument because the antisymmetry requirement
on the wave function prevents the spin and orbital angular momentum from being completely
independent. The Hamiltonian H; commutes with both L and S, it must then commute also
with J =L+ S,

[Hi,L] =0, [H;,8]=0, [H1,J]=0, L=> & S=>»s, J=L+S. (346

Now we inspect Hry,

N 2 2 N
; Ze
Hy = Z <£zn_ > + § E(r) isi = Ho + Ho. (3.47)
=1

e
i=1 ¢

When studying the spin-orbit coupling we learned that €s does not commute with £ nor s, but
it does commute with j = £ 4+ s. Therefore

(i, L] #0,  [Him,S]#0, [Hu,J] =0, J=> ji, ji=4&+s;. (3.48)

We have then two coupling schemes. That of equation (3.46) is called LS coupling or Russell-
Saunders coupling, and it is used when the Hamiltonian #j is the appropriate one. That is,
for atoms where the inter—electron Coulomb repulsion energy is far greater than the spin-orbit
interaction. In this situation, the orbital and spin angular momentum are conserved separately.
The coupling described in equation (3.48) is named jj coupling, to be used with the Hamiltonian
Hi1 when the spin-orbit interaction exceeds the electron repulsion energy.

In the LS-coupling we can take the Hj eigenstates to be also eigenstates of L?, L., S2,
S., and denote them as |LSMMg), or |«LSMpMg) where « is an index to represent any
additional information that might be needed to completely specify the state (the radial part,
parity etc.). We can also use eigenstates of L2, S2, J2, J,, denoted as |[LSJM) or |«LSJM).
Whether we write the eigenfunctions of Hy as |LSMpMg), in the uncoupled representation, or
as |[LSJM), in the coupled representation, is just a matter of choice and convenience. The fact
that H; commutes with L, S and J means that % is invariant under a rotation of spatial and
spin coordinates. A further property of Hi is that the energy eigenvalues are independent of
M and Mg. This can be seen qualitatively as a consequence of the fact that the energy of a
system described by Hp is independent of external coordinates and the relative orientations of
orbital and spin angular momenta.

3.2.2 Central field approximation.

We'll focus here on the Hamiltonian Hj, which has a wider applicability than Hi. It turns
out that, although the inter-electron repulsion is too large to be treated as a perturbation,
it contains a large spherically—symmetric component that can be used to enormously simplify
the problem. Indeed, in the so-called central field approximation a spherically-symmetric one-
electron operator U(r;) is built to approximate the potential energy of the ith electron in the

SWe will adopt the convention of using lowercase letters do designate one—electron quantities and uppercase
letters for those belonging to the entire electronic system.
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field of the nucleus and the remaining N — 1 electrons. Let’s write the Hamiltonian as

N 2 2 2
_ pi _Ze e _
w= (o 00) T2

i=1 i<j
N 2 2 N 2 N 2 N 2
D; Ze e e e
om o — = E — A4
Z(?m Ti>+<zri'>+27“i‘ < .m‘>’ (3.49)
=1 ’L<] J 7/<j J Z<j 7
My H,

where <Zl]\ij 62/Tij> is the average over a sphere of the electron repulsion and is therefore

independent of the angular coordinates. The term H{, can also be written as

N 2 N N 72 N o2
Hy=> (;;n + U(ri)> ,owith Y U@r) ==Y —+ <Z r”> . (3.50)
i=1 i=1 i=1 " i<j Y

The M) term contains the non-spherical part of the electronic repulsion, while H{, contains the
kinetic energy, potential energy in the field of the nucleus, and the spherical-average electron
repulsion energy. The main features of the electronic motion are described by the Hamilto-
nian Hj, since it contains most of the inter—electron repulsion. The remaining H/ part is small
enough to be treated as a perturbation. In the central field approximation the atom is replaced
by a system which, in the first approximation, consists of independent electrons moving in a
spherically symmetric field produced by the nucleus and all the other electrons. Higher approx-
imations take into account the departure from spherical symmetry in the effective field seen by
the electrons.

We have then for H( the following Schrédinger equation for the N—electron spatial wave
function, which we denote as ®,

H D =

ENJ <2p; + U(@) o = EO. (3.51)

=1

Note that, since U(r;) is a one-electron operator, this equation is separable into N equations of
the form

2
(p n U(r)) o(r) = e (x). (3.52)

2m

From the study of the hydrogen atom we know that this equation can be further separated into
two more, one depending on r and the other on the spherical angles 8 and ¢. The potential
U(r) is for the moment unknown,” but the solutions of the angular part can be written in terms
of the spherical harmonics. The general solution to (3.52) can then be written as

Ontm (,0,0) = Rt ¥, (0,0) = w1}V (0, 0). (353)

These ¢pnem, functions are called central field orbitals. Of course, the radial functions R,,(r) and
une(r) are not to be confused with the hydrogen-like functions that we have already studied.
They are in general complicated functions that may not be expressible in an analytical form.

The complete wave function follows from multiplying the previous expression by a spin
function y(ms), exactly as we did with the hydrogen atom. The one-electron central-field spin
orbital is then

¢n€m5m5 (I‘, ms) = ¢n€mg (I‘) X(ms) = % unf(r)yvemg (97 80) X(ms)' (354)

"Apart from the obvious physical requirement that U(r) must go to zero as r — oo.
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The four quantum numbers needed to characterize such an orbital take on the usual values,
n=12 ... £=0,1,2,...n—1, myg=—4,...,+¢, ms = +1/2. (3.55)

When reading bibliography on atomic physics, note that a general spin-orbital does not need to
have the form (3.54). Any one-electron function that depends on the space and spin coordinates
is a spin-orbital, but the central field spin-orbital (3.54) is the most commonly used. To satisfy
the Pauli exclusion principle or, in other words, the Fermi-Dirac statistics, the spin orbitals
must be organized into an antisymmetric N—electron wave function. The antisymmetric wave
function of two electrons is

1
V2
where each 1;();) is a spin orbital. The subscript i identifies a particular choice of the four

quantum numbers n, ¥, my, ms, and \; stands for the space and spin coordinates of the jth
electron. For a three—electron antisymmetric wave function one could write

V(A Ao) = [¢1(A1)¢2()\2) - 7#20\1)%()\2)}, (3.56)

1
V3!
= 2 (A1 (A2)P3(A3) — P1(A1)3(A2)vh2(As) — P3( A1) (A2)b1(As) |- (3.57)

U(A1, A2, A3) = PY1(A1)P2(A2)13(A3) + ¥3(A1)P1(A2)1b2(As) + 2(M)Ys(A2) 1 (As)

1y A2y ey AN /N! p1 1 D2 2) .- PN N)» .

where the sum runs over the set of all permutations P of N elements and wp is the parity of
the permutation. This can also be written using a so-called Slater determinant,

vi(Ad1)  Y2(M) oo U (A1)
UM, Aa, .. AN) = L | i) ¥a(X) o ¥n(e) | (3.59)
Vi(AN) Y2(An) - YN(AN)
The normalization factor 1/ V/N! arises from the fact that there are N! permutations of the
electron coordinates. The parity of a spin orbital ,sm,m, is given by the parity of the spher-
ical harmonic Y,", which is (—1)¢, therefore the parity of such a product of functions is
(=1)1(=1)2...(=1)". Each Slater determinant has then a definite parity. Note that, since
we are using the spin orbitals in the uncoupled representation, ¥ysm,m,, & Slater determinant
is an eigenfunction of the operators L, and S, but not necessarily of L? and S2. To obtain
an eigenfunction of L2, 82, L, and S, we need in general to use linear combinations of Slater
determinants.

The Slater determinant incorporates in a natural way the Pauli exclusion principle, because
it vanishes if we have two rows or two columns equal, which is to say if two electrons have
the same values of the four quantum numbers n,#, my, ms. This, of course, imposes a lot of
restrictions on the distribution of electrons in atomic orbitals. In the ground state of an atom
the electrons occupy those orbitals allowed by the Pauli principle which result in the lowest
energy. The distribution of electrons with respect to n and ¢ is known as a configuration.
Electrons with the same value of n and ¢ are said to be equivalent. The maximum number of
equivalent electrons for a particular value of £ is 2(2¢ + 1), given by the product of the orbital
and spin degeneracies. Such an assembly of equivalent electrons is known as a closed shell.
Electrons outside a closed shell in insufficient numbers to form another closed shell are known
as valence electrons. The chemical properties of an atom are almost entirely determined by
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its valence electrons. The most important factors are the number of occupied and unoccupied
electron states in the last shell, and the energy interval between this and the next higher (empty)
shell. For example, an atom tends to be chemically inert if its highest shell is full and there is
an appreciable energy gap to the next higher shell, because in this case the electrons are not
easily shared with other atoms to form a molecule. In x-ray spectroscopy it is also common to
refer to electrons with principal quantum numbers n = 1,2, 3, ... as residing in the K, L, M, ...
shells, respectively, employing a different definition of shell than the one stated before (which,
in that context, would be called subshell).

The horizontal rows of the periodic table can be qualitatively understood as corresponding
to the fillings of each shell according to the Pauli principle. The first shell is completed with
helium. Next we have lithium (Z = 3), its third electron occupying one of the orbitals with n = 2
and ¢ = 0. If we ignore electronic repulsion all possible values of ¢ would have the same energy,
however this is not what happens in the real system. Higher values of angular momentum are
associated with larger average distances of the electron to the nucleus. The nucleus charge is
screened by the inner electrons in such a way that the outer electron sees a lower effective nucleus
charge, causing it to be less tightly bound. The larger the distance to the nucleus the larger
the screening effect is, therefore lower values of £ are first filled in atoms. The third electron of
Lithium goes then to the orbital (2,0,0). Beryllium (Z = 4) makes use of this same state (but
with opposite spin). Boron (Z = 5) needs to use already the value ¢ = 1.

We could try to proceed with the filling of electrons in the atom this way, however at a given
point the screening effect is going to be so strong that the filling pattern has to be modified.
Following argon (Z = 18), whose last couple of electrons occupy the state with n = 3, £ = 1,
the next two atoms (potassium with Z = 19 and calcium with Z = 20) have their last electron
in the state n = 4, £ = 0 instead of n = 3, £ = 2. In the spectroscopic notation the different
values of ¢ are denoted by the letters s, p,d, f, g, h,i,k,[, ... (the letter j is not used). The state
of a particular electron is represented by the pair nf, with n (a number) giving the principal
quantum number and ¢ (a letter) given the angular orbital momentum. The magnetic/projection
quantum number m is not specified, but an exponent is used to indicate the number of electrons
that occupy the state in question. For example, the ground-state electronic configuration for
carbon (Z = 6) is

[C] = (1s)%(25)*(2p)%, (3.60)

which means two electrons in the orbital (1,0,0), two in the orbital (2,0,0), and two in some
combination of the orbitals (2,1,1), (2,1,0) and (2,1, —1). In this case we have two electrons
out of the last closed shell, with a total angular momentum value which could be L = 0,1, 2.
This is specified using the notation®

254, (3.61)

where S and J (numbers) give the total spin and total angular momentum of the electrons out
of the last closed shell.” The capitalized letter L specifies the total orbital angular momentum
of those electrons. The correspondence between the numerical value of L and the alphabetic
letter to denote the term is the following

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
S p DF GHTITI KU LMNO Q R T U V W X Y Z

In this notation, the ground state of carbon is *Py.
The ground-state configurations of many of the elements can be written down simply from
a knowledge of the order in which the energies of the shells increase. This order can be inferred

8Remember that we use lowercase letters to designate quantities for a single electron (operators, quantum
numbers etc.), and uppercase letters to refer to those quantities for the entire electronic system.

9The angular momentum (spin plus orbital) of the electrons belonging to closed shells are combined to produce
a zero total angular momentum, therefore the total angular momentum of the electronic system in an atom is
completely determined by the electrons in the non-closed shells.
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from spectroscopic evidence and is the following one
1s,2s,2p, 3s,3p, [4s, 3d], 4p, [5s, 4d], bp, [6s,4f, 5d], 6p, [7s, 5 f, 6d]. (3.62)

It is easy to remember this list by crossing the orbitals of the following table along inverted
diagonals (),

1s
2s  2p
3s 3p 3d

4s 4p 4d Af

bs bp bd b5f b5g

6s 6p 6d 6f 6g O6h
7s

The brackets in (3.62) indicate shells with energies so close that they are not always filled in
that order. Shells with different values of n may have similar energies because the increase in
n and the decrease in ¢ tend to compensate each other. For example the 4s state, which has a
higher energy than the 3d state in hydrogen, is depressed in N—electron atoms due to the low
screening effect arising from the penetration caused by its low angular momentum.'® To be more
precise, without higher corrections the energy of a hydrogen-like orbital depends only on the
principal quantum number n, and F,1 > F, always. However, when the Coulomb potential is
replaced by the more general central field, U(r), the energy of the orbital ¢y, depends both
on n and ¢. In general, the energy increases with the sum n + ¢. This means that in the central
field approximation, characterized by the Hamiltonian #j,, the energy of an atom is completely
determined by the electronic configuration.
When we include the term H,

N 62 N 62 N 62

/

=2 () = () (3.63)
i<j Y i<j i<j Y

it is possible for electrons in a given configuration to have various energies depending on the
mutual orientations of the orbital and spin angular momentum of the individual electrons. We
say that the interaction H) produces a splitting in the energy of a configuration. All the splitting
is contained in the term H; = > €2 /r;;, therefore we only need to calculate the matrix elements
of that operator alone. The energy of a configuration is then split into terms, with which
specific values of L and S are associated. Terms are denoted as 2T!'L. The number 2S + 1 is
called the multiplicity of the term. We have a singlet for S = 0, a triplet for S = 1, a quartet for
S = 2, and so on.

If, subsequently, the spin-orbit interaction Ho = Y &(r;) €;s; is applied, there is a further
splitting into levels according to the allowed values of J. Levels are denoted as 25*1Lj. The
level splitting is also known as the fine structure and the complete set of levels belonging to a
given electronic configuration is a multiplet. The spin-orbit interaction energy increases rapidly
with atomic number (goes like Z*# in the one-electron case) while the inter-electron energy varies
much more slowly as a function of Z. Therefore, as we move up the periodic table, the Hsy term
eventually becomes the dominant perturbation relative to ;.

3.2.3 Multiplet wave functions and terms.

The wave functions associated to terms are eigenstates of the operators L?, S2, L., S,, and
can be written as |[LSMMg). The notation |*T! LMy Ms) is also used, where 25 + 1 is called

°Tn other words, a 3d electron is on average farther away from the nucleus than a 4s electron, which sees
therefore a smaller nuclear screening. It can be shown that, for all atoms, the radial wave functions of the
electronic orbitals behave near the origin like 7%, so that electrons with large £ spend little time near the nucleus.
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LS
nl fw——— D= QL+ 1)(@2S+1)
_c“‘
“‘ :: ]
i D=(J+1)
it
— -
“"‘ ...0 F
D=(2F+1)
Configuration Term Level HFS

Figure 3.3: Schematic arrangement of the energies of atomic states in LS coupling and their
degeneracies, D. The non-spherical part of the Coulomb repulsion splits a configuration into
terms. The spin-orbit coupling splits terms into levels. The magnetic hyperfine interaction splits
levels into hyperfine structure (HFS). Adapted from Weissbluth, 1978.

the multiplicity of the term. The determination of all possible terms corresponding to a given
configuration amounts to find all the possible values of L and S for the electronic system. To
do this, all single—electron orbital angular momenta operators £; need to be combined to get
the total L, and likewise for S. When pairing up L and S to get the terms, care must be taken
to ensure that the overall electronic wave function (space plus spin) is antisymmetric under the
interchange of all the coordinates of any two electrons. In other words, the terms must be built
in compliance with the Pauli exclusion principle. A particularly simple situation occurs when
the last shell is full and therefore contains 2(2¢+ 1) equivalent electrons. In this case L =5 =0
and the only possible term is 'S. For incomplete shells things are more complicated, especially
when dealing with equivalent electrons.

The multiplet wave function is built using the one—electron central-field spin orbitals in-
troduced before, and take the form of linear combinations of Slater determinants. The general
procedure to construct them can be split in three steps:

1. Find eigenfunctions of S? and S..
2. Find eigenfunctions of L? and L.
3. Construct an antisymmetric wave function from the results of the two previous steps.

To illustrate the method let’s find the multiplet wave functions for three simple configurations
of two electrons.

e Configuration (1s)?. We have ny =ng =1, 1 = f3 = 0 and s; = s = 1/2. The total spin
of the two—electron system can be S = 0,1, and the spin wave functions are organized in
a triplet and a singlet as follows

3% =[11) = a(1)a(2),

% =[10) = —= +A(a)],

, ’ ‘f[ } (3.64)
£1=]1,-1) = [11) = B1)B(2),

6 =100) = —=[a(1)3(2) - A1)
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where the one-electron spin states have been written in a compact notation as [1/2,1/2) =
a and [1/2,—1/2) = |1/2,1/2) = 5. The only possible value for L is 0, and the spatial
wave function can be written as

|LMp) = [00) = 1s(1) 1s(2). (3.65)

Since this is a symmetric wave function, it must be combined with the antisymmetric ¢
spin function, so

|LSMMs) = [0000) = |1500) = [*SMMs)

1 ) Biaca] - L] e s(1BQ)
= 5 50 @[ - S| = 5| P PO
_ L i(M) (M) | _
V2| v1(A2) a(A2) ‘ = [1717). (3,60

The third line of this equation shows the Slater determinant using the same notation as
in (3.59), for easy comparison. The superscript + in 1s™ refers to o (ms = 1/2) and 1s~
stands for 1s3 (ms = —1/2). For the closed shell configuration (1s)? the overall wave
function is written using only one Slater determinant and the only possible term is 'S.'!
The Pauli exclusion principle is satisfied because the two electrons have opposite values
of myg, as the notation |Is* 1s~) makes explicitly clear. Note that a triplet state S is
impossible because the antisymmetric space function is identically zero,

1
755 12) - L)1) = 0. (3.67)

Incidentally, this is the reason why the ground state of helium is a spin singlet (parahelium).

e Configuration (1s)(2s). We will see that in this case one single Slater determinant is not
sufficient to express the wave function. Here n; = 1, no = 2 and ¢; = 5 = 0. The only
possible value for L is 0, so |LM|) = 1s(1) 25(2), but now we can construct both symmetric
and antisymmetric combinations for the space wave function,

1
LM)s = 00)s = s = —= [1s(1) 3(2) + 2(1)1(2)].
i i \?[ } (3.68)
LML) = [00)5 = = 5 |15(1) 2(2) — 2(1) 15(2)]

The spin wave functions are the same that were found in the configuration (1s)2. The
possible multiplet wave functions for the configuration (1s)(2s) are then

ﬁ%®=¢#®=gﬁdU%Q%HMUB@ﬂ1JMUM%—BOM@)
:1(1mew%mmw+1pmm>uwmb
2 \V2| 52)a2) 2282 | T V2| 32)a2) 1(2)5(2)
_1<1hmw>wwm«_1mmm>wmmb
2 V2| 5(2)a(2) 22)82) | V2| 5(2)82) 3(2)a2)

This conclusion holds for any closed shell configuration.
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In a more compact notation,

11500 = v € = ( 15+ 257) — |15 257F) ) (3.69)
3 3 a(l) 2s(1)a(1)

°801) = 9a 3¢ = ‘ 2 25(2)r(2) ‘ 15T 25T (3.70)
3500) = tha %60 = E< 1% 257) + 157 25) ). (3.71)
350T) = a3 1 = 15~ 257). (3.72)

The (1s)(2s) configuration leads then to 1S and S terms, and we see that a single Slater
determinant is generally not sufficient to represent a state.

e Configuration (1s)(2p). We have n; =1, ng = 2, {1 = 0 and ¢ = 1. In this case L =1
and the possible terms are 'P, 3P. The space wave functions are

LMy} = 10) = 15(1) 21 (2),  [LM2)§ = 10)5 = —=[15(1) 2p41(2) & 29 (1) 15(2)],

V2
LMp) = [10) = 1s(1) 2p0(2),  |LMp)} = [10)3 = \}5 [15(1) 2p0(2) % 2p0(1) 15(2)
ILMg) = [11) = 1s(1) 2p_1(2),  |LMp)5 = 11)3 = \2 [15(1) 2p-1(2) + 2p-1(1) 1s(2) .

The spin states are still the same as before. It is easy to show that the total states for the
(1s)(2p) configuration are

1 _ _
|1P10>=ﬁ(\1s+2p+1>—\1s 1) ), [PO1) = |17 2p).

1 _ _ 1 _ _
P00} = (115 200) — 15720} ), PP00) = =5 (11t 2p) + 1™ 20) ),
_ 1 _ . _ o
P10} = (1157 20m) — 157 20%) ), PPOI) = [15™ 205)
PP11) = 1s* 2p1y) PP11) = 15+ 2p*y)
1 _ _ = 1 _ _
P10) = 5 (115" 205) + 7 2902) ). PP10) = = (1357 20m0) + 1™ 20%,) ).
PP1I) = |1s™ 2p3,), PPII) = [1s~ 2p7,).

We deal next with the general problem of finding all possible terms for a given configuration,
starting first with inequivalent electrons.

Terms for configurations with only inequivalent electrons.

It is easy to find the Russell-Saunder LS terms for a configuration corresponding to two in-
equivalent electrons, say (np)(n'p). Since in this case £1 = fo = 1 and s1 = s9 = 1/2, the list of
values for the orbital and spin angular momentum of the two-electron system is L = 0,1,2 and
S = 0,1, respectively. The electron orbitals differ in the principal quantum number, therefore
we can freely combine the three values of L with the two values of S without violating the Pauli
exclusion principle. The six terms that arise are

(np)(n'p) : s, 'p, D, 38, 3P, 3D. (3.73)

As another example consider the configuration (np)(n'd), where {1 = 1 and ¢, = 2. Now we
have L =1,2,3 and S = 0,1. The possible terms are

(np)(n'd) : 'p, D, 'F, 3P, °D, °F. (3.74)
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If there are more than two electrons, we first combine the angular momenta of two and then
add the remaining ones in successive steps. Let’s consider the configuration (np)(n'p)(n”d).
From the pair (np)(n'p) we get the terms displayed in equation (3.73). Next, we add the third
(n”d) electron, which has £ = 2, to each one of those terms. When adding it to the 'S term, we
obtain a new term with L = 2 and S = 1/2, which is 2D. Adding the (n”d) electron to all the
terms in (3.73) produces the following list.

e The 'S term gives rise to: 2D.

The 'P term gives rise to: 2P, 2D, °F.

The 'D term gives rise to: 28, 2P, 2D, 2F, 2G.

The 3S term gives rise to: 2D, 4D.

The 3P term gives rise to: 2P, 2D, 2F, 4P, 4D, F.

e The 3D term gives rise to: 28, 2P, 2D, ?F, %G, S, P, 1D, *F, “G.
This can be written in a compact way such as
‘D) (n'd): 2 4 3.75
(np)(n'p)(n"d) (SPDFG) (SPDEFG) (3.75)
where the number under each symbol indicates the number of identical terms.

Terms for configurations with equivalent electrons.

For equivalent electrons a considerable complication arises: not all combinations of L and S
are compatible with the Pauli principle, so we cannot pair all of them up. Let’s examine the
configuration np?, for which the possible values of L and S are L = 0,1,2 and S = 0,1. For
S = 0 we have an antisymmetric spin wave function, the singlet state, while for S = 1 (triplet)
the three states are symmetric under the interchange of the two particles. To have an overall
antisymmetric wave function we must then combine L = 0,2 (symmetric space wave function)
with S = 0 only, and L = 1 (antisymmetric) with S = 1 only. The possible LS terms are

(np?) : s, 1p, 3p. (3.76)

Note that for these three terms, the value of L + .5 is an even integer. It can be shown that this
is a general rule for the terms arising from configurations of two equivalent electrons, namely
L+ S must be even. However, for more than two electrons there is no comparable rule. Another
important point to mention is that the parity of a term 4s not (—1)*. Since the |LSMMg)
states are constructed from products of central field orbitals, each of which contains a spherical
harmonic, the parity of an N-electron state is given by (—1)(—=1)%...(=1)~. For a two-
electron state, for example, the parity is odd or even depending on whether £ + ¢5 is odd or
even. In fact, for two equivalent electrons the parity is always even because the sum of any pair
of equal integers is even. We must be careful not to associate the parity with the value of L.

In the np? configuration, for example, we can build antisymmetric wave functions with
respect to the permutation of only two out of the three electrons. Consequently, we expect in
this case wave functions with mixed symmetry: symmetric under the permutation of one pair of
electrons and antisymmetric under the permutation of the other pair (we can make two pairs out
of three particles). It is of course possible to classify the n—electron wave functions according to
their symmetry properties, and find the LS terms, following essentially a bookkeeping method,
but the complexity of the problem rapidly escalates as n increases.
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Classification of atomic terms using Young tableaux.

The general problem of classifying atomic terms according to the symmetry properties of the
spin and space wave functions can be handled by group theoretical methods. There is no time
to go into that procedure in this course in detail, so we will just summarize here the main results
in a very simplified way.

The LS Russell-Saunders terms compatible with the Pauli exclusion principle in a configu-
ration of k equivalent electrons can be found by going through the following four steps.

1. Build all the possible Young diagrams for the spin wave functions of k electrons. These
spin diagrams have k boxes organized in a maximum of 2 rows. The number of boxes in
the second row must be equal or less than that of the first row. As an example, the two
possible spin Young diagrams for k = 3 electrons are

B =[] and [ = (3.77)

The notation [3] means 3 boxes in the (only) first row, while [21] means 2 boxes in the
first row and 1 box in the second row. A single column of k boxes will be denoted also as
[1%], so that the notations [111] and [1?] refer to the same diagram (this would be a space
diagram, however, because a spin diagram cannot have more than two rows).

2. Each box can represent one of the two possible spin third—projections of the electrons,
which we may denote by 1 and 2 instead of +1/2 and —1/2. Fill the boxes with the
symbols 1 and 2 following the rule that the numbers must increase when going down a
column and must not decrease when going from left to right along a row. A diagram filled
with a permissible sequence of symbols is called a Young tableau. The number of different
Young tableaux associated with a Young diagram is equal to the number of spin states
in the corresponding multiplet. For example, the diagram [3] represents a quartet (spin
S = 3/2) because we can build only 4 = 25 + 1 different Young tableaux:

3
Bl =L 11 s=5 [z [afal2] [1]2]2] [2[2]2]  (378)

The diagram [21] represents a doublet (spin S = 1/2) because we can build only 2 = 25+1
different Young tableaux:

1 1]1 112
1] = S=4 IEH (3.79)

A more convenient way to find the number of spin Young tableaux associated with a Young
diagram is to use the so-called factors over hooks rule, which we explain now. Put a factor
of 2 in the upper-left box. Then put factors in all boxes by adding 1 as you move to the
right and subtracting 1 as you move down. The product of all these factors is F'. A hook
is a line passing vertically up through the bottom of a column, making a right-hand turn
in a given box, and going out through the row of boxes. The number of boxes that crosses
the hook is h. Draw one hook for each box in the Young diagram. Multiply all h-values
and call the result H. The number of Young tableaux associated with the Young diagram
is given by the ratio F'/H. Example:

} - | 23] F_2x3x1_,
' - 1 H 3x1x1 7
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3. Two Young diagrams, Y7 and Ys, are said to be adjoint to each other if the number of
rows in Y7 is equal to the number of columns in Y5. Furthermore, the number of boxes in
the first row of Y7 must be equal to the number of boxes in the first column of Y, etc. In
other words, you go from Y; to Y5 changing rows by columns. To each spin Young diagram
we must associate an adjoint space Young diagram. Thus the space Young diagrams can
have a maximum of two columns. For our example of k = 3 electrons we would have the

following correspondence
Spin

LT

Sipace

(3.80)

4. It remains now to find the possible values of the orbital angular momentum, L, which
correspond to each space Young diagram. This is a bit more complicated and we merely
list the main results in table (3.1). Assuming we are dealing with 3 electrons in a p orbital,
which is a (np)? configuration, we finally arrive at the following list

Spin S Space L Terms
T3 0
| ] (3.81)
| 3 1,2 2P.,2D
Repeat this procedure for the (nd)® configuration and check that you obtain
Spin S Space Terms
BILLLTITT 3 [ °s
|
[41] [ 1] 2 [21%) ip, 1D, F, 1G
[32] | 5 [221] 28, 2P, 2D, %D, 2D, ?F, ?F, %G, 2G, %H, I
In a slightly shorter notation, the terms for this configuration can be written as
(nd)® : 2(31391«;(2;}11) ‘PDFG) °s (3.82)

It can be seen that the configurations (nf)¥ and (nf)22*1)=F lead to the same set of terms.
In other words, the possible terms corresponding to a configuration in which there are k electrons
in a (sub)shell are the same as those in which k electrons are missing (that is, there are k holes)
in this (sub)shell. Pairs of configurations that give rise to the same terms are, for example,
(nd)* and (nd)%, (nd)® and (nd)”, (nd)? and (nd)®, etc. It should be clear also that the only
possible term for a closed shell is 'S. If a configuration contains a group of equivalent electrons
together with a number of non—equivalent electrons, the possible terms of the group of equivalent
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1 ] 1
2 [2] 0,2
% 1
3 [21] 1,2
[13] 0
2 1 [ 2
2] 0
2,4
[12] 1,3
3 [21] 2
1,2,3,4,5
[13] 1,3
4 [22] 0
2,4
0,2,3,4,6
[211] 1,3
1,2,3,4,5
[ 2
5 [221] 2
1,2,3,4,5
0,2,3,4,6
[21%] 1,3
2,4
[15] 0

Table 3.1: Orbital angular momentum assignments to several Young diagrams for p (£ = 1)
and d (¢ = 2) orbitals and k electrons. We only need to go up to half-filled shells because the
configurations (nf)* and (nf)22+1=F Jead to the same set of terms. Note that a given value of
L may appear multiple times in the same diagram.

electrons must first be determined. The overall possible terms are then obtained by using the
ordinary rules of addition of angular momenta to add the non—equivalent electrons. Similarly, if
a configuration contains two or more groups of equivalent electrons, the possible terms of each
group must first be obtained, and the overall possible terms are then determined by using the
usual rules for the addition of angular momenta.

Classification of atomic terms in jj coupling.

For atoms with Z < 30 the LS coupling scheme provides a good description of atomic terms.
For larger Z, however, the spin-orbit interaction is gradually increasing and eventually becomes
dominant over the electron repulsion interaction. For Z > 50 the most convenient coupling
scheme is certainly the jj-coupling, where the orbital and spin angular momentum are combined
first for each electron separately, and then the resulting total momenta are combined for all
electrons. Namely

Jji = £; + s, J= Zjl (3.83)
i
In the jj-scheme, one—electron states are denoted by ¢;. For example,

8172, P1/2, D3/2, dsjas dija,- - (3.84)
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Each of these states has a degeneracy of 25 + 1. A two-electron state is denoted by (j172)s. For
inequivalent electrons, the possible values of J are obtained following the usual rule of addition
of angular momenta, J = ji + j2,71 + j2 — 1,...,|j1 — j2|- A three-electron state is denoted by
(j17243) 7, etc. For the pd configuration, for example, the possible jj coupling states are

<13> <15> <33> (35) (3.85)
22 1,27 22 2,3’ 22 0,1,2,37 22 1,2,3,4' ‘

When writing the spectral terms it is standard practice to specify the individual quantum num-
bers (n;, 4;, j;) of each electron and the total electronic angular momentum quantum number, J.
For example, one of the energy levels of the ground state configuration (6p)? of Pb, corresponding
to the values j; = 1/2, jo = 3/2 and J = 2, is written as

13
2 (13
o (22),

Like in LS-coupling, for equivalent electrons not all states which come out of the angular
momentum coupling rules are possible. We give two simple rules to find the states of two
equivalent electrons.

1. When j; # j2, the value of J in (jij2)s is just given by the ordinary rules of angular
momentum coupling, namely J = j; + j2, ..., |j1 — j2|- Since the electrons are equivalent,
the states (j1j2)s are identical to the states (j2j1)7, so we only need to retain, for example,
those states for which j; < ja.

2. When j; = jo = j, the allowed values of J in (j1j2)s are given by J = 25—1,25—3,25—5,. ..
The values J = 24,25 — 2,25 — 4,... are forbidden. This result can be derived from the
following symmetry property of the Clebsch-Gordan coefficients,

(jgmama | jiTMy) = (=1)*~7 (jimomy | jj T M) . (3.86)

Indeed, since 2j is an odd number, we need J to be an even number to get (—1)%~7 = —1
and make sure the wave function is anti-symmetric under the interchange of the two
equivalent electrons.

As an example, the possible states in jj-coupling for the (np)? configuration are

11 13 33
<zz>o’ (22) (22)0,2' (3.87)

In the LS—coupling scheme, this same configuration gives the following terms (see equation
(3.76))
'So, *Poj2, 'Da. (3.88)

For more than two equivalent electrons is not possible to give such a simple rule to compute
the total angular momentum J and one has to perform a (somewhat tedious) analysis using
group theoretical methods. In the table (3.2) we list the values of the total angular momenta for
the most common (j)* configurations. Note that configurations with k electrons give the same
values of J than configurations with (2j 4+ 1) — k electrons.

Since equivalent electrons are in the same orbital, the Coulomb repulsion is large and LS—
coupling is expected to be more appropriate. It is for inequivalent electrons that the jj—coupling
is more interesting, because in this case the spin-orbit interaction may be larger that the Coulomb
repulsion. Nevertheless, there are many situations for which neither LS nor jj coupling are valid
approximations. In such cases, it is necessary to diagonalize the Coulomb repulsion and the spin-
orbit interaction for each value of J. The coupling is then said to be intermediate.

The number of states obtained in LS and jj coupling is of course the same. Figure (3.4)
shows, for a ps configuration, the transition (not to scale) from LS to jj coupling and how the
four LS terms are related to the four jj terms. The energy dependence of the terms is different
for each coupling scheme.
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Figure 3.4: Comparison between LS and jj levels for the same configuration in a series of atoms
with increasing values of Z (figure adapted from Sdchez del Rio, Fisica Cudntica, eds. Piramide,
1997).

| | J | g |

j=1/2 k=1 1/2 2
2 0 1

j=3/2| k=13 3/2 4
2 2,0 6
j=5/2k=1,5 5/2 6
2,4 4,2,0 15

3 9/2,5/2,3/2 20

j=7/2 k=17 7/2 8
2,6 6,4,2,0 28

3,5 | 15/2,11/2,9/2,7/2,5/2,3/2 | 56

4 8,6,5,(4)2,(2)%,0 70

Table 3.2: Total angular momenta and degeneracies in the configuration (j)*.
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Hund’s rules.

The ground state of an atom is determined by minimizing the energy of its valence electrons
with the residual electrostatic and spin-orbit interactions included. This is a very complicated
calculation. There are, however, a set of so-called Hund’s rules (established empirically) to

determine which level is the ground state for atoms that have LS coupling.

1.

2.

3.

The term with the highest total spin, S, has the lowest energy.
For a given spin, S, the term with largest L has the lowest energy.

The level with J = |L — S| or J = L + S has the lowest energy depending, respectively,
on whether the (sub)shell is less than, or more than, half-full.

A slightly different wording of the rules to find the ground state is

1. Maximize the spin and set S = > m.

2. Maximize the orbital angular momentum, subject to the rule 1, and set L =) my.
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3. Set J = |L — S| if the shell is less than half—full; otherwise set J = L 4+ S.

Note that rules 1 and 2 must be applied taking into account Pauli’s exclusion principle to
guarantee that no pair of equivalent electrons have the same values of ms and my. Consider, for
example, the (nd)? configuration. The maximum value of the total spin is S = 1, corresponding
to a value of mg = 1/2 for both electrons. Then, for a state with S = 1, the two electrons must
have different values of my, giving a maximum possible value of the third component of the total
orbital angular momentum equal to My = 2+ 1 = 3. Therefore, . = 4 is not possible for a term
with S = 1 in the (nd)? configuration.

Although these rules are empirical and there are exceptions to them, it is convenient to
understand their physical origin. First, note that maximizing S makes the spin wave function
as symmetric as possible. This tends to make the spatial wave function antisymmetric, and
hence reduces the Coulomb repulsion. Second, maximizing L also tends to keep the electrons
apart. This is less obvious, although a simple classical picture of electrons rotating round the
nucleus in the same or different senses makes it at least plausible. Finally, the separation of
energies for states of different J arises from treating as a perturbation the spin-orbit interaction
(fine structure). In section 3.2.4 it will be shown that the matrix element of the spin-orbit
Hamiltonian satisfies the relation

R2¢(L, S)

(LSTMy | Hso| LSIM ) = ==

JJ+1)—L(L+1)-S(S+1)], (3.89)
where ((L,S) depends on the total L and S values, but not on J. Since it can also be shown
that the sign of (L, S) changes according to whether the subshell is more of less than half-filled,
the third Hund’s rule is established.

3.2.4 Spin-orbit interaction.

The study of the spin-orbit interaction for an N-electron system is just an extension of what we
have already done for a single electron. The Hamiltonian to consider is

N
Hso = Z §(ri);si. (3.90)
i—1

We will assume LS coupling, which implies that the electronic repulsion energy is much greater
than the spin-orbit energy. The wave function terms |LSM Mg) have energies that differ from
one another as a consequence of the Coulomb repulsion among electrons. As in the one-electron
case, it is convenient to work in the representation |LSJM ). To obtain the energies associated
with the spin-orbit interaction we need to evaluate the matrix elements of the operator products
£;s;. This can be done using the Wigner-Eckart theorem.'? The result is

<LSJMJ }Eisi | L/S/J/M}>

/ r s J
— J+S+L
= (1) (T, (M, M) { L } (L&) LY (S| 9). (3.91)
The 65 symbol vanishes unless the triangle conditions A(L'L1) and A(S’S1) are satisfied (see
appendix B.5.3). Hence, the matrix element of ¢;s; vanishes unless

AS =0, =1, S 4+ S >1,
AL = 0,41, L'+L>1, (3.92)
AJ =0, AMj; = 0.

12For more details see section 21.4 of [16]



116

It is important to note that the spin-orbit interaction has non-vanishing matrix elements between
states that differ in spin by one unit. This implies that the spin-orbit interaction can produce
an admixture of singlet and triplet states. Nevertheless, the diagonal elements are of special
importance because they represent the spin-orbit interaction within a particular term, which
in most cases is well separated from other terms. Setting L' = L and S’ = S, the 65 symbol
becomes

(3.93)

{L S J}_(_l)HSH J(J+1)—LL+1)—S(S+1)
S L 1f VLRL+1)(2L+2)S25+ 1)(25 +2)

So we may write

N

> &(ritis

(aLSJTMy | Hgo | aLSTMy) = <aLSJM J
=1

aLSJMJ>

- hjg(a, L,S) [J(J +1)— L(L+1)— S(S+ 1)} = E(J), (3.94)

where « represents the dependence of the wave function on the radial coordinates and ¢(a, L, S)
is a proportionality factor which depends on «, L and .S, but not on J. The reduced matrix
elements, phase factors and the dependence on {(r;), are all contained in ((«, L,S). We have
written the spin-orbit matrix element in such a way because LS = (J? — L? — $?)/2, and

(aLSJIMy|LS|aLSIM;) = = {(aLSJIM;|(J? — L* — S®) |aLSJM;)

h2
=5 I+ 1) = LL+1) =SS +1)], (3.95)

1
2

which then permits the identification
(aLSIMy|Hso |aLSIMy) = ((r, L, S) (aLSTMy|LS |aLSJMj) . (3.96)

This shows that, within a multiplet of states comprising a given LS term, the matrix elements
of Hso are proportional to the matrix elements of LS. Therefore, for this subspace of states
having the same L and S quantum numbers, we can write

Hso = CLS, (for a given LS term). (3.97)

Equation (3.94) contains the so-called Landé interval rule, which states that the energy
differences between adjacent levels of a multiplet are proportional to J,

AE(J)=E(J) - E(J-1)=1¢(a, L, S) J. (3.98)

For a configuration of equivalent electrons it is easy to give a more explicit interpretation of
the constant ((a, L, S). For this purpose we work in the |LSMMg) basis and note that

(LSMp Mg |LS | LSMpMg) = (LSMpMg | —L41S_1 + LoSo — L_1S41 | LSMpMs)
= (LSM Mg | LoSo | LSMMg) = h2M;Mg. (3.99)

Since
N

N
Mp=>"mj, and SL=">_si, (3.100)
i=1 i=1
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the matrix element of Hg, becomes

N

Y &)t

i=1

(aLSJTMy | Heo | aLSTMy) = <aLSJMJ

aLSJMJ>

=

= (LSmimi | Lisi | LSmiml) ((r)) .,
=1
Z <L5m£m ‘ 15 1+ 5056 =08ty ’ LSm2m2> (€(r))ne
=1
= (LSmym} | Lyt | LSmiml) (€(r)),, = B (€(r)) e Y migmi. (3.101)

=1

Here (£(r)),,, is the expectation value of £(r) over the radial part of the wave function which,
for equivalent electrons, is the same for all electrons. Now, the result in (3.96) must hold also
in the (LSM Mg) basis, therefore we have

N
W2 (E(r)) e > miml = ((ov, L, §) (@LSTM | LS | aLSTM ) = h*((cv, L, S) M Ms.
1=1

This leads to

C(a, L, S) MLMS 2 (3.102)

Since ((a, L, S) is independent of M, and Mg, these may be chosen arbitrarily, the most con-
venient choice being the maximum values of My and Mg. In this way we find, for example,
that

(€(r))q- (3.103)

N | =

2P = (60, O =

Note that for a close shell there is no spin-orbit splitting.

It is possible to evaluate the reduced matrix elements in (3.91) for k equivalent electrons
in a shell £, thereby obtaining an explicit expression for ¢(¢* a, L, S). Here we just quote the
following properties

Multiplet C(l* a,L,S) Shell

Regular >0 less than half-full, £ < 20+ 1
Inverted <0 more than half-full, £ > 2¢ + 1
No splitting 0 half-full, £k =20+ 1

For a configuration £*, the constant ((¢*, «, L, S) is positive for k < 2¢+1, negative for k > 2041,
and zero for k = 2¢ 4+ 1. Note that, according to the Landé interval rule (3.98), the sign of
determines whether the energy of the levels in a multiplet increases or decreases with the value
of J. It is customary to define a regular multiplet as one in which the energy increases with
increasing values of J, and an inverted multiplet as one in which the energy increases with
decreasing values of J. The absence of any multiplet splitting in a shell that is half-full is
correct to first order in the spin-orbit interaction, that is, within an LS term. In higher order,
when spin-orbit interaction between terms is taken into account, a half-filled shell will generally
exhibit some multiplet splitting.

3.2.5 The Thomas-Fermi model.

For the determination of the potential energy U(r) of the central field approximation we will
explore two methods. In this section we discuss the first one, due to Thomas and Fermi, and
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the second, due mainly to Hartree, is taken up in the next section. The Thomas—Fermi model
is statistical in nature, it assumes that the variation of U(r) is so slow that many electrons can
be localized within a volume where the potential is nearly constant. The electrons can then be
treated with the methods of statistical mechanics, obeying the Fermi-Dirac statistics.

Consider a cubic box of side L and impose boundary conditions for the electronic wave
functions at each face of the cube. Since the potential is assumed to be nearly constant in the
volume of our box, the wave functions of the electrons can be taken to be approximately plane
waves (only in the box). The periodic boundary conditions we should impose are then

pikat _ ike(e+L) otkuy — iky(y+L) ethzz — oikz(z+L) (3.104)
therefore
271N, 21N, 21N,
R By ==L, k= =25, N,,N,, N, =0,£1,+2,...  (3.105)

These are the components of the vector k = p/h. The periodic conditions give rise to an infinite
(discrete) set of sates in the cavity, each one characterized by the set of integers (NN, Ny, V).
The number of states contained in an interval specified by AN,, AN, and AN, is just given by

™

3
AN = AN,AN,AN, = <2L> AkyAky Ak (3.106)

For a box with dimensions large compared to the electron wavelength we may assume the states
to form a continuous distribution. We can then write the number of states contained in an
interval dk and in the direction defined by the element of solid angle df) as

™ ™

L\* L\?
dN = <2> dk, dk, dk, = <2> k2 sin 0 dk dO de. (3.107)

This should be multiplied by 2 to take into account the two possible spin states of each electron.
The number of states with momentum p = hk less than pg is then just

L 3 po/ﬁ ™ 27 L 3 po/ﬁ 3L3
2 (=~ / / / k? sinfdkdody = 2 — 47r/ dk = 20 (3.108)
271' 0 0 0 27T 0 371'277,3

If all these states are occupied, the number of electrons per unit volume whose kinetic energy
2

does not exceed Do is
2m

jui
r) = . 3.109
p( ) 37[_2 h3 ( )
But the maximum kinetic energy at a distance r from the nucleus must be —U (r), since otherwise
the electron would escape from the atom. We can then take pg = \/—2mU(r) and write the

relation between the volume density of electrons, p(r), and the potential energy as

—2mU (r 3/2
plr) = [ 37T27§3)]

(3.110)

The electrostatic potential, —U(r)/e, can also be determined using the Poisson’s equation'?

in terms of the charge density, —ep(r),

1 1 d dU
— VU = —— — [ r2—= | = 4mep(r). 3.111
e er? dr dr p(r) ( )
!3Remember that the Poisson equation in Gaussian units is V>V = —4mp, while in the SI system is V2V = —p/e,

where p is the electric charge density (in the text above we are denoting the electric charge density as —ep, and
the electrostatic potential as —U/e).
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Equations (3.110) and (3.111) are two simultaneous equations for p and U. Appropriate bound-
ary conditions should be provided to solve them. For a neutral atom of atomic number Z, the
potential should approach the form —Ze?/r as r — 0, since the dominant contribution at short
distances should be the potential created by the nucleus. As r — oo it is clear that no net charge
remains in the sphere of radius 7, so U(r) must fall off more rapidly than 1/r and we should
have rU(r) — 0.

The elimination of p(r) in equations (3.110) and (3.111) leads to the following equation for
—U(T’),
3/2

1d <r2d(—U)> _ 4e?[ - 2mU(r)] (3.112)

r2dr dr 3mh3

This equation, and the boundary conditions stated before, can be conveniently expressed in a
dimensionless form in which Z, E, m and /i appear only in scale factors. Let us write

Ze?

1
U(r) = % r = bz, b= 3 <

2/3 2
3m > R 0.885ag (3.113)

4 me2z1/3_ Z1/3

where ag = h%/me? is the Bohr radius. After some algebraic manipulation (see problem 14) we
find that, with these substitutions, equation (3.112) takes the form

d? .
129X 3/ >
T = , 0. 3.114
o2 =X X > (3.114)
From our previous discussion it is clear that, for neutral atoms, the appropriate boundary
conditions to find acceptable solutions are

x—1 as z—0, and xX—0 as x — oo. (3.115)

The Thomas-Fermi equation (3.114) is a universal equation that does not depend on any physical
constants, because they have been absorbed in the change of variables performed. It is a second-
order non-linear differential equation that is solved by numerical methods. This provides a
universal function, x(zx), for all neutral atoms. y(z) is monotonically decreasing and it can be
shown that its asymptotic form at large x is given by the function 14423, At 2 = 0 the slope
is x’(0) = —1.588, so in the neighborhood of the origin it can be written as

x(z) ~1—1.588z. (3.116)

The potential at low values of r can be computed using this x(x),

Ze? Ze? Z 15887 Z Z4/3
Ulr) = 2%y~ 2% (1 - 1.5882) = ¢ (—T+ ; )262 (—r+1.794 — ]
0

(3.117)
The first term of this equation is just the pure nuclear attraction while the second one, which is
repulsive, is due to the contribution of the electrons.
We can compute also the electronic density, p(r), which is given by (see problem 14)

p(z) = szg (5>3/2. (3.118)

xT

3 3/2

Since x(z) — 1 as ¢ — 0 and x(z) — x7° as * — o0, the electron density diverges as r~
when r — 0 and goes like ¥~ when 7 — oo. The correct electron density, however, should
remain finite at r = 0 and decrease exponentially at large r. Obviously, a real atom does not
fulfill the assumptions of the Thomas-Fermi model for all values of r, and that’s why we obtain
such conclusions. This model is inaccurate at both small r and large r, where the assumptions
in which it rests are not valid. It is only applicable for intermediate distances, where in any
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case most of the electrons of complex atoms are found. The Thomas—Fermi approximation
improves with increasing Z, and might be useful to compute quantities that depend on average
electron properties, such as the total energy of the atom, but cannot give accurate predictions
for quantities that rely on properties of the outer electrons, such as the ionization potential, for
example.

Although in this model the electronic density falls off so slowly at large r that it is not
possible to really define a boundary for the neutral atom, we can still talk about an atomic
radius, R = r(«), as the radius of a sphere centered at the origin and enclosing a given fraction,
(1 — @), of the Z electrons. This means that

R
2dr=(1-a)Z :
477/0 p(r)yredr=(1-a)Z (3.119)

Applying here the change of variable (3.113), r = bz, r(a) = bz(a), and using the Thomas—
Fermi equation z'/2y” = x3/2, together with the boundary condition x(0) = 1, we can derive
the following equation for z, = z(«) (see problem 15)

X(Ta) = TaX (Ta) = o (3.120)

This equation has to be solved using numerical methods. If we adopt the same value of « for
all atoms, this becomes a universal equation and the value of z, is the same for all atoms. It
can be seen that the atomic radius R = r(c) is proportional to Z~1/3.

3.2.6 Hartree—Fock equations.

We consider now the second procedure which will lead us to a determination of the central
potentials U(r;). Let’s start by trying to find an approximate solution to the Schrédinger
equation with the Hamiltonian H;

2y — N . N e? N p? 7Ze2
1= Z’Ho(z) + Z —, where Ho(i) = = — (3.121)
i=1

Tij S 2m o
i<j Y :

For the ground state we take as a first approximation a single Slater determinant, written in a
shortened notation as

1
VNI

with the spin orbitals!® satisfying the orthonormality condition

(Wi(Aj) [r(As)) = di, (3.123)

and chosen to satisfy the variational principle

(A, A2y AN) det [¢1(A1)¢2(A2) v (O], (3.122)

S(U|H| W) =0. (3.124)

In other words, we wish to find the wave functions 1; that make the functional (V|H | V)
stationary, under the constraints (3.123). This will be done using the Lagrange multipliers
method. We are assuming that the N—electron wave function W, represented by a single Slater
determinant and satisfying conditions (3.123) and (3.124), is an approximate solution to the
N—electron Schrodinger equation. This is known as the Hartree—Fock method. Note that an
arbitrary, normalizable, antisymmetric N—electron wave function can only be represented by
an infinite sum of Slater determinants, each constructed from a complete orthonormal set of
one—electron functions and each multiplied by an appropriate coefficient. Even recognizing

4 At this point the spin orbitals are not necessarily of the central field type, they could be more general.
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this limitation, the Hartree-Fock method turns out to be a very good first step towards the
construction of atomic wave functions.
To illustrate the mechanics of the method it is convenient to examine first a two-electron

atom. The Hamiltonian is )

H =Ho(1) +Ho(2) + ;i (3.125)
12
where 2 g2 2 g
_pn_zc _ P _Z2c
Ho(l) = g = . Ho(2) = 52— (3.126)

Let us write the Slater determinant for the ground state as

a(A1)  b(A1) ‘ _ 1
a(X2) b(A2) V2

where a()) and b(\) are spin orbitals, while A; and Ay stand for the coordinates (space and spin)
of electrons 1 and 2, respectively. We will often abbreviate the notation a(A1) to a(1) etc., so
the previous expression is converted into

1
\IJ:—[ale—bla2]. 3.128
7 (1)b(2) — b(1)a(2) (3.128)
If we are referring to an arbitrary electron, the spin orbitals may be written just as a and b,
without arguments. The orthonormality condition (3.123) can then be expressed as

L [a()b0) = b(Aak)] (3.127)

(a(A;)[6(A;)) = (a(h) [ b(5)) = (a|b) = dap, (3.129)
which is equivalent to the following three independent conditions
(ala) =1, (b|b) =1, (a|by = (bla) =0. (3.130)
Our next job is to compute the expectation value of the Hamiltonian in the ¥ state. First,
we have
(W Ho(1) | V) = % (a(1)b(2) — b(1)a(2) [ Ho(1) [ a(1)b(2) — b(1)a(2))
% (a(1)[Ho(1) [a(1)) (b(2) | b(2)) +é (b(1) | Ho(1) [6(1)) (a(2) | a(2))
—_— —_—
1 1
- % (b(1) | Ho(1) [a(1)) (a(2) | b(2)) —% (a(1)[Ho(1)[b(1)) (b(2) |a(2))
N—— N——
0 0
= 2 (a(1) [ Ho(1) [a(1)} + 5 {b(1) | Ho(1) [B(1) . (3.131)
Similarly . .
(U[Ho(2) |¥) = 5 (a(2) [ Ho(2) |a(2)) + 5 (b(2) [ Ho(2) | b(2)) - (3.132)

But of course (a(1) | Ho(1) |a(1)) = (a(2) | Ho(2) | a(2)), etc. So
<xp‘ (”Ho ) + Ho(2 ) ‘\p> (T Ho | ) = (a| Ho|a) + (b|Ho|b) (3.133)

Now let’s go for the expectation value of the V = e2 /r12 term. To shorten even more the
notation, we can afford to omit the arguments in the orbitals since they appear always in the
same order (first 1 to the left, and then 2 to the right, as in equation (3.128)). Therefore

(W[ V| W) =  {ab—ba|V|ab— ba)

1 1 1 1
:§<ab|V|ab>—|—§<ba|V\ba>—§<ab\V|ba>—§<ba|V|ab>. (3.134)
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But from the symmetry of our problem it is clear that (ab|V |ab) = (ba|V |ba), because it
doesn’t really matter if we choose the electron 1 to be in the orbital ¢ and the electron 2 in
orbital b, or the other way around. Also, (ab|V |ba) = (ba |V |ab) for the same reason. Therefore

(U |V|U) = (ab|V|ab) — (ab|V |ba) . (3.135)
Collecting everything together,

(W[ H|V) = (a|Ho|a)+ (b|Ho|b)
+<a(1)b(2) <i) a(l)b(2)> - <a(1)b(2)’ (:;) ‘b(l)a(2)>. (3.136)

The implementation of the variational equation ¢ (¥ |H | W) = 0, with the orthonormality con-
ditions (3.130), can be done using the Lagrange multipliers technique (also called variational
parameters). In principle, four such variational parameters would be needed, Aga, Aob, Aabs Abas
with A7, = A\y,. However, we will assume that our starting point is already a set of orthogonal
spin orbitals,'® such that (a|b) = 0 and A\gsp = Ape = 0, therefore the variational equation to be
solved is

5(\1117{\%:6[(a\7{o\a>+<b\%o\b)

+ <a(1)b(2) ’ (i) a(l)b(2)> - <a(1)b(2) ‘ (:;) ‘b(l)a(2)>

= Aaa (a(1) | a(1)) = App (b(1) | b(1)>] =0. (3.137)

Let’s consider first an arbitrary variation, da, on a. Using our extra—compact notation, the
condition to be satisfied can be written as

(0a|Ho|a) + (a|Ho|da) + ((6a)b| V| ab) + (ab| V| (5a)b)
— ((0a)b| V|ba) — (ab|V|bda) = Agq (0a | a) + Aaq (a|da). (3.138)

Although the variations |da) and (da| are not independent, it can be shown (see appendix B.4)
that it is sufficient to impose the condition

(da|Ho|a) + ((6a)b|V]ab) — ((da)b|V|ba) = Aaa (da|a) . (3.139)

Expanding now the notation,

(a(1) | Ho | (1)) + <6a(1)b(2) ‘ <€2)

12

a(l)b(2)>
- <5a(1)b(2) ‘ (e2> ‘b(l)a(2)> = Ao (0a(1) ] a(1)). (3.140)

12

This equation is verified for every possible da only if the following one holds

12

Ho(1)a(1) + [ / b*(2) (62> b(2) dﬁ} a(1)

62

_ [/b*(g) () a(2) dm] b(1) = Aeea(1). (3.141)

12

5 There may be special situations where it is not possible to start with an orthogonal set of spin orbitals, but
even in such cases the off-diagonal terms are small and can often be neglected.
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A similar equation follows for b(1) when performing an arbitrary variation db. These expressions
can be generalized to an N-electron system, giving the following equation for a single spin orbital

)+ |3 e ( ) i@ an| v

J#i
- [/ V5 (2) (:;) ¥i(2) d7'2} (1) = eii(1), (3.142)

J#

where the summation over j extends to the N occupied spin orbitals and the Lagrange multipliers
have been written as ¢;.

Before proceeding, let us make a short digression and write the previous equation without
the second sum, and only for the spatial part of the orbitals, ¢, forgetting about the spin. We
get

_EVQ

i(x; I2< ) d’rj | ¢i(rs) = eichi(xs). (3.143)
J#i

This is the original equation of the Hartree method, before Fock’s generalization introducing
the Slater determinant to take into account the antisymmetrization of the wavefunctions. There
are Z such equations, one for every electron of the atom. As stated before, this equation is the
result of assuming that each electron moves in a central field that can be calculated from the
nuclear potential and the wave functions of all the other electrons, by taking the charge density
associated with an electron to be —e times its position probability density. We have a system
of Z simultaneous nonlinear integrodifferential equations for the Z functions ¢;(r;), which is of
course impossible to solve directly, so a method of successive approximations is followed. One
takes an approximate potential energy to begin with, solves the system for the wavefunctions,
new potentials for each electron are computed with these new functions and they are plugged
into the system of equations to get new functions and new potentials. This procedure is repeated
until the potentials are self-consistent to the desired level of accuracy. This is, in a nutshell, how
the so-called self-consistent method works.

We stop the digression here and go back to equation (3.142). Note that the restriction to
j # i can be dropped because if we set 7 = ¢ in the first sum on the left we have

JET ( ) v an w0 (3.144)

but exactly the same term will appear in the second sum, with a negative sign. This cancellation
leads to say that a particle in a spin orbital ¥; does not react with itself, or that the self energy
of such a particle is zero. We can then write the Hartree-Fock equations as

é i (2 w@ | s
_é [/ ¥;(2) (i) ¥i(2) dT?} Vi(1) = eipi(1). (3.145)

The so-called Coulomb and exchange operators, J;(1) and K;(1), are usually defined so that we
can write the Hartree-Fock equations in this way

+ 3010 - K] | ) = (1), (3.146)
J
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[/w (r;) ¥;(2) de} (1), (3.147)
1) = [/1/;;‘(2) <f12) bi(2) dﬁ] b, (1). (3.148)

If we now define the Fock operator F'(1) doing
F(1) = Ho(1) + V(1) with V(1) =Y [Jj(1) - K;(1)], (3.149)
J
then the Hartree-Fock equation takes the form of an eigenvalue equation,

F(L)i(1) = eihi(1). (3.150)

Note that the Lagrange multiplier ¢; has, through the Hartree-Fock equations, acquired the
meaning of a one-electron energy eigenvalue.

In the Hartree-Fock equations the spin orbitals depend both on space coordinates and spin
coordinates,

Ut (£1112) = Gty () x(m)s @A) = ulm)xE(ma), (3.151)
=12 =[5y = (g ) o= =3 = (7). e

However, for computational purposes the spin and space parts need to be separated. For a
one-electron operator f which acts only on space coordinates we would have

") = (0al Fl00) (X"

(al £18) = (Gax"

X') = (6l F160) S(mimb),  (3153)

where, of course, §(m%,m?) = 1 if m¢ = m% and 6(m?, m%) = 0 otherwise. For a two-electron
operator like gio = €2 /712,

(a(1)b(2) ] 912 | e(1)d(2)
= ((6(166(2) | 121 6(1)0a(2)) ) (05 m2) x5 mE) ) (b [ Gm)) )
= ((6a(1)B(2)] 912] 6e(1)9 <>>)6< mS) 3(mb,md).  (3.154)

If a = ¢ and b = d this expression reduces to

(a(1)b(2) | g12 | a(1)b(2)) = (6a(1)d6(2) | g12| $a(1)d6(2)) d(mg,mg) 6(mi, my)
= (2a(1)#5(2) [ 912 | #a(1)5(2)) . (3.155)

Whereas if a =d and b = ¢,

(a(1)b(2) | g12|b(1)a(2)) = ($a(1)é6(2) | 12| 9(1)¢a(2)) 8(mg,m?) §(mg, mS)
= (¢a(1)06(2) | 12| $(1)da(2)) d(ms, m3). (3.156)

Therefore the Hartree-Fock equation for a single spatial orbital becomes

N 2
Ho(1)u(1) + {Z Jae () e >dr2] 1)

_fj i [a362) () 6@ dea] 0y = =0, @150
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where the ¢ are functions of the space coordinates only. The Coulomb term

N N 62
J;(1) = 05(2) | — ) ¢j(2)dr (3.158)
=3 [ (1) e

T
= 12

admits now an easy interpretation. The quantity e¢}(2)¢;(2) is the charge density of electron 2
smeared out over the orbital ¢;. The integral is then the electrostatic repulsion potential due to
electron 2 when the position of the latter is averaged over the orbital ¢;. When this is summed
over all electrons we get the total electrostatic repulsion. The exchange term

_é [ﬂmi,mﬁ) /¢;*-(2) (i) $i(2) er] o;(1), (3.159)

has no classical analog and is more difficult to interpret. Formally it arises from the antisymmetry
requirement on the total wave function ¥, and demands the spin projections of electrons 7 and
j to be parallel. If ¥ had been written as a simple product of one-electron orbitals (also known
as a Hartree product) rather than as a Slater determinant, the exchange term would be absent.
Further analysis of this term can show that the total exchange charge density corresponds to the
charge of a single electron (a unit charge). Because of the negative sign in front of the exchange
term, it is then often said that an exchange hole (or Fermi hole) is surrounding any electron in
an atom. This may be visualized as a spherical region surrounding a given electron, from which
electronic charge of the same spin as that of the given electron has been removed. The total
charge that has been removed is equivalent to the charge of one electron. This is a manifestation
of the Pauli exclusion principle.

In summary, by applying the variational method based on a single Slater determinant, con-
structed from a set of orthonormal one—electron spin orbitals, we have obtained the Hartree-Fock
equations (3.145). These are coupled nonlinear integro-differential equations for the one-electron
spin orbitals and consist entirely of one-electron operators. We can regard a Hartree-Fock equa-
tion as the wave equation for a single electron moving in the field produced by the nucleus and
the average field of the remaining electrons. This is exactly the goal of the central field approx-
imation. The average field of the NV — 1 electrons is represented by the Coulomb and exchange
operators, which replace the operator 2/ r;; in the exact Hamiltonian. This central field is made
up by the field produced by electrons of opposite spin, and the field produced by electrons of
the same spin but outside the Fermi hole. In addition, it should be noted that the Hartree-Fock
method only provides an upper bound to the energy of a state of a given symmetry because it
is based on a variational principle.

Properties of the Hartree-Fock solutions.

It is not difficult to prove that the spin orbitals that satisfy the Hartree-Fock equations are
orthogonal,

(Yrlvi) =0, € # €k (3.160)

where v; and ¥, are two solutions of the Hartree-Fock equations,

N 62
Hu+ |32 e () weam | o

N

- [/ V5 (2) (:;) ¥i(2) de} Pi(1) = eii(1), (3.161)

J=1
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and

N 62
Mo )+ |3 [ 652 () i@ dn| )

B ivj [/ ¥3(2) <:122> Vi(2) d7'2} V(1) = ephr(l).  (3.162)

The total energy of the N-electron system is
= (V|H|D), (3.163)

which can be written as (we leave the algebraic details out),

=35+ Y [M0d) - K] = Sk 3 3 [0 - KG9, (3.164)

1<j

where
I; = (i Holvi) = (#i|Hol i) » (3.165)

J(6.0) = (0052 () (W62 = (86,2 () G(15,) . (3160

K(g) = (000 (<) i)
= stk (500521 () |asen@) . o)

Also, when equation (3.161) is multiplied by ¢ and integrated we obtain the following explicit
expression for g;,

— I+ Z [ ])} (3.168)
It is possible to sum this over all electrons to get
Se=S 143 [16.0) - K. = B+ 23 [96.9) - KG.5)]- (3.169)
i i irj ‘
Inserting this result into the expression for the total energy we get
E= Zsl Y [ j) — K(i,j)] (3.170)

1<j

This clearly tells us that the total energy is not the sum of all electron energies ;. It can
be shown that the energy ¢; is to be interpreted as the energy required to remove an electron
from the ith orbital (Koopman’s theorem). Indeed, let’s consider the energy difference between
a system of NV + 1 electrons and a system of N electrons. Assuming we have a set of orbitals
labeled j = 1,2,3,..., N,i, the energy of the N +1 system is (applying directly equation (3.164))

N

Jo Z I+ Z TG R) = KGR + I+ Y [IG. k) = K, R), (3.171)

i<k k=1
and

N
Ene —BEn=IL+) [J(z', k) — K, k)} . (3.172)
k=1
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However, this interpretation is not completely rigorous because we have ignored that the orbitals
of the ion cannot be the same as those of the neutral atom. After the removal of an electron, it
takes place a readjustment of the electron orbitals (the charge of the nucleus remains the same
but the total electronic charge decreases by one unit).

For a closed shell determined by the quantum numbers n and ¢ we have a system of 2(2¢+1)
electrons. In this case it can be proved that the Hartree-Fock one-electron orbitals are, rigorously,
solutions of a central field problem. In other words, each electron in a closed shell moves in a
spherically symmetric potential. Without going into the details of the proof, let’s say that this
result follows from the fact that in a closed shell all magnetic substates are occupied, enabling
to carry out summations over all these substates and getting at the end a spherically symmetric
field.

Since the Hartree—Fock equations constitute a system of coupled, nonlinear, integro-differential
equations, there is no direct method to solve them and we must use iterative numerical com-
putational methods. In fact, each Hartree-Fock equation requires prior knowledge of all other
orbitals. We need therefore to select an initial set of spin orbitals as a first step of a so-called
self-consistent method. These initial orbitals are used to calculate the Coulomb and exchange
operators J; and K; and hence the Fock operator F'. With this approximate Fock operator a new
improved set of orbitals are calculated by solving the eigenvalue equations F'(1)y;(1) = g;4;(1).
The process is continued until the difference between two sets of orbitals in successive iterations
of computation is sufficiently small to achieve the desired accuracy. This is the general method
to solve the equations, and is known as the Hartree-Fock-Self-Consistent Field method.

It has to be noted that the Hartree-Fock method does not take completely into account
the correlation between the electrons. This is known as the correlation error. In a real atom
the Coulomb repulsion between electrons, whose spins may be either parallel or anti-parallel,
prevents any two electrons from approaching arbitrarily close to one another. This means
that the positions of all electrons, regardless of their spin, are correlated, and the N-electron
wave function cannot really be written as a product of single-electron wave functions (or linear
combinations of them). To give a simple specific case, the relation W(Aj, A2) = 11(A1)w2(N2)
holds only approximately. Using another terminology, one says that all electrons are surrounded
by a Coulomb hole. An exact N—electron wave function would automatically give a correct
description of the Coulomb hole, but the Hartree-Fock wave function is not exact and the
correlation is not completely accounted for. It has to be admitted, however, that the correlation
error for electrons with parallel spin is not the same as for electrons with opposite spin. This
is due to the antisymmetry property of the Hartree-Fock wave function, which correlates the
positions of electrons with parallel spins and prevents them from occupying the same spatial
orbital, but has no effect on electrons with opposite spin. This feature was described by the
Fermi hole, which is almost equivalent to the Coulomb hole for electrons with parallel spin. The
largest source of error in the Hartree-Fock method arises from the absence of correlation among
electrons with opposite spin. Estimates of correlation errors give —1.1eV for He, —11eV for Ne
and —21.5eV for Ar, for example.

To expand an N—electron antisymmetric wave function one needs a complete set of Slater
determinants. This set consists of all possible determinants containing N spin orbitals selected
from a complete set of spin orbitals. Each Slater determinant constructed in this way corre-
sponds to a single electronic configuration, therefore such an expansion of an antisymmetric
wave function is also known as a superposition of configurations. If a single configuration is
employed, which means the infinite series of Slater determinants is truncated after the first
term, and the spin orbitals are optimized with respect to the total energy, we have the ordinary
Hartree—Fock approximation. Improved results can be achieved by increasing the number of
configurations in order to get closer to the exact N—electron antisymmetric wave function. This
method for obtaining improved eigenfunctions and eigenvalues for the N—electron problem is
known as configuration interaction. In this method, N—electron wave functions are obtained by
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taking linear combinations of Slater determinants,

U(1,2,...,N) =) e, (3.173)

where the ¢; are coefficients and the 1); are Slater determinants which differ in the choice of spin
orbitals that the electrons are assumed to occupy, and hence correspond to different electronic
configurations. The coefficients are obtained by minimizing the energy. This leads to a system
of linear equations and a secular determinant,

Z(HZ — E(Sij)Cj = 0, Hij = /1/1:7'[7[)] dT, |HZ] — Eémy = O, (3174)
J

from which the required coefficients are obtained.

3.3 Molecules.

Molecules are considerably more difficult to study from first principles than atoms and a new set
of approximations are needed. A key point to note is that electrons have a much smaller mass
than nuclei, while the forces to which both electrons and nuclei are submitted are of comparable
magnitude. As a result, the motion of the nuclei is much slower than that of the electrons and, to
a first good approximation, the nuclei can be considered to occupy nearly fixed positions within
the molecule. This is confirmed by observing the diffraction pattern in neutron scattering by
molecules. In this type of experiments neutrons do not interact with the atomic electrons, but
they do interact strongly with the nuclei within the molecule. In the simplest neutral diatomic
molecule, Hy, the equilibrium spacing of the two protons is 0.74 A. In the Oy molecule the
internuclear spacing is 1.21 A.

From X-ray diffraction observations and molecular spectra we know that, when atoms as-
sociate to form molecules, the tightly bound inner shells of electrons are nearly undisturbed
and remain localized about each nucleus. The outer electrons are distributed throughout the
molecule and it is the charge distribution of these valence electrons that provides the binding
force.

3.3.1 Born—Oppenheimer approximation.

For a system of electrons and nuclei we can build the Hamiltonian
it
=2,

where P2/2M,, is the kinetic energy operator for a nucleus of mass M,, P?/2m is the kinetic
energy operator for the ith electron of mass m, @, is a set of nuclear coordinates, g; is a set of
electronic coordinates, and

2 e € e)e
V(Qar i) = Y :—] +> W = (Zoc)e (3.176)

— T
1<j a<f e

2
p;
+ E o + V(Qa,qi), (3.175)

i,Q

is the potential energy of the entire system of electrons and nuclei. The first term is the sum of
the Coulomb interactions between all pairs of electrons, the second is the same for all pairs of
nuclei, and the third term is the sum of the Coulomb interactions between nuclei and electrons.
The Born-Oppenheimer procedure to find an approximate solution to

H\D(Qaa Qi) =F \II(ch Qi)a (3.177)

can be summarized in five steps:
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1. Assume the nuclei occupy fixed positions described by the coordinates @,. The nuclei
kinetic energy in the Hamiltonian (3.175) can then be neglected.

2. Under that assumption, solve the following Schrédinger equation,

[Z 7 quz)] P(Qu, 4) = E'(Qr) ¥(Qus ¢i), (3.178)

where ¥(Q’,, g;) is an electronic wave function and E’'(Q’,) is the corresponding electronic
energy eigenvalue when the nuclei are fixed at coordinates Q, = @/,. If the nuclear posi—
tions are assigned a different set of values, Q7 , the potential energy is altered to V(Q”, g;)
and a new set of electronic energy eigenvalues and eigenfunctions can be obtained. It is
possible, at least in principle, to repeat the computation for a sufficiently large series of
fixed nuclear positions to describe the dependence of the wave functions and the energies
on both @, and g;.

3. Assume that the total wavefunction can be written as a product of the electronic wavefunc-
tion and a so-called vibrational function which depends only on the nuclear coordinates,

V(Qa: ¢i) = V(Qas ¢i) v(Qa). (3.179)

At this point v(Qy) is unknown.

4. Insert this assumption in H¥(Qq, ;) = E VY (Qq, qi) to get

HY(Qa, 4i) v(Qa) = Ep(Qas ¢i) v(Qa), (3.180)

2
> P+ V(Qar @) | ¥(Qa 6:) v(Qa) = BY(Qura) v(Qa)  (3.181)

5. Finally, assume that the electronic wave function, ¥(Qa, ¢:), is at first order insensitive to
changes in the nuclear positions and momenta, being able to adjust quasi—statically to the
nuclear motion (this is also known as adiabatic approximation). This means we can write

2 2

2M ¢<Qa7(h) (Qa) - w(Qsz) 2M

v(Qa)- (3.182)

To see this in more detail, note that if ¥(Qa,¢;) does not change with respect to vari-
ations of nuclear positions and momenta, then V,%(Qq,q) ~ 0 and V29(Qq, q;) ~ 0.

Therefore'®
P? h2
o Qe 4) v(@u) =~ V2 (#(Q040) (@)
h2
= ~5ar | ¥(Qar ) Vv(@a) +2 (Vat(@as 1)) - (Var(Qa) ) +v(Qa) Vi (Qar )

h? ' v? _ P2
2Ma¢(Qa>ql) av(Qa) = w(Qaa%) oM,

~
~

v(Qa). (3.183)

The approximation in step 5 is the central assumption of the Born—-Oppenheimer approach,
and relies on the fact that m/M, < 1. From a classical point of view, we would say that nuclear

15Use the vector derivative rule V2(fg) = (V2f) g +2(Vf) - (Vg) + f (V3g).
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velocities are small in comparison with electronic velocities. Using (3.182), equation (3.181) is
then transformed into

2

Z 7 Qa,qz)] ¥(Qar 1) v(Qa) = Ev(Qar 4:) v(Qa),

Ep(Qa,i)

¥ (Qa i) Z;\)@ (Qa) + EY(Qa, ¢1) v(Qa) = E¥(Qa, ¢:) v(Qa), (3.184)

«

where equation (3.178) has been used for the term indicated by the under—brace symbol. We
have then

2
> Y p(Qu)

A 0(Qa) = Ev(Qa) (3.185)

This is an important result. It states that the wave function for the nuclear motion is calculated
in an effective potential which is obtained from the energy eigenvalues of a particular electronic
state as a function of the nuclear position

Note that the form in which the total wave function is written, ¥(Qa, ¢;) = ¥(Qa, ¢) v(Qq),
implies that electronic and nuclear motions can be treated separately. Since the electronic
motion can be regarded as taking place in a potential field created by stationary nuclei, the
electronic wave function may be evaluated with the nuclei in their equilibrium positions and the
small displacements of the nuclei about their equilibrium positions will have little effect on the
electronic wave function. The energy eigenvalues of a particular electronic state, as a function
of nuclear position, provide the effective potential for the nuclear motion, which is then solved
as a separate problem.

Let’s go back to the Schrodinger equation for the electronic wave function in the field of the
fixed nuclei whose coordinates are collectively represented by Q.,

2
Het)(Qa, @) = B'(Qa) ¥(Qarqi),  with  He=> 2% +V(Qas @i)- (3.186)

Multiplying on the left by 1*(Qa, ¢;) and integrating over the electronic coordinates gives

) = /w*(Qa, i) He Y(Qa, @) dy. (3.187)
We are interested now in computing OE'(Qn)/0Qq. This is

OE (Qa) _
9Qa

0
90, </w*(QaaQi) Heﬁ’(@aa%’) qu)

_ / 0 Q1)

OHe
o U(Qur i) dr,

He ¢(Qm Qi) qu + /W(Qm Qi) T%

a oy 11
/w (Qas ¢i) He ngQaq)qu. (3.188)

Since H,. is Hermitian and H. 1 = E’1), the third integral may be written as

0 as 41 op* as 41 i
[0 Qa2 i, — ([ g 00Q ) i,

= w * . 8¢(Qa7€]z)
_/ 00, et (Qaai) dry = / 50 B Qi) dry. (3189)
El¢*(Qa=Qi)



Quantum Physics III. Monday 7" September, 2026, 11:08. 131

Using this, we can see that the first and third integrals of the right-hand side of equation (3.188)
cancel each other out. Indeed

oy E ¥
Q. eV F /w e g, = F /<3Qa¢ . 8Qa>qu

, 0 " _ o 9 * _
_ B /8%(1” W) dr, = E 8Qa/¢ pdr, = 0. (3.190)

Therefore OE(Q.) 8
E'(Qa)
as Qi a @) d 3.191
) = [ 0(Qa) 54 0(Qus ) (3.191)
But the kinetic energy operator does not depend on @,
87{6 p aV(Qon ql)
S V(Qanwi) | = ——4 192
500~ 0Qa (Z Ve >> 5Q0 (3-192)
So we conclude that the derivative of E'(Q,) with respect to @, is
OE' (Qa) 8V(Qa, qi)
Q) l - a~ (6 %) 7 . ‘1
T = [(Qaa) g 6(Qus ) (3.193)

This is known as the Hellmann-Feynman theorem. It implies that, within the Born-Oppenheimer
approximation, the forces acting on nuclei are derivable from the classical potential

V(Qa,qi) = Z + = Z Zﬁe -3 2?62 (3.194)

r
1<j a<f fred e

and the electronic wave function. If we write a force component F, as

OF (Q.)
F,=-———2% 3.195
20, (3.195)
then Fy, can be obtained from the classical expression for
8V(Qa7 Qi)
_ 2T Ao 3.196
20, (3.196)

averaged over the electronic wave function, as explicitly shown in equation (3.193).

3.3.2 Molecular orbitals and the self—consistent field method.

The Born—Oppenheimer method leaves us with the problem of finding solutions for the electronic
and nuclear wave functions. Remember that, in the atomic case, multi-electron wave functions
are constructed from orbitals which are populated by electrons as allowed by the Pauli principle.
For molecules, it is possible to adopt a similar approach in which the multi-electron molecu-
lar wave functions are constructed from a set of molecular orbitals which have the following
properties

e A molecular orbital is an eigenfunction of a one-electron Hamiltonian consisting of one-
electron operators. A molecular orbital is then a wave function that depends on the
coordinates of a single electron.

e A molecular orbital can extend over any number of atoms in a molecule. This implies that
an electron in a molecular orbital is not localized on a particular atom, but may have a
non—vanishing probability density in various parts of the molecule.
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e A molecular orbital can accommodate a maximum of two electrons with opposite spin and
reflects the basic symmetry properties of the molecule.

e A molecular orbital multiplied by a spin function is a molecular spin orbital.

The basic approach to the calculation of molecular orbitals would be to solve the Hartree-
Fock equations, which are formally identical for atoms and molecules. However, in general we
don’t have now three-dimensional rotational symmetry and we would need to solve multicenter
integrals. This makes the problem so complex that finding direct iterative solutions to the
Hartree—Fock equations is usually discarded. Instead, one postulates from the beginning that
molecular orbitals can be expressed as linear combinations of atomic orbitals (LCAO). This is
known as the Roothaan method.

Let’s restrict the following discussion to closed shells, which is the easiest configuration to
handle and corresponds in fact to the ground state configuration of many molecules. Since all
electrons in a closed shell have their spins paired (total S = 0), the total antisymmetric wave
function can be represented by a single Slater determinant,

(1) (1) wn(1) Pn(1)
eo 1| MR BmE ) ) | 107
(2N)! : : : : :
P1(2N) ¢1(2N) ... ¥n(2N) Py(2N)

where the orthonormal molecular spin orbitals 1;(\) and Ej()\) refer to the same spatial orbital
but with ms = 1/2 in the former and ms = —1/2 in the latter. In this way, the 2N electrons
are distributed in 2N spin orbitals or N spatial orbitals. As in the atomic case, our goal is to
find the orbitals that minimize the energy E = (V|H|¥), where H is the complete electronic
Hamiltonian of the molecule given by

H = Z +Z——ZZ“€2+ZM. (3.198)

T T
1<j Tij o a<f of

The indices i, refer to electrons; «, 8 to nuclei; Z, is a nuclear charge and r stands for an
inter—particle distance. This Hamiltonian contains all Coulombic terms under the assumption
the nuclei of the molecule are fixed in their equilibrium configuration (there is no kinetic term
for the nuclei).

The molecular orbitals that satisfy the variational principle are given by the solutions of the
Hartree-Fock equations. For a closed shell we have seen (equation 3.150) that they take the
form

F(L)i(1) = eihi(1), (3.199)

where

p2 7 82
F(1) = Ho() + Y [2(0) - K], Ho(1) = - = H7 2% (3.200)
k a

2m Tl

Here J, and K} are the Coulomb and exchange operators, respectively, which depend on the
molecular orbitals themselves and are defined as in equations (3.147) and (3.148), with the extra

factor 2 now
y- | fuie ( ) 2| v (3.201)

y=[[ui@ (L) v o, (3.202)
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Also, similarly to equation (3.164), the total energy is given by'”
E=2Y"15+) [2J(i, k) — K(i, k)] : (3.203)

Now is the time to introduce the constraint of the Roothaan method, which is to express the
molecular orbitals as linear combinations of atomic orbitals,

Ui =) Cuidp, ¥ =&C. (3.204)

The second expression is written in matrix form, where ¥ and ® are row matrices and C is a
square matrix. The ¢, are the atomic orbitals which constitute the basis set. However, it is
important to note that they need not be true atomic orbitals in the sense that it is not necessary
for them to be eigenfunctions of an atomic Hamiltonian. They are atomic only to the extent that
they are one-electron functions centered on the various nuclei and chosen largely for their ability
to provide a flexible starting point for the calculation. The ¢, are not necessarily orthogonal,
therefore we define the overlap integral for the orbital ¢, and ¢, as

S = (1) = / 61 (1)6y (1) dry. (3.205)

The molecular orbitals, on the contrary, are required to be orthogonal (v;|1;) = d;;. In the
LCAOQO approximation this condition is written as

(Wilg) = cicui (Suldw) = €hicu; S = 6, cfsc =1. (3.206)

"%

The second expression is written in matrix form.
The charge density at a given point r is defined by

£) =23 Ui )i) (3.207)

The factor 2 is due to the double occupancy of the molecular orbitals by two electrons with
opposite spin. In terms of the atomic orbitals this density is

=2 Z Z ChiCuid), (x) by (x Z (r), (3.208)

where P, is the density matriz is defined as
Pu =2 chicui. (3.209)
i

If N is the number of occupied (spatial) orbitals, the closed shell will contain 2N electrons,
therefore the integral of the charge density over all space must be equal to 2N,

/ p(r)dr =P, / ¢ (r)¢(r) dr = " PySp = 2N, (3.210)
12214 2l
With these relations at hand and

= chi(bm = Zcok(bcr? ¢7§ = Zc;k(ﬁ;\? (3211)
v o A

'"The extra factor 2 in front of I; and J(i, k) is due to the way we have built the Slater determinant, with 2N
spin orbitals.
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we can write

62

RGO = 3 s [60)(£) s1m] e, (3.213)
62

Kip(1)(1) = );jc/\kcakcm- [/ $3(2) <m) by (2) dfg] be(1), (3.214)

ZHO Jevidu(1) + C)\kzcalccm[ [/¢,\ < ) ()d72] Pv(1)

k,\o,v

[/éf),\ < > dT2:| os(1 ] Zslcwgb,, . (3.215)

This last expression is the Hartree-Fock equation in LCAO form. To proceed, it is useful to
shorten the notation by defining

(autvana| (<)

where the convention is to put the indices of the functions referring to the same electron in the
same half-bracket (uv for electron 1 and Ao for electron 2, in this case), and to put the complex
conjugates on the left side of each half-bracket (u and A in this case). This definition implies

¢V<1>¢>U<2>> = (o), (3.216)

(pv|Ao) = (Ao|uv), (uv|Aa) = (vuloA)”. (3.217)
More explicitly,
(rv|Aa) = (6u(1)oa(2) [V [ 60(1)d5(2)) , (3.218)
(Aofuv) = (or(1)du(2) | V| ¢ (1)61(2)), (3.219)
(vuloA)" = (60(1)¢0(2) [V [ $u(1)dr(2))" = (¢u(1)62(2) | V] ¢ (1)$6(2)) - (3.220)

Multiplying both sides of equation (3.215) by ¢;,(1) we get

S L (W HoMe (1) + 3 Ghrcorcus [z [ / 61(1)63(2) () 60 (2) de] 6,(1)

v kN ov
_[/¢Z(1)¢§(2) (i)qby( dm} do(1 ] Zg,cm% Yoo (1), (3.221)

Now we perform an additional integration over the coordinates of electron (1),
e [ (0Ho1),(1) dr,
v

+ > C)\kcgkcml /% )3(2 ( >¢V( )be(2) dry drs

k,\o,v
2

—/¢Z(1)¢§(2) (6> ¢ (1)$0(2) dry dm] :Zeicyi/qﬁZ(l)qby(l)dn. (3.222)

T12
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Using our compact notation this can be written as

Zcm w T+ Z C)\k;cakcm[ <,UV‘)\O-> :UJO-|>\V1| Zelcljl nz (3'223)

k,\o,v

where we have defined
Hi = (6,(1) | Ho(1) | 6,(1)) (3.224)

According to our previous definition of the density matrix, we have P\, = 2, ¢}Cok. Therefore

Zcm wt Y P [ pv|Ao) —1 (uo|Av) ] Zs,cm - (3.225)

Ao,V

Finally, defining

1
Fo=H, + ZPM [(uy\)\a) ~5 </w\)\y>] , (3.226)
Ao

we can write the Hartree—Fock equation in this compact form

> (Fuw — €iSuw)evi =0, (F —eS)C =0, (3.227)

14

where the last expression is written in matrix notation, with € a diagonal matrix whose diagonal
elements ¢; are the orbital energies. This set of homogeneous equations will have nontrivial
solutions only when

det |Fly — ;S| =0 (3.228)

At this point the LCAO approximation has converted the original partial differential equa-
tions (Hartree-Fock) into algebraic equations (Roothaan). This is a very significant simplifica-
tion, without which it is extremely difficult to calculate reliable molecular orbitals of any but
the simplest molecules. The Roothaan equations, also called LCAO-SCF equations'®, are the
basic equations of molecular orbital theory. For molecules with atoms of high enough Z it might
be necessary to include also the spin-orbit interaction. This can be done in a way that closely
resembles the atomic case.

18 Also SCF-LCAO-MO, for Self-Consistent Field-Linear Combination of Atomic Orbitals-Molecular Orbital.
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3.4 Problems.

1. Compute the expectation value of the electronic repulsion term of the helium Hamil-
tonian using the trial function ¢y = (8/ ma3)e2(n+12)/a and obtain the result shown
in equation (3.13).
Hint: fix r; and do the integral over ry choosing the coordinate system in such a way that

the polar axis (z-axis) runs along ry, so that |ry —ra| = \/r% + 12 — 2r1rg cos 3. Then do
the integral over r;.

2. Using the variational method derive a generic expression to estimate the ground state
energy of an atom/ion with Z protons in the nucleus and only two bound electrons.
You may adapt the expressions we have used to study the helium atom. Give the
numerical result in eV for Z = 3.

3. Consider a Helium atom with the Hamiltonian

2 2 2 2 2
Hoo (PL 2 an ) (P2 2€ ) &
2m 2m 1o r12

where the electron-nucleus interaction is described by a Yukawa potential.

i) Use the trial function

C3
Y1(ry,re) = @67(“1“2”&7

to show that,

_ _ 2 5C 32¢3
E(C) = (1| H|y1) = | —2¢° — 1 + m 1s

where a is the Bohr radius and E; = e?/(2a) ~ 13.6 eV.

(Hint: you can use much of what was done in class for the helium atom.)

ii) According to the variational principle, an estimate of the ground-state energy
of this system can be obtained by minimizing the previous function. However,
the minimum condition, E’'(¢) = 0, leads to a transcendental equation that can
only be solved numerically. An approximate solution can be found for Aa < 2(.
In such case show that

27 Aa)?
E(l{) =~ {2(2 + ZC —8Xa + 6( Z) ] Fy.
When A = 0, this function has a minimum for ¢, = 33/2% (see the lecture

notes), therefore for small A # 0 the new minimum must be found close to (p.
Define then € = ( — {p and find that

EN_?)(Aa)?
2\ ¢/’

concluding that the approximate solution is

)\a>2 3o

3
¢~@_2< T

2
& (Aa)?,
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which leads to a minimum energy of

12 81

3% 3 25 2
o7 —2°(Xa) + 32()\a) E;.

Hint: use the Taylor series 1/(1 + )2 =1 — 2z + 322 — ...

. Compute the expectation value known as overlap integral in the variational approach
to the hydrogen molecule ion H; and check that you obtain the result shown in
equation (3.27).

Hint: choose a coordinate system such that proton 1 is at the origin and proton 2 is on the
z-axis at a point z = R, so that r; =7 and ro = v/r2 + R2 — 2rR cosf.

. Compute the expectation values known as direct integral and exchange integral in
the variational approach to the hydrogen molecule ion H;r and check that you obtain
the results shown in equations (3.33) and (3.34).

Hint: perform the calculations using the same reference system of the previous problem. If
the notation used in the text for the wavefunctions seems confusing when doing the integrals,
you may write them as w(pl (r) and w(p2 (r), instead of ¥g(r1) and 1o (rs).

. In the variational study of the hydrogen molecule ion H; use as a new trial wave
function ¥ = AfYg(r1) — ¥o(re)], where 1g(r1) and 1g(rs) are hydrogen ground
eigenstates corresponding to the electron being bound to one or the other proton.
You don’t need to do the integrals all over again, just make the necessary changes in
the signs to get a new F(x) (see equation (3.40)). Plot the new F(z) function and
explain if bonding is possible in this situation.

. Prove that the total orbital angular momentum of the entire electronic system of an
atom with NV electrons, L = Zf\i 1 £i, commutes with the Hamiltonian H; = Ho + H1
given by equation (3.42).

Hints: the commutation with Hg should be easy to prove. When studying the commutation

1
with H; you need to realize that £, — # —Ek Express the orbital angular momentum of
Tij Tij
the k-th electron as £, = —ihry x V. and use a dummy wave function to prove that
1 1
Ekf = 7£k — ihl‘k X Vk (> .
’I“lj Tij Tij

Also, noting that the operator V}, differentiates with respect to the coordinates of the k-th
electron only, you should be able to prove and use the relation

1 r;—r; r; —r;
J J i
Vi = — 3 Oik — 3 6jk-
Ty T

Tij ij

. In some atoms, the charge-screening effect of other electrons on the motion of each
of them can be well approximated by the replacement of the Coulomb potential with
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the so-called Hulthen potential,

Ze? 1
= arn 1

where a > 0 is the effective screening radius.

e Study the asymptotic behaviour of this potential for the limiting cases r < a
and r > a, explaining the corresponding physical meaning.

e Assuming that r < a, use perturbation theory to calculate the energy spectrum
in this model and prove that the ¢-degeneracy of the pure Coulomb potential
is broken.

Hints: use the Taylor series expansion — =1— -+ — —...; use also the expression
e

for (r),,, computed with hydrogen-like wave functions.

9. Consider the following configurations of two electrons:

i) One electron in orbital a with spin § (ms = —1/2) and the other in orbital b
with spin a (ms = 1/2).

ii) One electron in orbital @ with spin a and the other in orbital b with spin f.
In those conditions address the following items:

a) Write the Slater determinants of both configurations.

b) Calculate their energy by assuming the Hamiltonian

2 Ze? 2 Zet e? e?
- 2e P 2 L C )+ h2) + .
om 2m  ry T2 12

Express the result in terms of the integrals I, = (a|h|a), I, = (b|h|b) and
62
Jap = {a(1)b(2) |75 [a(1)b(2)).

T12

c¢) Show that i) and ii) are not eigenstates of S?, where S = s(1) + s(2), while
their linear symmetric and antisymmetric combinations are.

d) Calculate the energy of these two eigenstates, expressing the results as a func-
tion of the integrals I,, Iy, Jyp, defined before, and K, = (a(l)b(2)|%|b(1)a(2)>
(the exchange integral).

10. Compute the degeneracy of the niobium ground state configuration, [Kr](5s')(4d%),
(the number of ways the electrons can be placed in the different states of the confi-
guration).

11. Assuming that LS coupling holds, list the possible spectral terms 2511 which result
from the following electronic configurations

(a): (np)(n'p)(n"p); (b): (nd'); (c): (nd®); (d): (ns)(n'p?).
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12.

Assuming that jj coupling holds, list the possible spectral terms (j1j2)s which result
from the following electronic configurations

(a): (ns)(n'p); (b): (nd?).

13.

The electronic configuration of the silicon atom is [Ne](3s)?(3p)2.

a) Determine, assuming LS coupling, the possible atomic terms for this configu-
ration and explain which one is expected to correspond to the silicon ground
state.

One of the possible terms is >P. For this term:

b) Study the fine structure due to the spin-orbit coupling. Restricted to the
subspace of a term of degenerate states having the same L and S quantum
numbers, the corresponding Hamiltonian can be written as Hs, = ( LS. Work
out the spin, orbital angular momentum and total angular momentum for each
of the fine structure levels. Compute the energy differences between the levels
and draw them in a diagram (leave the results in terms of ().

¢) When an atom is surrounded by a weak magnetic field, B, it takes place an
additional energy splitting on top of the fine structure. Assume the magnetic
field is oriented along the z axis, B = Bz, and draw this further splitting in
the previous energy diagram, indicating the necessary quantum numbers to
identify each level. Compute also the energy differences between them.

d) Repeat the previous study assuming the magnetic field B is very strong. If the
spin-orbit interaction is neglected, how many levels with different energies are
there? Draw the appropriate diagram.

e) Study now the case in which the spin-orbit interaction is of similar magnitude
to the perturbation caused by the external magnetic field.

14.

Using the change of variable given in equation (3.113), derive the Thomas—Fermi
universal equation, z/ v XS/ 2 and prove that it predicts an atomic electron

density given by
(z) = Z (K)g’/ 2
PO= s \ )

15.

Suppose that, in the Thomas-Fermi model, we define the radius of an atom as that
value, R = r(a), which encloses a fixed fraction of the Z electrons, (1 — a)Z, with
0 < a < 1. This means that

R
2dr=(1-a)Z.
47r/0 p(r)yredr=(1-a)Z

Take the density function of the previous problem, make the change of variable r = bx
and arrive at the expression

/I(a)x1/2X3/2d$:1—a.
0

Then, using the Thomas—Fermi equation, 21/2y” = x3/2, and the boundary condition
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x(0) = 1, prove that z(a) = z, satisfies the equation

X(Ta) — X' (2a) = @

16.

Prove that two spin orbitals that satisfy the Hartre-Fock equations, (3.161) and
(3.162), are orthogonal: (Yx|1;) = 0, for g; # €.

Hint: multiply (3.161) by ;(1) and integrate. Then take the complex conjugate of (3.162),
multiply by ¥;(1) and integrate. Finally, compare the two expressions you got.

17.

Consider a system of two fermions of spin 1/2 described by the Hamiltonian

H =Ho(1) + Ho(2) + V,

pi 1 o, P2 L 29 L 52 2
Ho(l) = — + —mw~x7, Ho(2) = + —mw s, V= -—mQ*(x1 — x2)”.
2m 2 2
The spin wave function of the ground state is the anti-symmetric singlet
% (It4) — [41)) whereas the space wave-function is symmetric under the x; < z9

exchange.

a) Introduce the centre of mass and relative position variables

1
55(5514-1’2)7 Tr =171 — T2,
and show, by converting the equation into two uncoupled harmonic oscillators,
that the ground state exact space wave-function of this system is

U (21, 20) = %(1+2K)1/86Xp [—4(1+\/1+2 )(x1+x2)}
2

exp [—O;(l —V1+ QK):Elxg] ,

and its energy
h2 2

By =5 —(1+V1+2K),

where a = (mw/h)Y/? and K = (Q /w)?. You do not have to solve the harmonic
oscillator equation, simply take the ground state solution from the bibliography.

b) Demonstrate that
Yup(r1, 22) = ¢(21)P(72),

with
ol/2

8(r) = S (14 K) B exp [—;m .
is the space wave-function solution of the Hartree-Fock equations for this sys-
tem
+ [ / b (2)Vb(2) dm} a(1) — [ / b (2)Va(2) dﬁ} b(1) = esa(l),
Ho(2)b(2) + [ / a*(l)Va(l)dTl} b(2) - { / a*(l)Vb(l)dTl] a2) = b(2),
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being a = |¢ 1) and b = |¢ ), and also show that the estimated energy is
h?a?
EM = o 21+ K.
m

c¢) Study the ratio

EHF
R(K)= =2
()= 22
as a function of K by plotting R(K) versus K in the [0, 20] range and discuss

the result.

18. Study the Helium atom described by the Hamiltonian

2

(&
= 1 2) + — ) =
H=Ho() +Ho(@)+ = Holi) = 50— T~

_ p? 262

where (i = 1,2). Assume that its ground state can be described using the Slater
determinant

- ;iwlam(z) — a(1)1n (2)),

where 91(i) = ¢15(rs) [1:i) and ¢2(i) = ¢15(r;) i) (the notation [1;) = a(i) and
[4:) = B(4) can also be used).

a) Show that the Hartree-Fock equations

Mo (1) + | [ 562 () $2(2) dra 41 (1)

_ [/ (1) (:;) ¢2(1)d71:| V1(2) = e212(2),

lead to the Hartree equation for the spatial orbital ¢q5(r)

K2 262 e2
0= 2 o)
T v

2m

dr’} P15(r) = €15P15(7).

r’|

3
B15(r) =\ e,

to make an estimate of the potential

b) Use the orbital

2
v — |

Prepare a plot of the effective charge in units of the proton charge, Z°%(r) =
U(r)/(—e?/r), and interpret the result.

62
U(r) = 2% 4 / 1)

dr’.
r




142

c¢) For the Helium atom the energy correction due to the Darwin term is given by

eh? h?

Hp = S (V1E; + VoEy) = oy (ViU (r1) 4+ V3U(r2)) .

Show, using perturbation theory, that the energy shift due to the Darwin term,
considering the potential obtained in b), is
15

Ep = g —atme?,

2

and give Ep in eV considering that ¢ = 1.69. Discuss the difference with the
result that is obtained with two non-interacting electrons, that can be found
in equation (1.196) of the handouts:

Ep=2x 8atme? = 16amd?.

Hint: it is very easy to calculate V2U(r) considering that:

1 /
v? (|r - r’> = —4né(r —1').

19. Consider the Lithium atom described by the Hamiltonian

H = Z’Ho +Z—

1<j

where: ) )
N 3e

Ho(i) = 2m  r

The ground state is given by the (1s)%(2s)! configuration. If the orbitals for 1s
and 2s electrons are given by a hydrogen-like 1s wave function with charge ¢ and a
hydrogen-like 2s wave function with charge {/2:

Prs(r) = Ci’e—@""/a,

7ra3

[ (3
¢25( ) 16 C <2 ng> e_CT/4(l’

where c¢ is used to keep ¢15 and ¢o5 orthogonal and A to normalize ¢os.

1) Show that

5

3
= A: _—
C 3,

13

Consider the single Slater determinant

1 ¢18(T1)a(1)7 ¢15(T1)B(1)7 ¢25(T1)a(1)
P1s(r2)a(2), P15(12)B(2), ¢2s(r2)(2)

U=
VB 6, (r)a(3), éra(ra)B(3), dasl(rs)a(3)

2) Show that

<\Ij|,H’\II> = <¢1s¢1s¢23|7'[|¢15¢15¢23> - <¢18¢1S¢25‘H|¢28¢18¢18> .
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3) Demonstrate that

(D15P1502s | H|D15D15P25) = 2 (P15 HolP1s) + (P2s|Ho|d2s)

62 62
+ <¢1s¢1s - ¢15¢15> + 2 <¢1s¢23 - ¢1s¢25> .
12 12
4) Also show that
2
(P15015Gs M| d2sPrs61) = <¢ls¢23 % ¢gs¢1s>.

5) Use the previous results and the variational principle to estimate ¢ and the
ground state energy of Lithium.
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Chapter 4

Interaction between atoms and
radiation.

To study the interaction of atoms with electromagnetic radiation we need to quantize the elec-
tromagnetic field, and to do that we’ll start with a (very) brief introduction to quantum field
theory.

4.1 The electromagnetic radiation field.

Let’s start with a pure radiation field without charge and current sources. In this situation, the
electromagnetic field can be described with just a vector potential, A, which can be expressed as
a linear superposition of plane waves. For normalization purposes, we consider a field in a cubic
box of side L, very large compared with the relevant dimensions of our (atomic) problem. Both
the magnitude of L and the box shape will be seen to have no impact on the physics results. We
impose periodic boundary conditions at each face of the cube, which leads to the requirement
that all plane waves must satisfy the relations

ket _ ike(a+L) ethyy — oiky(y+L) gikez — gikz(z+L) (4.1)
Therefore
21N, 21N, 2N,
ho= T, By ==L, k= =, Ny, Ny, N =0,4£1,42,... (4.2)

These are the components of the propagation vector or wave vector, which can be normalized
to provide a unit vector in the direction of the wave propagation (k = wx/c = 27v/c = 27/ for
a plane wave of wavelength A moving at speed ¢),

k Wk

27 N
The periodic conditions give rise to an infinite (discrete) set of modes in the cavity, each one
characterized by the set of integers (N, Ny, N;), leaving polarization aside for the moment. The

number of modes contained in an interval specified by AN,, AN, and AN, is just given by

L 3
AN = AN, AN,AN, = <2> Ak, AkyAk,. (4.4)
T
For a box with dimensions large compared to the radiation wavelength, we may assume the
modes to form a continuous distribution. We can then write the number of propagation modes
contained in an interval dk and in the direction defined by the element of solid angle df as

Vv

@ k? dk dSQ. (4.5)

L\? L\’
dN = <> dkydkydk, = () k% sin 0 dk df do =
2 2w

145



146

The (real) vector potential can be expressed as a linear superposition of plane waves,

A(r,t) = Z Y [AkA exp [i(kr — wit)] + Af, exp [ —i(kr — wkt)]} , (4.6)
k)

where Ay, is a constant amplitude for the mode (k,A) and &g, is a real unit vector which
indicates the linear polarization of the wave. For a given propagation direction, k, there are
only two independent polarization vectors, €k, and égs, orthogonal to each other

éxréxy = Oy, (AN =1,2). (4.7)

The label X in the previous expressions indicates the two independent polarizations of electro-
magnetic waves, not the wavelength. The Coulomb gauge condition,! VA = 0, ensures the
transversality of the electromagnetic fields, so that the polarization vector and the propagation
vector are always orthogonal to each other, éx AIA{ = 0. The set {&x1, éxo, R} forms a right-handed
system of mutually orthogonal unit vectors. The linear polarization vectors can be replaced by
helicity polarization vectors in the following way,

~

1 N
eyt = —ﬁ(ém + i€k2), & =k, ex— = \ﬁ(ékl — i€y2). (4.8)

They satisfy A
él*cq X ékq’ = iqkéqq/, (q, q/ = il) (49)

For ¢ = +1 this cross product gives a unit vector parallel to the direction of propagation,
while for ¢ = —1 gives one anti-parallel. Therefore &y, and éx_ are called positive and negative
helicity unit vectors, respectively. They correspond to left- and right-handed circularly polarized
electromagnetic waves. The rotational properties of a vector field are governed by an orbital
angular momentum operator L, and a spin angular momentum operator S (with S = 1), which
are coupled according to the relation J = L + S (see equation (B.267)). In this case, the unit
vectors {@yy, 8,8k} are simultaneous eigenvectors of S? and S, with the eigenvalues of S,
being +1, 0 and —1. Since the electromagnetic field is a vector field one would expect to find also
three eigenvectors, but the transversity condition ék)\ﬁ = 0 rules out a polarization parallel to
the direction of propagation, leaving only the two helicity vectors & and éx_ (or, alternatively,
the two linear polarization vectors €y and €xs). In a radiation field, the electric E and magnetic
B fields are transverse to the direction of propagation.

For a pure radiation field the relation E = —V¢ — %%—‘? reduces to E = —%%—?, therefore the
electric field can be computed as
10 '
E(r,t) = —7aA(r, t) = ! Zwkék,\ [Ak,\ exp [i(kr — wit)] — Af, exp [ —i(kr — wkt)]] . (4.10)
c c
k)

To find the magnetic field we need to evaluate V x A. For any function f we have
V x(fA)=(Vf)x A+ f(VxA), (4.11)

therefore ' ' '
V x (Ak)\ GZkr ék)\) =V (Ak)\ GZkr> X ék)\ + Ak)\ GZkr (V X ékk) . (4.12)

But (V x éky) = 0 because &) is constant. Since Ay) is also a constant, we only need to
evaluate

Vet — ke — ifklke™ = Lopke™, (4.13)
C

!The canonical quantization of the electromagnetic field in a relativistic invariant way is a difficult subject,
essentially because of gauge invariance. For our purposes in this chapter it is sufficient to work just in the Coulomb
gauge, where VA = 0 and A° (the scalar potential, ¢) is a constrained variable, rather than a dynamical variable.
This allows us to simplify the quantization procedure at the price of not having manifest Lorentz invariance.
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so that )
V x (Ak/\ eikr ék)\) = Ekak)\eikr (R X ék/\) . (4.14)
C

Therefore the magnetic field is

B(r,t) = V x A(r,t) = ! Zwk (R X ék,\> {Ak)\ exp [i(kr — wkt)] — Ay, exp [ —i(kr — wkt)]].
c
kA
(4.15)
To get the Hamiltonian we need to find the field energy W in the cavity of volume V in terms
of the electric and magnetic fields. Electromagnetic theory tells us that W is given by

1
W= / (E? + B dV. (4.16)
87T \4

Let’s first perform the integral of the E? term. Denoting Ayxy = Axye k!, where Ay, is a

constant amplitude for the mode (k, A), the expression for E can be written as

l ~ ikr * —ikr
E(I‘,t) = EZwkek)\ [A]O\G kr Ak/\e k } (4.17)
KA

When squaring this sum we get

1 . . . - y o
E -E= . Z Z WKWK (ekk . ek’7/\’) |:Ak>\elk1' _ Al*()\e ’LkI‘:| |:Ak//\/61k r Ai’;/)\/e ik r:|
C
kX kN

1 N N . / * e 1/
= —g Z Z WKWy’ (ek)\ . ek/’x) [Ak)\Ak/)\/eZ(k+k r_ Ak)\Ak/)\/el(k K')r + CC} . (4.18)
kX kN

where cc stands for the complex conjugate of the terms within the square brackets. The volume
integrals can be evaluated using the boundary conditions (4.1). The results are just Kronecker
deltas multiplied by the volume of the box,

/ HUHIT QY = 61 4V, / HIIIT GV = G V. (4.19)
v Vv

A further simplification can be made by taking into account the orthogonality condition on the
polarization vectors,

éxréxy = Oy, érné_xy = =0, (4.20)

together with the relation wy = w_i. Note that we have implicitly used é_yy = —&y ) to derive
the last relation in (4.20). Taking all this into account we have

1 . , . ,
/ E-EdV = _672 Z Z WkWk’ (ék>\ : ék’7/\’) |:Ak>\Ak/)\/62(k+k r_ Ak)\Al*{/)\/ez(k_k )x + C.C] .
1% Vv kA k/,\
\% « A *
=35> ) wiwie (€ - éw x) [Ak/\Ak/A’(Sk,fk’ — A Ay Okl + C'C}
PESRY
Vv IR SR
=-3 SN wi [ (81x - €_1n) AlA v — (81x - €1 ) AlaAgy + C-C}
KA N
v ) .
=—3 DO wi [ — O AKRA kv — A Agy + C-C}
KA N

v .
= 07 Z wi |:Ak)\Ak>\ + Ak)\A_k’)\ + C.C.} . (4.21)
k,A
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The first term is equal to its conjugate and will have a double contribution. When making
explicit the complex conjugates we have:

V * * *
/ E-EdV = =z Zwﬁ [2A10 AL + A A ) FAAY (4.22)
4 K\

We need now to perform the integral of the B? term, which is given by

1 ~ R ~ R . «  —q 7 % e
B-B=-3 DD W <(k X &) - (k' x ek',x)> [A“em ~ Aiae Zkr} {Ak’*'elk " Aoy r]

kA kN
1 » ~ o ~ i r * i(k—kr
=-3 Z Z WEWi/ ((k x &y - (k' x ek/,x)> [AkAAk’)\/e (KT A ALy et KT C.C]
K\ KN
(4.23)
The vector identity
(A xB)(CxD)=(AC)(BD) - (AD)(BC), (4.24)
together with the orthogonality condition, &k = 0, allow to find that:
(R X ék)\) (12 X ékA’) = (1212) (ék)\ék)\’) — (Rék)\/) (ék)\lz> = 5)\)\/. (425)

The magnetic field contribution to the energy can be computed following the same steps which
lead us to equation (4.21). The result is

V * * *
v kA

We see that the cross terms cancel out those of the electric field contribution. We are left then
with the following expression for the field energy,

W=l Y et = gy > whdiadiy, (4.27)
kA kA
In the last step we have replaced the time-dependent Ayy = Axye k! amplitudes by the con-
stant Ay amplitudes because the time dependency cancels out in the product, thus AxyAj, =
ArrAjg,- The energy of an electromagnetic radiation field is just the sum of the energies of the
individual modes, does not depend on time and is equally shared by the electric and
magnetic fields.
We introduce now a new set of variables through the relations

c |m . « _ € T o
Ay = Jk V(kak/\ + ZPk)\>, Ak)\ = o\ V <Wka)\ ZPkA)a (4'28)

1 /V wk |V
= /= (A + A ) Py = —ik —(A AL ) 4.29
Qur = o W( kx + Ajy o = —i5 /(A — Al (4.29)
The electromagnetic energy can then be written as
1
w=33 (Pl%A + w{iQﬁA). (4.30)

k,\

We'll see now that the variables Py) and Q) satisfy the Hamilton equations, which means that
they are canonical variables and the expression above can be interpreted as the Hamiltonian of
the electromagnetic field. Indeed, note that

Qix = Py, Pix = —WiQin, (4.31)
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therefore,
ow . OW .
800, wiQx = —Pix, 9B Py = Q- (4.32)
It can also be verified that the Maxwell equations in free space
10B 10E
E=_-"" B=-"°" 4.33
VX c ot’ VX c ot’ (4.33)

are in fact the Hamilton equations (4.32) .

The Hamiltonian (4.30) is actually identical to the Hamiltonian of a collection of simple (in-
dependent) harmonic oscillators. Indeed, remember that the Hamiltonian of a one-dimensional
harmonic oscillator of mass m and frequency w is

2

p m 9 9
_ i 4.34
H o + 5 (4.34)
where p is the momentum and ¢ is the displacement. If we now let

P2
P2 = Q2 = qu, (435)

m

the Hamiltonian becomes .
H=3 <P2 + w2Q2>. (4.36)

Comparing equations (4.36) and (4.30) we see that each mode of the radiation field is formally
equivalent to a single harmonic oscillator.

4.2 Quantization of the radiation field.

We now apply all we know about the quantum mechanical treatment of the harmonic oscil-
lator. The quantities Px) and Qi) are postulated to be operators that satisfy the following
commutation relations,

[Qxx, Py ] = ih ok Oxn, [Qxx, Q] = [Pix, Pon] = 0. (4.37)

The annihilation and creation operators are defined as

1 1
- — (Wi Qxr + i P f= Qx) — 1P, 4.38
ax\ o (wiQrx + i Pxy), Ay Do (wkQrx — 1 Pxy), ( )

i 1
s YRR P N N = (T R

Satisfying the commutation rules?
[akx,alw} = Sk Oax, [axn, axrn] = {CLLA,GLN} =0. (4.40)
The Hamiltonian (4.30) can be written in terms of these operators as
_ _ i I 1
He Dt = 3 (akAakA + 2) =3 (zvm ; 2) , (4.41)

where Ny = aL\ak,\ is the number operator for the mode k and polarization A. The eigenvalues
of Ny are nxy = 0,1,2,... Therefore it satisfies the following eigenvalue equation,

Nix [nxx) = nxa [nkn) mey=0,1,2, ... (4.42)

2These commutation relations are characteristic of boson operators, but a discussion of this matter here would
take us too far afield.
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where |ny)) represents an eigenstate of Nyy. The possible energies of the radiation field are
given by the eigenvalues of H, which are

1
E = ZEk)‘ = Zh{dk (nk)\ —+ 2) . (443)
kA kA

The annihilation and creation operators act on the Hamiltonian eigenstates according to

Ak \nk)\> = /MK ]nk)\ — 1> , aL)\ ‘nk)\> =vngy +1 ]nk)\ + 1) . (4.44)

The operator aL , creates a photon with propagation vector k, polarization vector &y, frequency

wk, momentum Ak and energy Awy. The operator ay) destroys a photon of the same type. The
quantities nyy, called occupation numbers, are the eigenvalues of the number operator Ny, and
give the number of photons in the radiation field in the mode k and polarization A. A complete
description of the radiation field can be given by specifying the occupation numbers ny). Since
the radiation field is a collection of independent modes, the tensor product of all eigenstates
|nky) is an eigenstate of the total Hamiltonian.

By performing the tensor product of single-particle Hilbert space states we build the states
of the Fock space (also a Hilbert space). For two single-particle states such as |[¢)) and |¢), for
example, we would have

) @[9) = [¢,9) . (4.45)

Omitting possible internal degrees of freedom, in the position-space representation we would
have just the product of the two wave functions,

(ri,r2 |, ¢) = ((r1| @ (r2]) (|¥) @ |9)) = (r1|¥) (r2| @) = ¥(r1)9(r2). (4.46)

For identical particles, we should only work with the symmetric subspace (for bosons) or the an-
tisymmetric subspace (for fermions). Since photons are bosons, we will only consider symmetric
combinations of states containing N photons, ny) for each propagation and polarization vector.
For the sake of illustration let’s consider a 3-photon state, with ny, ), = 2 and ny,», = 1. If
photons were distinguishable particles we would build the state

‘wll{1>\1 ) 1/}12{1)\1 ) wl:ig)\2> . (447)

But since they are not distinguishable, the symmetric state to use is

|nk1)\1 - 27nk2)\2 - 1>

1 1 2 3 1 2 3 1 2 3
= ﬁ( [Yieore Yhons Yieane) [Pl Pore Yian) + szAQWklAp?/’klAJ)- (4.48)
Fortunately, we will not need to do all this symmetrization by hand, since the commutation rela-
tions (4.40) automatically take care of this when applying the corresponding creation operators
on the vacuum state.?

We will write a general state of the radiation field as

1Nk A ) @ [Mkorg) @ oo @ [Nn,) @ oo = [Ty Ay Mkogs - - - s Ty Mgy - - =) (4.49)
To simplify the notation we can make the replacement ny,, = n; and write the eigenstate as
N1, ma, . gy (4.50)
The eigenstates satisfy the orthogonality relation,

J

i e (4.51)

/ / / —
<n1,n2,...,ni,...}nl,ng,...,ni,...> —5n/1n15n/2n2...

3See the first two problems at the end of this chapter.
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Replacing the indices k;\; by a single index ¢ in the operators, the obvious generalization of
(4.44) for a general many—photon state is

ai]nl,ng,...,ni,...>:\/ni\nl,ng,...,n,-—1,...),
a;r|n1,n2,...,ni,...>:\/ni—l—1|n1,n2,...,ni+1,...>, (4.52)
ai\nl,ng,...,oi,...>:().

For the number operators and the total energy we have
1
Ni|ni,ng,...,ni,...) =ni|ni,na, ..., ng,...), E:Zﬁwi<m+2>. (4.53)
7

Note that even when the number of photons for a given mode is zero, nxy, = 0, the energy
associated with that mode is not zero, but fuvx/2. When all possible modes are taken into
account this leads to an infinite zero-point energy. A proper discussion of this matter goes
beyond the scope of this course. Let us simply say here that a consistent description of all
physical processes in atomic physics can be obtained by ignoring this infinite zero-point energy
of the radiation field. Only energy differences relative to a conveniently defined ground state
really matter.

The rotational properties of the classical radiation field still apply also in the quantum do-
main. The photon has an intrinsic spin S = 1 with only two possible values for the third
component, mg = =£1, due to the transversality condition. The spin of a photon can be re-
garded as a vector pointing parallel (positive helicity) or anti-parallel (negative helicity) to its
momentum vector fk. This can be shown to be associated to the fact that photons are massless
particles.

The vector potential A(r,t) given by equation (4.6) must be now interpreted as an operator.
According to the definitions of the creation and annihilation operators, comparing equations
(4.29) and (4.39) we see that the following replacements need to be done

2mhc? . 2whe?
Ak,\ — Vwk Ak, kN mak)d (4.54)

which leads to

Agy(r,t) = Z \/ 2‘7;216(2 €k [ak,\ exp [i(kr — wit)] + aL)\ exp [ —i(kr — wkt)ﬂ . (4.55)

K\

The subscript H in Ap(r, t) indicates that we are working in the Heisenberg representation (time-
dependent operators, time-independent states). From the study of the harmonic oscillator you
may recall that operators of the form ae™** it refer to the Heisenberg representation,
while the operators a and a' are referred to the Schrédinger representation. The vector potential
in the Schrodinger representation is

and afe

27Th62 A~ iKkr —ikr
A(r) = E Vo &K {ak)\ek —i—aJlr()\e kr (4.56)
k,\

Note that the vector potential operator is Hermitian, although the creation and annihilation
operators themselves are not. The electric and magnetic field operators in terms of ay and aL/\
are, in the Schrédinger representation

2mhw , .
E(r) = ZZ \/ WV K & {ak,\elklr - abeﬂkr]. (4.57)
oA
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B(r)=iy W (k x éxx) [akw“‘r —af ek (4.58)
kA

From these expressions, it is clear that the electric and magnetic fields are orthogonal to each
other and orthogonal to the propagation vector.

To see how the ordinary wave functions of quantum mechanics arise from the quantum field
theory formalism let us consider the meaning of the state A(r) |0), where |0) represents the state
with no photons (the vacuum). Noting that axy |0) = 0, when applying the field operator (4.56)
to the vacuum we obtain

2 2

AM10 =375 a0 = 302 ae oy (159)
kA kA

This is a linear superposition of single-photon states with momentum kk and polarization .

The sum over k would turn into an integral if we let the size of the normalization box go to

infinity. In fact, this superposition is very similar to the familiar non-relativistic expression

for the eigenstate of position as a linear combination of momentum eigenstates, which in one

dimension is* 1
o) = [ lole) = = [ dpe . (4.60)

It seems then natural to claim that the field operator A(r) acting on the vacuum creates a
particle (a photon) at position r. This interpretation can be confirmed by computing the matrix
element (0| A(r)|k\). This is

2 h 2 1/ 1/
O|]A(r)|kX) = (0 The e\ akwelkr—i—aT, ,eizkr CL]L 0). 4.61
k’A\ kA

Now, the term containing the operator product CLL Xalt/\ will give zero, since (0| a;f{, v =0. In

addition, the commutation relations (4.40) allows us to write aj )\/aL)\ = aL)\ak/ A F Ok O
Therefore

e »
(0| A(r) | k\) = <o 34/ o €T agoyal, 0>

Y Vwk/
2mhe? L
= <O Z Voo 81/ v elkr (abak/)\/ +5kk’5)\)\’> O> . (462)
k', N

Using again the vacuum condition (0| aL\ = 0, performing the sum with the Kronecker-delta
constraints, and using the vacuum normalization (0|0) = 1, we get

2The? | e
(0] A(r) |[kA) = 4/ Vo & KT, (4.63)

This is the plane-wave function for a photon with momentum fk and polarization A. In other
words, this is the position-space representation of the single-particle wave function of the state
[k\). Remember that in non-relativistic quantum mechanics (r|p) o e’P*/" is the wave function
of the state |p), and compare (r| with (0]A(r). This confirms the interpretation that the field
operator A(r) acting on the vacuum creates a particle at position r. In the quantum field theory
formalism, the vacuum to one-particle matrix elements of the field operators are just the familiar
wave functions of single-particle quantum mechanics.

*Remember that [dp |p)p| =1 and (p|z) = \/;Trihe—ipx.
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4.3 Interaction Hamiltonian and matrix elements.

The total Hamiltonian describing the interaction of an atom with a radiation field can be written
as a sum of three terms

H = Hrad + Hatom + Hil’lty (464)
where .
Hiad = ;hwk (abak,\ + 2) , (4.65)

is the Hamiltonian of the radiation field and
p?
— 1
Hatom — g 72m + U7 (466)
1

is the atomic Hamiltonian. Here the sum runs over the atomic electrons and U contains all the
relevant terms to define the atomic state (Coulomb interaction with the nucleus, Coulomb re-
pulsion among the electrons, spin-orbit interaction, external fields, etc.). To write an expression
for Hint we go back to the Schrodinger equation (1.87) and pay attention to the terms containing
the vector potential,

/ S IR RTN R
(E' +eg)p = [2m (p+cA> + 50 (V xA)
4 2
L e guy T
8m3c2 8m2czv¢ 4m2020[(V¢>)><p] V. (4.67)

Expanding the square and retaining only the terms with the vector potential,

62

24 v, (4.68)

A
P+ 2mc? 2me

e
A

2m cp + 2mec

Since we are working in the Coulomb gauge (VA = 0), we have pA = Ap for the radiation

field. Thus )

e e eh
Hint = 7pA + 2142 +
mc 2mc 2mc
The total Hamiltonian H = H;aq + Hatom + Hint may then be written as H = Ho + Hint, where
Hint is given by the previous displayed equation and Hg = Hyaqd + Hatom- We will treat Hiyg as

a perturbation to Hy and concentrate first only on the term

o (VxA). (4.69)

Hy = < pA, (4.70)
mc

which turns out to be the dominant one in electromagnetic interactions. Using the vector
potential in the Schrédinger representation we can write

2 h . . -
Z i ek)\ “P) [ak/\€Zkr + aLAe_’kr} = Hg ) 4 ’Hgﬂ, (4.71)

where

27rh 27rh ke
Z ek)\ p) axre’™™ 7-[(+ Z ek)\ ‘P) abe ke (4.72)

In the absence of any interaction (zero order) the wave function of the total system (atom plus
radiation field) is a product of an atomic wave function, 1,, and a wave function describing the
radiation field,

Yo |n1,ne, ..y niy o) = [Yaini,ne, . gy ) (4.73)
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Here |n1,ng,...,n;,...) is the radiation state in the occupation number representation (or Fock
space), as we have already written in the previous section. Consider now the following matrix
elements

<¢b;n’1,n’2, Y A ‘ Hg_) ‘wa;nl,ng, e My .>, (4.74)

<1/)b;n'1,n'2, R I ‘ Hg—’_) ‘¢a;n1,n2, U /PR > (4.75)

According to the orthogonality relations (4.51) and the effect of the creation and annihilation
operators on Fock space states (4.52), for a non-zero result of the first matrix element, we need
the number occupations for at least one of the modes to verify the relation n; = n; —1. Similarly,
for the second matrix element to be non zero we need that n; = n; + 1 for at least one of the
modes. Let’s focus now on a single mode characterized by kA, that is, for photons of momentum
hk and polarization A, and simplify the notation so that (remember that a; |n;) = \/n; [n; — 1)).

o (—)‘. _ e [2nh /. _‘A. k‘
<b7nk>\ 1‘7{1 a,nk,\> i\ Vor <b,m<A 1| (éxx - P)axre a,nkx>

e [2mhnyy
= —4] b
m Vwx <

where we have shortened [1),) = |a) and |1)p) = |b) to represent the initial and final atomic state.
Similarly,

(xx - p)e’*

a> . (4.76)

. (+)‘. _ e [2rmh /. ‘ SNtk
<b7 nky + 1 ‘ ,Hl a; nk)\> m\ Ver <b7 nky + 1 (ek)\ p)ak/\e a; nk/\>
e [2mh(ngx + 1) . ke
o\ Vew (o] @ p)e™[a) (177

We will now examine the matrix element

<b ‘ (xx - p)e’*

a> = &) - <b ‘ pe’kr

a> , (4.78)

in the simplified case that kr < 1, so that e’** ~ 1.5 The atomic Hamiltonian and the commu-
tation relations®

2
2pi;n + U7 [Tkap2] = 2thk (Tk =Y, Z)a (479)

Hatom =

can be used to write (r is the position vector of an atomic electron referred to the nucleus),

[, p7) [r,p?] _ ik

m| — 7U = - — . 480
I Hoonl = 32 50 U " (4.80)
Therefore, since Hatom |@) = Eq |a) and Hatom |b) = Ep |b), where E, and Ej are the eigenvalues
of the atomic Hamiltonian corresponding to the eigenstate |a) and |b), we have

m m
<b|p|a> = % <b‘ [I', Hatom] | a) = % ( <b | rHatom | CL> - <b ’ Hatom? | CL> )
== (Ea (b|r|a) — Ep(b|r]| a>> = ?(Eb — E,) (blr|a) = imwp, (blr|a) = imwy (b|r|a) .
®The wavelength of photons emitted/absorbed by atoms is of the order of 10* A, so k ~ 107*A~". The size of
an atom is about 1 A, so we can take r ~ 1A and kr ~ 1073,
SRemember that, for example, [z, p2] = [x, ps]pe + P2, 2] = 2ifips.
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In the last step we have used the relation w,, = wy, as required by energy conservation.

It can be seen that the approximation e’ ~ 1 in the vector potential neglects all the terms
in the multipole expansion of the electromagnetic field except the electric dipole (E1) term.”
Therefore, within the electric dipole approximation we have

g (b|pe™ | a) ~ &~ (b]p|a) = imwyc & - (]| a), (4.81)
and
) _ (_)‘ ) _ 3 &27r7”’mk>\ R ) ikr o /27rhwknk>\ R )
<b,nk>\ 1)7’[1 a,nkA> m Vwk <b (ek>\ p)e a> e 7‘/ €K\ <b|r|a>.
(4.82)
Consequently,
o, — <—>‘ : oy FEIwT
<b,nk>\ 1‘7—[1 a,nkA>E1 ie v &k - (b|r|a). (4.83)

A similar reasoning would conclude that

. 2wy (N + 1) .
<b; nix + 1 ‘ ’Hgﬂ } a; nk)‘>E1 = ze\/ k(vk)‘ ) &k (b|r|a). (4.84)

The next higher approximation, which is e’** ~ 1+ ikr, will lead us to magnetic dipole (M1)
and electric quadrupole (E2) matrix elements. The matrix element containing the operator k - r
(which is equal® to r - k) is proportional to (b|i(éxy - p)(k - r)|a). To analyze it, note first that
we can write

(e P)(k 1) = Sien - p)(k 1) — Sl 1) (k)

1. 1.,
+ ii(ek)‘ p)k-r)+ iz(ek)\ ‘r)(k-p) =04+ Og, (4.85)

where 1 1

Oa = 5i(&n - P)(k 1) = Ji(&r 1) (k- p), (4.86)
and 1 1

Os = Si(&n - p)(k 1) + Si(& 1) (k- p) (4.87)

are the antisymmetric and symmetric operator combinations, respectively. Now we use the
vector identity (AC)(BD) — (AD)(BC) = (A x B)(C x D) to transform the O 4 operator into

1. . 1, . ) . Wk~ .
Oa = it x K)(p x 1) = Jilk x &) (r x p) = 5 (k x &) L = 2—:(k x &) - L

mwg ~ . L MWK
6k(k><ek,\)-ﬁz—z Kk x &) gy, (4.88)

= ’[/,LLB

"For a brief review of the multipole expansion of the classical electromagnetic field see appendix (B.7.2).

8Note that k is just a constant vector here, with a magnitude proportional to the energy of the photon and
a direction coincident with that of the propagation of the plane wave, while r is the position vector operator of
an electron. Note also that the operator p acts on everything that stands to its right according to the derivative
chain rule, so

p(kr) = (kr) () + [p(kr)]t = (kr)(pv) + [—ihV (ko + kyy + ko2)] = (kr)(pe) — ifiky),

because V (kzx + kyy + k.z) = k. Furthermore, since éxx - k = 0, we have

&k - p(kr) = @&y - [(kr)p — ihk} = &k - (kr)p.
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where g = eh/(2mc) is the Bohr magneton and g, = —pugL/f is the magnetic moment operator
associated with the orbital angular momentum. The vector k X &) lies in the direction of the
magnetic field, as it is clear from equation (4.58). The connection with the magnetic field can
(=)

still be made more explicit by writing the 7{; ’ Hamiltonian as (only for one mode kM),

- e [2nh ikr e [2nh .
Hg ) = A/ Ven (xx - P) arre™ ~ A/ Von (€xx - P) axa(1 + ikr)

[, )] e [2mh A [0 e |2mh
=", i Ve @A (8xx - p)(kr) = [Hl }El + 4 Vo, M (04 + Og)
e e 2mh LMWk e ‘
= Hl - + m Vwk (07 75Y ( 7 (k X ek)\) M —+ Os>
_ [y 2mhwy fxa . e | 2mh
_Hl 1E1 ‘ Vv o (kX &) - por, + m \| Vwyg @ Os-

The interaction associated with O 4 is then

— . 27rhwk ~ ~ -
[H§ )L\/n =i\~ axx(k X €xn) - pp, = —Bf(,\) C (4.89)
-)

where BE{)\ is the term containing the ak) operator in (4.58). Although it is not long, we will not
reproduce here the detailed derivation of the multipole character of this interaction,”? but merely

state that the O4 operator, or _Bl(d\) - py,, or any of the equivalent forms of these operators, are
magnetic dipole (M1) operators.

In addition to the magnetic moment operator associated with the orbital angular momentum
we can also include that of the spin. This is done by taking into account the term anhca- (VxA)
of equation (4.69), which just amounts to add 2S to L in (4.88).1% Denoting by p the total
magnetic moment operator associated with both spin and orbital angular momenta, the matrix

elements for magnetic dipole (M1) transitions can then be written as

<b; ngx — 1 ‘ Hﬁ‘) ‘ a; nk)\>Ml = <b;nkA -1 ’ —p- Bl(;\) ’ a;nkA>M1

2mhw ~ 2mhw .
= iy T (R ) - (lula) = iy [ T B (R x @) - (BIL + 28a) . (4.90)

and

<b; nix + 1 ‘ ’HEH ‘ a; nk)\>M1 = <b;nk>\ +1 ‘ — - Bl(::\) ’ a;nk>\>

M1
27 1)+ 27 P 1) i e
- Z\/ T k(;“+ ) (k x 81) - (blptla) = —i\/ u k(gk”r )’”;:(kxékA).<byL+2sya>.

(4.91)

Let’s go back now to the symmetric operator. Since k-r =r-k and k-p = p -k, the Og
operator can also be written as

1 1 1
Og = §i(ék’\ p)(r-k)+ ii(ék)‘ ‘r)(p-k)= iiék/\ -(pr+rp) - k. (4.92)
9The interested reader can see this in the book of Weissbluth.

ONote that to derive the orbital angular momentum contribution to the magnetic dipole transitions, given by
equation (4.89), we needed to go up to the second term in the approximation e’** a2 14ikr. The spin contribution,
however, is already present explicitly in equation (4.69). It is a big success of Dirac’s equation, which is at the
origin of the -2 ¢ - (V x A) term, to be able to account in a natural way for the spin contribution to the magnetic

. . Q.mc
dipole transitions.
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As before, we make the replacement p = ’%"[Hatom, r] to get

m m
OS = _% €k - <[Hatom, I‘}I‘ + r[Hatoma I']) k= 2771 ek - [rra Hatom] : ka (493)

where rr is a symmetric Cartesian tensor operator of rank 2, with components

TT XY T2

(rr)ie = yr wyy yz |. (4.94)
zr zy 2z

We have then

. 1
(b Os|a) = == (Ey = ) & - (bl rr|a) - k = —Jmuwne & - (b rr|a) - k. (4.95)

m
2R
The Cartesian operator rr is not an irreducible tensor with respect to orthogonal transforma-
tions, but the use of the Wigner-Eckart theorem requires an operator that transforms as an
irreducible tensor. However, due to the transversality condition we can write

ir - (b]r%0;5 | a) -k = (b]|r?6;; | a) éxr -k = 0. (4.96)
Therefore we can replace rr by the operator
Qi = (er)s — 57705, (197
which can be show to be an irreducible tensor of rank 2. In terms of @ we have now
MWpq . mwyg . mwﬁ ~

(b]Osla) =— & (0] Qla) -k,

ek)\~<b|Q|a)~k:—

ek)\‘<b|Q|a>-k:—

2h 2h 2h

where we have set wp, = wik due to energy conservation. Further study of the the symmetric
operator Og would reveal that it leads to electric quadrupole (E2) matrix elements, but we will
not pursue this here.

Up to now, we have been considering the interaction of the radiation field with a single
atomic electron. For a system containing N electrons we define the operators

N
1
R = ;rﬂ" (Qj)ik = (rjrs)ir — gTZ(Sika (4.98)

where r; is the position vector of the j-th electron. The reference frame will be centered in the
nucleus or, if molecules are discussed, the center of gravity of the positive charge. Considering
only a single radiation mode characterized by kA, the three matrix elements corresponding to
the lowest multipoles are

e Electric Dipole, E1:

_ . 21 hwyn .
<b; Ny — 1 ’ Hg ) ‘a;nk,\>E1 = ze\/% éxr- (b|R|a) (4.99)

2mhw 1
<b5nk>\+1‘7{§+)‘a;nk)\>mZie\/ il k<‘7jk” ) 6un- (bR a) (4.100)

e Magnetic Dipole, M1:

=1 7 [ _ gy Fek o |
<b,nk,\ 1’7‘[1 a,nk,\>M1 ) % (k x éxy) b ;;1,] a (4.101)

[ 2mhwi (ney, + 1 A
<b;nkA +1 ’ Hﬁ” ’a; nk,\> = Z\/ k(Vk/\ ) (k x &) - <b Zﬂj a> (4.102)
J

M1
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e Electric Quadrupole, E2:

_ e [2mhwing . .
<b; Ny — 1 ‘ 7‘15 ) ‘a§nkA>E2 = —27\/ #k“ €x) - <b Z Q; a> -k (4.103)
J

<b; s + 1 ’ 7—[§+) ‘ a;nk,\> e \/271'77/0-11?1(‘7;@\ +1) 1x - <b Z Q; a> .k (4.104)
J

B2 2¢

In the formulas above, p; is the total magnetic moment operator associated to the j-th
electron, which is given by pgs(£; 4 2s;)/h (see (2.30)), and the Q; are the quadrupole operators
for each electron. Note that, since (b| Q|a) is a 3 x 3 matrix, the vector operator (b| Q|a) - k
is not necessarily proportional to k, otherwise the matrix elements of (4.103) and (4.104) would
always be zero because €y) - k=0.

The matrix elements corresponding to E1 transitions change sign under parity transforma-
tions because they are vectors. The p; operators are axial vectors, therefore the M1 matrix
elements do not change under parity. From equation (4.98) it is clear that the quadrupole
operators are also parity-invariant, so the E2 matrix operators are parity-invariant too.

4.4 Selection rules.

We have seen that, at least in the first two orders of a multipole expansion, the atomic tran-
sitions mediated by the interaction with the electromagnetic radiation field are proportional to
the matrix elements of irreducible tensor operators of rank 1 (vectors), for the E1 and M1 con-
tributions, and of rank 2 for the E2 contributions. We can then use the Wigner-Eckart theorem,
proved in the appendix (B.5.5), which establishes that, given an irreducible tensor operator!!

Tq(k) and two states of angular momenta J, and .J, there exists a constant independent of M|,
My, and ¢ (the so-called reduced matrix element), such that the following equation is satisfied:

1
<abeMb ‘ T ’anaMa> = 57 1 (akMat | JubJyMy) <abe H T®) H ana>
B ko
— (_ Jp— My, b a (k)
= (R ) | T ) (4109

The symbols «, and «p stand for all other quantum numbers required to identify the states.
They have a degeneracy of g, = 2J, + 1 and g, = 2J, + 1. The selection rules follow directly
from the properties of the Clebsch-Gordan coefficients in equation (4.105). These coefficients
are different from zero if J,, Jy, k, My, My and ¢ satisfy the angular momentum sum rules,

(JokMaq | JokJyMy) # 0 <= |J, — k| < Jp < Jo + k, and M, = M, + q.

The relation |J,—k| < Jp < J,+k implies J,+J, > k.'?2 For E1 and M1 transitions the operators
are irreducible tensors of rank 1 (vectors, k = 1), therefore the corresponding selection rules are

El and M1: AJ =041, AM=0,+1, J,+J,>1. (4.106)

11t is common terminology to say that Tq<k) is an operator of spin k. This means that the Tqm are a set of
2k + 1 operators which have the following commutation rules with the generators of rotations:

[J3, T = hg TF, [ £id2, T = h/k(k +1) — q(q £ 1) T.5) .

For more details see appendix (B.5).
2The minimum value of Jp is |Jo — k|, therefore Jo + Jp > Jo + |Ja — k|. When k > J,, this relation leads
directly to Jo + Jp» > k. When J, > k we have J, + Jp > 2J, — k > k, therefore J, + Jp > k always.
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The condition J, + J, > 1 implies that transitions 0 <+ 0 cannot take place. This is, of course, a
direct consequence of angular momentum conservation, since a photon (spin 1) and an electronic
system with J = 0 cannot be coupled to produce another system with J = 0. For E2 transitions
the operator is an irreducible tensor of rank 2 (k = 2), so

E2: AJ =0,+1, 42, AM =0,£1,£2, J,+J, > 2. (4.107)

The condition J, + Jp > 2 implies that E2 transitions 0 <> 0, 1/2 <> 1/2 or 0 <+ 1 cannot take
place.

The previous selection rules follow directly from the Wigner-Eckart theorem. However, there
are more constraints arising from the fact that electromagnetic interactions conserve parity.'
From classical electromagnetic theory, we know that the field associated with an E1 multipole
has odd parity (mem = —1), while the fields associated with M1 and E2 multipoles have even
parity (em = +1). The same is true for the quantum-mechanical operators that describe these
transitions, as it is clear from equations (4.99) to (4.104). Therefore we have mg; = —1 and
mv1 = Tg2 = +1. The conservation of parity requires m,m,mop, = +1, where 7, and 7, are the
parities of the initial and final states and 7., is the parity of the operator for the particular
multipole transition. If the product of parities m,mmop is —1, the integrand of the transition
matrix element is odd and the integral vanishes. We have then the following parity selection
rules,

El: T = —mp, (=1)Zidi = _1 (4.108)
M1 and E2: Mg = Tp-

The set of selection rules just discussed follows from general symmetry considerations and
are independent of the angular momenta coupling scheme, but additional constraints appear
when we take into consideration different coupling schemes. Let us discuss briefly the selection
rules in the LS coupling scheme. Remember that in this case one forms linear combinations of
central-field product-type wave functions belonging to a given configuration, with specific values
of the quantum numbers (n;, ¢;) for each of the N electrons. For these wave functions, L, S and
J are good quantum numbers, as well as n; and ¢;.

For LS coupling the orbital and spin angular momenta are independent, and since the E1
and E2 operators are independent of spin, the condition AS = 0 must hold. We have then

El: AS=0, AL=0,%1, L,+Ly,>1, AM=0,=%l, (4.109)

In LS coupling the most usual case is one in which the orbital of only one electron in the atom
changes (one electron jump).'* If the electron concerned has quantum numbers (¢, m,), then for
this single electron the following relations must be satisfied

Al==+1 and Amy=0,=£l.

The case A¢ = 0 is forbidden because the initial and final states must have opposite parities.
Note that AL = A/ for atoms with only one valence electron of orbital angular momentum
£, therefore AL = 0 transitions are forbidden in such cases. However, in atoms with several
valence electrons it is possible to get E1 transitions between different configurations with the
same value of L. An example is the AL = 0 transition seen at 250.7 nm in silicon between the
3Py level of an excited configuration and the 3P; level of the ground-state configuration,

[Ne](3s5)%(3p)(4s) 3Py —  [Ne](3s)2(3p)2 °Py. (4.110)

13This implies that atomic states have well-defined parities: odd or even, but not a mixture.

Y1f two or more configurations are strongly mixed in a particular state, then more than one electron can make
a transition simultaneously even though only one photon is emitted or absorbed, but this is a rather uncommon
event.
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The selection rules for electric quadrupole transitions in LS coupling are
E2: AS=0, AL=0,£1,42 L,+Ly,>2, AM;=0,£1,+2. (4.111)

For a transition of a single electron we have A¢ = 0,42 only (due to parity conservation),
by + Ly > 2 and Amy = 0,11, +2.

In exact LS coupling, M1 transitions cannot take place. To see why, we should examine the
following matrix elements of the operator for M1 transitions,

(L'S'"M7 Mg | L+ 2S | LSMMg). (4.112)

First, note that L +2S does not act on the radial part of the wave functions, and because
two radial wave functions with the same ¢, but different n (principal quantum number), are
orthogonal, one has the requirement that An; = 0 for each electron ¢ = 1,... N. Furthermore,
since the operator L 4+ 2S commutes with L?, S? and Z?, it follows that the previous matrix
element vanishes unless AL = 0, A¢; = 0 and AS = 0.1 But, if this happens, the energies
are identical because in LS coupling the states are degenerate with respect to My, and Mg, and
the photon energy in the transition would be zero. If there is some non-negligible spin-orbit
interaction, the coupling of L and S gives rise to states whose energies depend on J, therefore
departing from exact LS coupling. In such a case the matrix element

(LSJp M5 | L+ 2S|LSJM;) (4.113)

can have off diagonal elements with AJ = +1. In any case, magnetic dipole transitions between
states belonging to the same fine-structure multiplet have a very small probability to occur.

Table (4.1) shows the selection rules for the most relevant discrete transitions. It is common
terminology to call a transition allowed if it verifies the selection rules of electric-dipole transi-
tions, and forbidden otherwise. The use of the word forbidden is a bit misleading, because the
transition may still take place through higher-order processes, like the M1 and E2 transitions,
but at a much slower rate. In this context, the word forbidden should really be understood as
electric-dipole forbidden.

4.5 Absorption and emission of radiation.

4.5.1 Transition probabilities.

We will consider only two discrete atomic states between which the transition occurs. This is
appropriate if there are no other states close within the energy of the photon to be absorbed or
emitted, fuw. Let |a) be the initial state of the atom and |ny)) the initial state of the radiation
field. The initial state of the total system, atom plus field, is |A) = |a;nky). If absorption takes
place, the atom makes a transition to another state |b) and the radiation field has one photon
less. The final state of the total system would be |B) = |b;nky — 1). We have the following
equations

1
|A) = |a;nxy) Ea=E,+ <nk>\ + 2) Iy, (4.114)
1
|B) = |b;miex — 1), Ep=Ep+ (nm — 2> hwi, (4.115)
Ep — Ejy = Ey — Ey —hwy = M wpg — wi), (4.116)
N—_——
hwba

5In other words, the components of L 4+ 28 operating on |LSMyMs) do not change L or S, although they can
modify the values of M and Ms. This implies, due to the orthogonality relations of the states, that the quoted
matrix element will vanish unless L’ = L and S’ = S.
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Electric dipole (E1) Mag. dipole (M1) Elec. quadr. (E2)
(“allowed”) (“forbidden”) (“forbidden”)
1 AJ =0,=+1. AJ =0,=+1. AJ =0,+£1,+2. Except
" | Except 0 <> 0. Except 0 « 0. 00,223,061
Rigorous
rules AM =0+ 1. Except AM =0+ 1. Except _
2 0 <+ 0 when AJ = 0. 0 <> 0 when AJ = 0. AM =0+1,+2.
3. Parity change. No parity change. No parity change.
With negli- . . No change in electron No Changg in electron
. One electron jumping, L configuration, or one
gible confi- . configuration; i.e., for . . .
. 4. with Al = £1, electron jumping with
guration . all electrons, Al =0
. . An arbitrary. Al =0,%+2 and An
interaction and An = 0. .
arbitrary.
5. AS =0. AS =0. AS =0.
Only for
LS
coupling AL=0%+1. _ _ AL=0+1=+2.
6. Except 0 < 0. AL=0, AJ =41 Except 0 < 0, 0 <> 1.

Table 4.1: Selection rules for discrete transitions (adapted from https://www.nist.gov/). Al-
though in exact LS coupling M1 transitions cannot take place, a little departure from exact
coupling gives rise to M1 transitions with AL =0 and AJ = £1, as shown in this table.

where FE, and FE} are the energies of the initial and final states, respectively. Of course, con-
servation of energy would require wp, = wyi. Using time-dependent perturbation theory we can
express, to first order, the probability per unit time for a transition from an arbitrary state |A)
to another state |B) as

W54 = 2T | (BI5H|A) 2 6(Ers — Ba). (4.117)
where §H is the perturbing potential in the Schrodinger representation. This is an example of
the application of the so-called Fermi golden rule (see equations B.77 and B.82). When studying
absorption and emission in atoms it usually happens that kr < 1, where 27/k is the photon
wavelength and r is an atomic dimension. Indeed, taking a wavelength of about 1000 A and
r ~ 1A we see that kr ~ 2x1073. In such a case the vector potential can be considered constant
over the region of the atom and it suffices to compute electric-dipole matrix elements. Using
equation (4.99) we have the following expression for the probability of absorption,

472e? 2
pyabs — % i (bR |a)| 6(Ep — En), (4.118)
where the delta function
1
(5(EB—EA) :(5(Eb—Ea—hwk) = ﬁé(wba—wk), (4.119)

ensures the conservation of energy for the system as a whole (atom plus radiation field). Of
course, a single frequency wy is not a realistic radiation field, we need to take into account at
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Figure 4.1: Reference frame for equations (4.125) and (4.125).

least a distribution of modes within a narrow interval of frequencies.!® According to (4.5), the
number of propagation modes in a cubic box within an interval dk and in the direction defined
by the element of solid angle df? is

v k2 dkdQ = v

W=y 2n)?

wie
5 duned, (4.120)

with k& = wy/c. Therefore the number of modes of a radiation field in a cubic box of volume V'
per unit energy interval is
dN 1dN V

2
dE ~ hdwe  (2m)3hc3 i A2 (4.121)

Substituting the infinitely sharp density distribution §(Ep — Ea) = +6(wp, —wi) by the previous
expression for dAN/dFE, we get
A2 e wny 2 |4 QwinkA

2
v &1 - (0| R a) Wuid@ze%ﬂwg i - (0| R|a)| do.
(4.122)
Here, quantities such as wy and ny) must be understood as averages within the interval. For
the emission process the calculation is just the same, except that we have to use the matrix
element (4.100). The probabilities per unit time for absorption and emission of a photon with
propagation vector k, polarization A, and frequency wy contained within an element of solid

angle dQ are therefore (o = €2 /hc)

dWabs —

3
QW NN

2
S e (0| R @) ‘ dQ, (4.123)

dWabs —

aw; (ngx + 1)
27c?
Let’s now sum over the two independent polarizations and integrate over the solid angle. We
choose a reference frame where k lies along the z-coordinate axis, &g, along the z-coordinate
axis and €xo along the y-axis. Calling 6 and ¢, the angular coordinates of the vector (b|R|a)
we have then

2
dwem = & - (0| R | a) ‘ Q. (4.124)

ék1- (b|R|a)=|(b|R|a)| sinby cos ¢, (4.125)
éko- (b|RJa) =|(b|R|a)| sinbysin ¢, (4.126)

Furthermore, as we will see later, the atomic states have a natural width which allows a small range of
frequencies to be absorbed or emitted.
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2
S [e - GIR[a) | = [0IR|a) P sin? 6y, /sin2 0 dQ — 87/3. (4.127)
A=1

Assuming equal population numbers ny; = ngs = nk (unpolarized radiation), we have

awdng |. 2 awPny
/Z 271;62 kA'<b|R’a>’ = 2:02 /Z‘ekA b’R’@‘

4awknk

3
=5 | (b|R|a)] /sm O dQ =

|[(b|R|a)|? (4.128)

Dropping now the subscripts referring to the propagation vector and the polarization vector,
which are no longer needed, the total probabilities per unit time for absorption and emission of
a photon regardless of the direction of propagation or polarization are, respectively

dawn 9 em  Aawd(n+1)
o R, wen =20t D)

The only difference between these two formulas is that the absorption probability is proportional
to n while the emission probability is proportional to n + 1. This suggests to write W™ as a
sum of two terms, We™ = W' + W, where

Wabs — | (b|R|a)|?. (4.129)

dow?
3c?

.4
i = dow” bR a) % and WS =

3c2 [ (b|R|a)|*. (4.130)

The W' probability is identical to W2P* and is known as induced (or stimulated) emission
probability per unit time, since it is proportional to n, the number of photons of frequency w
present in the radiation field. W#* is independent of n and is known as a spontaneous emission
probability per unit time. Note that spontaneous emission can occur even if n = 0, while the
induced emission cannot.

Wabs _ Wi, wem — Wabs LW = I/Vi + WS, (4131)

Atomic states may be degenerate and we need to modify the absorption and emission proba-
bilities accordingly. Let Wy, be the transition probability per unit time from the state |a,J, M, ),
with degeneracy g¢,, to the state |ayJpyMp) with degeneracy g, where a, and «; represent
the quantum numbers required to complete the specification of the states |a) and |b). To
write down the new expressions we need to sum the probabilities for all possible transitions
lag Jo My) — |apJpMp) and, since the probability for an electron being in any one of the initial
states |aqJyMy) is 1/gq, the sum must be multiplied by this factor. Therefore the absorption
probability to go from a state |a), with degeneracy g,, to a state |b) with degeneracy g is

4
Jabs — Z aw'n | (aw Ty My | R | o M) |2, E, < B (4.132)

The emission probability to go from any of the sub-states in |b) to any of the sub-states in |a) is

1 daw(n +1
ngn = — E 7( ) ‘ <anaMa ’ R ’ abeMb> |2, Ea < Eb- (4133)
9oy, 3¢?
aiVlp

The induced and spontaneous emission probabilities are, (E, < Ep),

; 1 dawdn
Wl;a = — Z 32 | <anaMa | R | abeMb> ‘2 - — ;})357 (4.134)
b Mo, c
s 1 4w’ 9
Wg, = - Z 2 | (g JaMy | R | cpJy M) |2 (4.135)

Ma M,
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Note that the probability of induced emission from the state |b) to the state |a), corresponding to
the transition |b) — |a) + |77), is related to the absorption probability (transition |a) + |v) — |b))
through

1. 1
— Wi, = —was, 4.136
Ja ba 9 ab ( )
It is convenient to define the so-called line strength as
_ _ 2 2
Sba = Ogh = € Z | (abeMb | R | anaMa> | . (4137)
My M

Since there are no degeneracy factors (gq, gp) in this expression, the line strength is a symmetric
quantity under the interchange a <+ b. Using the line strengths, the transition probabilities can
be written as

dow®n .
gaWSz?S = 3022 Sab = Wiy, (4.138)
4o
9Wsa = 33,3 Sha- (4.139)

To do numerical calculations it may be useful to write these expressions in the SI system. This
can be done by noting that e? = 4megahce. Thus

WS’I’L UJ3

W2 = , Wi, = ——= Sha-
Ya b GoWhpe 37T60h63 ba

ab = W Sa (4140)

The operator R is an irreducible tensor (vector) operator and we can apply the Wigner-
Eckart theorem to compute its matrix elements (see appendix B.6). In particular, if we write
the individual components of the line strength as

Sw=¢ Y [y (s My | Ry | aadaMa) 2+ | (awJoMy | Ry | g JuM,) |?
M, M,

+ HanJyMy | Rz | aadaMa) 2|, (4.141)

and apply (see equation (B.234) in page 318)

2 1 2
m| 70 |l )| = g (e | 1 o)
;;Kajm‘Tq a'j'm ST aj || T a'j , (4.142)
for kK = 1, we see that the three terms in that sum are each equal to
1
sl ds [ R || aaTa) [, (4.143)
so that
Sab = Spa = €*| (awdy | R || aaJa) |- (4.144)
In the LS coupling this matrix element would be written as
(apy || R|| @ada) = (apLpSpJp || R || g LaSada) - (4.145)

It can be seen (we skip this) that, since R does not contain spin operators, this matrix element
can be transformed to

(o LSy || R || g LaSad,) = (—1)Lot5etatls(s, )/ (20, + 1)(2J, + 1)

Jp 1 g
x{ Lo Sy L }<abLb||R||aaLa>- (4.146)
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The Kronecker ¢ and the 65 symbol enforce the following selection rules,!” which are of course
the same rules that were already deduced in the previous section for electric-dipole transitions

AS =0, AL =0,4+1, Lo+ Ly > 1, AJ =0, +1, Jot Jy> 1. (4.147)

Therefore the line strength in LS coupling becomes

Sba = Sap = €[ (| R || ctaJa) |*

Jp Ja

2
L 2
L, S Lb} [ (o Ly | R || aLa) |?, (4.148)

=e2(2Jy + 1)(2J, + 1) x {
with S = S, = S,

4.5.2 Einstein coefficients and Planck’s Law.

It is interesting to note that, already in 1916, Einstein proposed a treatment of emission and
absorption of radiation by atoms before the development of quantum mechanics. He considered
an enclosure containing a single kind of atoms (with only two energy levels) and radiation, in
equilibrium at absolute temperature 7. When one of those atoms interacts with radiation of
energy density p(w) per unit frequency interval it may suffer a transition from the lower to the
upper level, |a) — |b), at a rate proportional to p(wy,), with a proportionality constant that we
may denote as By,. The time evolution of the number of atoms in the two states, N, and Ny,
due to this process is described by

dN, dN,
= ——— = —B,N, . 4.14
dt dr ab ap(wba) ( 9)

abs _
—YVab Na -

An atom only has a significant probability of interacting with that part of the distribution p(w)
with a frequency close to wp, = (Ep — E4)/h, which is the atom resonant frequency. Since
atoms and radiation are in thermal equilibrium, symmetry arguments lead us to expect that the
radiation field will also cause transitions from the upper to lower levels at a rate dependent on
the energy density, but with a constant of proportionality By,. This is the process of induced
(or stimulated) emission in which the radiation at angular frequency w causes the atom to emit
radiation of the same frequency,'® and leads to the following evolution equation

dN,  dN,

—WE Ny = —2 =
batto = Ty dt

= —Bpa Npp(Wha)- (4.150)
The relation between the rate of induced emission and Einstein’s B coefficient is
Wga = By, p(wba)' (4151)

The overall symmetry between up and down processes is broken by the spontaneous emission,
which causes an atom to fall down to the lower level even when no external radiation is present.
Einstein introduced the coefficient Ay, to represent the rate of this process. We now know that
this coefficient corresponds to the spontaneous emission probability: Ay, = W; , where W} was
defined in the electric dipole approximation in equation (4.130). The evolution equation for this

process is
dNy dN,
—WP Ny = — = — = —ApaNp. 4.152
ba™ T Ty dt basth (4.152)
Of course, all three processes just described must be taken into account simultaneously. This
leads to

dNj
cTtb = NoBapp(wba) — NpBrap(wha) — NoAva,

ANy __dN,
dt — dt’

(4.153)

17A very short introduction to 6§ symbols is given in section B.5.3.
18This increase in the amount of light at the incident frequency is fundamental to the operation of lasers.
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Figure 4.2: Two-level system employed by Einstein to deduce Planck’s law. Note the sponta-
neous (a) and induced (b) emissions as well as the absorption (c) processes.

The first equation gives the rate of change of N, in terms of the absorption, stimulated emission,
and spontaneous emission, respectively. The second equation is a consequence of having only
two levels, so that atoms leaving level b must go into level a. When p(w) = 0 the equations have
a decaying exponential solution,

Ny(t) = Ny(0)e~Aat, (4.154)

implying a mean lifetime for the atom given by 1/7 = Ap,. At thermal equilibrium the rates of
change of N and N, are both zero, so from (4.153) we get

NpApa
NpApg, = NoB — NyB =
bAba = NaBapp(wba) — NoBbap(Wha), P(Wha) N.B. — NiBo.
A1
= — 55— 4.155
Io(wba) By, &Bab . ( )
Ny Ba

Furthermore, statistical mechanics tells us that the number of particles (atoms in this case) with
energy E, in thermal equilibrium at temperature 7', is proportional to the Boltzmann factor,
exp(—FE/kT), where k is the Boltzmann constant. Taking into account possible degeneracies in
the states, g, and gp, we may write

E b
No ~ gaexp <—M‘1> , Ny~ gyexp (—ka) :
N, YGa Ey — Eq YGa hwpa
e _Ja = ey - £ . 4.156
No g ¥ ( KT ) o O P\ kT (4.156)
From equations (4.155) and (4.156) we get
A 1
plom) = 5 g . (4.157)
b Z exp(fway /KT) — 1

9pBpa

When Einstein derived this equation it was already known that the energy density of radiation
in thermal equilibrium with matter at a temperature 1" was given by Planck’s law

w3 1
= . 4.158
pl) m2c3 exp(hw/kT) — 1 ( )
Comparing both equations we conclude that
hw? 1 1
Apa = o3 Bha, — Bpa = — Bap- (4159)
Tec Ga 9b

19Gee appendix B.10.
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The Einstein coefficients are properties of the atom and these relationships hold for any type
of radiation. Their calculation from first principles could only be done after quantum mechanics
was developed. Using equation (4.140) we can relate Einstein’s A coefficient to the line strengths
of the decay in the electric-dipole approximation,

w3

Apg = W, = (4.160)

3meohcd gy, ba-

The B coefficient is related to the rate of induced emission by Wga = Bpq p(whq). It is useful to
write it also in terms of the A coefficient and the line strength,

2.3

T=C T
By = —Ap, = ———8 4.161
ba hw3 ba 350h2gb bas ( )
s
By = ———Sha- 4.162
ab 3507129@ ba ( )

The Ay, coefficient can be determined from the lifetime of the state, since Ny(t) = Ny (0)e™Abat
and 1/7 = Ap,. Once this is done, the remaining coefficients can be computed using the previous
relations.

When designing a laser it is very convenient to work with a configuration where the probabil-
ity of stimulated emission (coefficient B) is larger than the probability of spontaneous emission
(coefficient A). Since the ratio Ap,/Bs, is proportional to w?, it is clear that the higher the
energy (frequency) of the EM radiation the more difficult it is to build the laser. The ratio of
spontaneous over stimulated (induced) emission rates is

weooA 1 Foga
I - -1 4.163
Wi~ B pw) eXp( KT > (4.163)

It is worth stressing the fact that the quantum-mechanical treatment of the radiation field
gives rise automatically to the spontaneous part of the emission probability, while in the semi-
classical theory it has to be introduced ad hoc to reconcile Planck’s radiation law with thermo-
dynamic requirements. Indeed, Einstein was forced to invent spontaneous emission in order to
reproduce Planck’s formula.

4.5.3 Lifetime of the first excited state of Hydrogen.

As an example, let’s compute the Ay, coefficient for the 2p — 1s transition in Hydrogen. The
formulas to employ are

w3

Aba S(lb? and Sab = 62 Z | <abeMb ‘ R ‘ OzaJaMa> ’2.

= 3meohd
0 9b Mo M,

Here we only have one electron, so R becomes r and
_ 2 2 2 2
Sar = ¢(12p-1 [T |18) [ + | (2po | 1) 2 + | 2psa | x| 15) )
= 62<\ (2p-1|2[1s) [+ | (2po |2 | 1s) [ + | (241 | | 1s) [P+

21|y | 1s) 12+ 2po | y | 18) P + | (2ps1 |y | 1s) P+
[(2p-a|11) P+ | 2p0 | 2| 15) 2 + [ (2ps1 | 2] 1) ). (4.164)

To do the actual calculations it is convenient to use spherical components for r,

(ry 1) ()
rT=———(ry —1_), zZ =Ty, Yy=+—(ry+7_),
*/15 */15 (4.165)
r_=—(x—1y), ro = %, ry.=——(x+1y),
\/5( Y) 0 + \/Q( Y)
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and write them in terms of spherical harmonics,

4 [4 4
r_ = \/?ryll, ro=z= grylo, ry = \/?ryl“. (4.166)

Therefore

Sab = eQ(I (2p—1 |7 [1s) [P+ | (2po [ 7— [ 15) [P + | (2p41 | r— | 1s) |2
+[(2p-1]ro|Ls) [+ [ (2po |70 | 1s) [P + | (2p41 |70 | Ls) |
+1(2p-t [ | 18D 2+ [ (200 |74 [ 15) [2 4 | (2p41 | s [ 15) )
47 _ _ _ _
= e (2p v 1) (| (v Y[ Y9) P [ Y [Y9) P+ (v || Y) P2
H YY) P+ 1 |V Y9 1P+ 1Y | YY) P
LT YRR+ ([ VY 2 1Y) ).
This allows us to use directly Gaunt’s formula (B.199) to compute the integral of the products

of three spherical harmonics. They are also tabulated in several places (Weissbluth, table 11.1,
page 246). The results we need are

47

Ty Y= il

(Y ]y ‘YOH =3 vy | Y }Y00>‘ (4.167)

and all other matrix elements are zero. Therefore
47 _ _
S = 5 2 1) P (L0 (Y (39 F L07 [Y |90 P 1 (07 |9) )
=€’ (2p|r|1s) [°.

For the radial integral we can use the Hydrogen radial functions or look up the result in tables,
which is

2 15
2
| (2p|r|1s)|* = </ Ugp (1) u1s(7) rdr) =3 ag ~ 1.665 a2, (4.168)
where ag is the Hydrogen Bohr radius. Therefore,
215
Sab = 35 e%ad ~ 1.665 e?a?. (4.169)

In rectangular coordinates the calculation is a bit longer and would proceed as follows

_\2(” —r) 13>

1 2
+7)(2p_1|r_]13> -

2 1 2
= 3| @t lri1s) = 2oy || 15) |

|2pr |o|18) P = \<2p_1

1
= f\ (2p_1 |7y |1s) 2o lrir |1s) |
47r| (2p|r|ls)

3

E it vy [+ 2 ot v v [ = ot vyt ) |

47 1

2 11 215 214
= 1@l | (7Y )| = 5555 9 = 5 08

3230 07310
The matrix element containing four spherical harmonics is zero because it is proportional to

2w
/ e"?dy = 0, and the others follow from Gaunt’s formula. The remaining non-zero matrix
0
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elements are calculated in the same way. The list is

214
| (2p1|z|1s)[* = | (2py1 |z |1s)|* = @ag,
214
| (2p-1]y|1s) P = 2pa|y|ls) | = 310 ag, (4.170)

213
| (2po| 2] Ls)|* = @ag-

To get the line strength, the matrix elements in (4.170) must be added. The result is
Sop1s =€ | (2p|r|1s) | = 3 x 0.555 ’af = 1.665 ¢®ag. (4.171)

To compute the Einstein coefficient note that the degeneracy factor for the 2p state is gop, = 3
and?’

B9y — Eqs 1\ mecta? B 3 mec?a?
Wap,1s = 7% =(1- 27 on = g 3 . (4172)
Therefore
3 §me?2a2)3
w 8 L
A =——385 == 7 %1.665¢e%a?
2p,1s 3meghc3 gy, p.ls 3meghc3 gy, €9

3% 1.665 mec*a®
B 128h

This can be translated into a spontaneous radiative lifetime for the 2p state of 7 = 1/A =
0.16 x 10~ sec. It should be noted that these results hold only for unpolarized light.

=6.28 x 108571, (4.173)

4.5.4 Emission intensities.

A relevant magnitude when analyzing spectra is that of emission intensities. Transitions between
discrete states in atomic spectra in the laboratory are observed as a series of lines. If they are
in the visible region of the spectrum, we will observe that some lines are shinier (more intense)
than others. For a given sample of atoms, the line intensity is proportional to the emitted power
(energy per unit of time). Thus, the total intensity of a spectral line of frequency wy, is given
by the number of decays per unit time and unit of solid angle multiplied by the energy released

in the decay,
1 aN, 1
Iline = Embaﬁ = EhwbaAbaNba (4174)
where Ay, = Wy is the Einstein coefficient and IV, is the number of excited atoms in the
upper (initial) level. Equation (4.140) provides a relation between the line strength and the Ay,

Einstein coefficient, so we can write (in the SI system)
1 hwy, SpaNp

Tine = — ,
fine (13 127T2€(]h63

(4.175)

where g, is the degeneracy factor for the initial b state.

Let us compute now the total power emitted in a given transition by a sample of atoms in
thermal equilibrium with radiation of energy density p. If the energy released in the transition
is By — By = hwp,, the total power is

n2c3

2.3
e
oot Apap + Aba> Ny = hwpq Apa Np <7iw§’ap + 1)
2.3 3
e’ hw 1 hwpa Apa N
o + 1> = batha’h ___ (4.176)
hwy w3 exp(hwpa/kT) — 1 1 — exp(—hwp, /kT)
20We are not taking into account the spin degree of freedom here because AS = 0 for transitions in LS coupling,

which is the case in hydrogen. If we take into account the spin and set gz, = 6, then a factor 2 must be included
also in equation (4.171) and the final result does not change.

P = hwy(Bpap + Apa) Ny = hwpg (

= hwpa Apa Ny (
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4.5.5 Line broadening.

Up to this point, we have been assuming that the atomic states |a) and |b) are solutions of a
time-independent Schrodinger equation, hence stationary states. However, this cannot represent
the real system because we have found that there exists always a spontaneous emission process
for all states except the lowest one, so they cannot be stationary. To make a self-consistent
treatment of radiative processes we must take this into account. This can be done using time-
dependent perturbation theory, which you have seen in your Quantum Physics II course. You
can review it also by reading appendix (B.3), but here is a brief reminder.

Consider the Hamiltonian H = Hy + V, where Hg is the time-independent unperturbed
Hamiltonian, which we know how to solve exactly, and V' is a small time-dependent perturbation.
We look for solutions to the time-dependent Schrédinger equation

L O0Y(r, 1)
ih 5

=Hy(r,t) = (Ho + V)i(r,t) (4.177)

in terms of an orthonormal set of Ho eigenfunctions ¢ (r,t) = ¢p(r)e Pxt/h which satisfy
Hoodr = Erdr. We try the following wavefunction

= cr(t)pr(r)e BN, (4.178)
k
Upon inserting this expression in both sides of the Schrodinger equation we have
t i . aC —i
) _ ;Ekck(t)m(r)e Eit/h “hzk:atk k() e ERt/h (4.179)
Ho’tzr(r,t)
(Ho + V)(r,t) = Ho(r, t) + Z Ver(t)gr(r)e PN, (4.180)

Equating the right-hand sides of the two previous equations we find
i3 0% g )it/ = Ve B (1.181)
k

Multiply this expression on the left by ¢j(r), integrate over r, and apply the normalization
condition (¢¢|dr) = Ok,

Z Ocy, (ZS ‘d) szkt/h — Z <¢dv|¢k> ck(t)efiEkt/h,
k

L = 37 (GulV o) enlt)el BB, (4182)

ot -
We have as many differential equations of this sort as the number of Hy eigenfunctions. By
solving them we get the coefficients of expansion (4.178). The quantity |c(t)|? is the probability
of finding the system in the state ¢; at the time ¢.
For our purpose here we will reduce the sum to a single term so that only two states, ¢y
(initial) and ¢, (final), are involved in the transition,
dcy

Zh@ = (be|V | k) cr(t)e! Fem BRI/, (4.183)

A further assumption is that the initial state decays at a rate given by

h 1
Ck(t) _ e—Ft/Zﬁ — e—t/27—’ = =

= — 4.184
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where 7 is the mean life (or lifetime) of the state.?! The integration of the differential equation
for co(t) under these assumptions gives®?

: t
ce(t):—%mwk) /D ! BBt /h o =Tt /2h gy (4.185)

Now, calling « = —I'/2h < 0 and § = (E; — Ej)/h we have

2

t , (atif)t _ (atif)t _
/ elatiBty g — R : 1, lim | , ! = ! ; (4.186)
0 a+if t=oo | a4 if a? + 32
because e** — 0 for o < 0. Therefore,
|4 2
er(oo)p = - 2dVIdw| (4.187)

(Bp — Bg)? + 1%
Using the Fermi golden rule (4.117), Wy, = 22| (¢¢|V|¢x) [*6(E; — Ej), with the §-function

replaced by the density of states dN/dE, we can rewrite the previous expression as

QAN R Wi
dE 27 (Ep — Ey)2 + 112

|ce(00)] (4.188)

This formula has in principle a rather general applicability, but we are interested here in atomic
spontaneous emission. Let |B) = |b;0) be the initial state which consists of an atomic state
|b) and zero photons in the radiation field, and |A) = |a;1) the final state with one photon in
the radiation field. The total energy of the system is related to the atomic and photon energies
through

Ep—FEs=Ey— E, — hw. (4.189)

We need to replace the transition probability per unit time Wy, with the spontaneous emission
probability W*, which is equal to the Einstein A coefficient. Performing the substitution Wy, =
Ws = A =T/h we arrive at

dN 1 r
2
—_— = . 4.1
|C€(OO)| dE It (Eb . Ea o hw)2 + iI‘Q ( 90)
This can also be written as
dN h r
lcp(00)]? — = — (4.191)

dw 27 (Ey — B, — hw)? + 112’

Obviously |c(00)|? is the probability for a transition |B) — |A) to occur within a time much
longer that 7 = h/T, therefore the product |cy(00)|? (dN/dw) can be interpreted to be the
number of modes per unit angular frequency interval that are excited by spontaneous emission,
with any value of polarization and direction of propagation of the emitted photon. The following
normalized function

h r
Lw)=— ; L(w)dw =1, 4.192

is known as a Lorentzian line shape. It appears in many different situations involving resonant
processes. Note that the L(w) function has a maximum value for E, — E, = fw.

2'Note that the probability of finding the particle in state k is proportional to |c(t)|> = e T/ = ¢7t/7
the mean life is 7.
22In this step we are assuming that the perturbation V is approximately time-independent in the time interval

0 — t, so that the (¢¢|V|¢r) matrix element can be pulled out of the integral.

, hence



172

This analysis shows that the initial excited atomic state is broadened to a width I' = A/7
because of the spontaneous emission process, resulting in a Lorentzian shape in the emission
spectrum whose full width at half-maximum is I'. It can be shown that a similar analysis for the
absorption process would lead to the result that the absorption line is also broadened due to the
finite lifetime of the excited state. This is to be expected since there is an intrinsic symmetry
between absorption and emission. This broadening effect is usually called natural, since it is
always present even if other sources of broadening (Doppler and pressure broadening) could be
completely eliminated, which cannot.

Random motions of the atoms in gas give rise to a Doppler effect which broadens any given
line. The profile of the Doppler broadening is Gaussian as a result of the Maxwellian distribution
of atom velocities. Another source is the so-called collision or pressure broadening, since the
atomic collision rate in gasses increases with the pressure. Besides radiating a free photon,
an excited atom can lose energy by a more complicated process involving a collision with a
neighbor atom or with the walls of the containing vessel. These collisions interrupt the process
of light emission and effectively reduce the lifetime of the excited state, resulting in an additional
broadening which has also a Lorentzian shape, but with the parameter I' = h/7 replaced by
I'. = h/7., where 7, is the mean time between collisions.

4.6 Atomic spectra.
A few general features of atomic spectra are:

e Atomic spectra lines arise in most cases from single-electron excitations. In the visible (or
near visible) region of the spectra, one of the outermost electrons is responsible for the
transition. In the X-ray region an inner shell electron is involved.

e Most of the atomic spectra lines are of the electric dipole type, with transition probabilities
in the range of 107 to 10° sec™!'. Magnetic dipole and electric quadrupole transitions are
less probable by a factor of about 10°.

e Very few spectra can be described by pure LS coupling or pure jj coupling. When going
from light to heavy atoms there is a continuous transition from predominantly LS coupling
to predominantly jj coupling.

e As the departure from LS coupling increases, intercombination lines (due to transitions
with AS # 0) become more probable. Such lines are weak in the spectra of light atoms
and become fairly strong in heavy atoms.

The study of spectra is usually done by classifying the atoms into groups based on the number
and type of electrons that are excitable. The best-understood spectrum is that of Hydrogen,
whose main features are contained in the expression

Ry he 1 1
B =_"" — =R RN — 4.193
n n2 ) \ H (’)”L% n%) ) ( )
where 4
R
Ry=—2_— /2% = 109678.758 cm ™! = 13.595 eV,
1 -
T
mM me?

= 1097373.3157 cm ! = 13.6057 eV.

b= s Foo = 912

M is the proton mass, m is the electron mass, Ry is the ionization potential of Hydrogen, and
R is the Rydberg constant. The major series of lines in the spectrum of Hydrogen are those
associated with n; = 1,2,3, ..., named as shown in table (4.2)
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Series ny N Longest wavelength in A
Lyman 1 2,3,... 1215.68
Balmer 2 3,4,... 6562.79
Ritz—Paschen 3  4,5,... 18751
Brackett 4 5,6,... 40510
Pfund 5  6,7,... 74560

Table 4.2: Main series in the Hydrogen spectra.

e Beyond Hydrogen, the alkali elements (Li, Na, K, Rb, Cs, Fr) have a single s electron
outside of a filled s or p shell. The ground state for all of them is 2S; /2. Because of the
spherical symmetry of the filled shells the outer electron moves in a central field, therefore
the spectra of these elements have very close similarities to that of Hydrogen. The single
electron in alkali elements is more loosely bound than the inner electrons and than the
electron in Hydrogen, hence the ionization potentials of these elements are lower. However,
the doublet splitting due to spin-orbit interaction is much larger than in Hydrogen.

One would be tempted to use equation (4.193) in the valence electrons of these atoms. A
better model for alkali atoms can be found by writing the energy of each (n,¢) term as
Ry
Eyp=———+, 4.194
where 0(¢) is a phenomenological parameter named quantum defect. According to this,
the energy emitted in a transition (ng,f2) — (n1,41) is

he 1 1
N <[n1 R 6(&)}2) | (4.195)

The quantum defect accounts for the penetration of the inner shells by the valence elec-
trons. Although the quantum defect should in principle depend on both n and ¢, it is
empirically found to depend mainly on ¢ only. The discussion here is also valid for other
atoms with a single valence electron as, for example, the singly charged ions of the divalent
alkaline-earth metals: Be™, Mg™, Ca™, etc.

Z Element Configuration Term Ion. Pot. (eV)

3 Li [He]2s %S1 /2 5.39
11 Na [Ne]3s %S /2 5.14
19 K [Ar]4s %Sy /2 4.34
37 Rb [Kr]5s %Sy /2 4.18
55 Cs [Xe]6s 281 /2 3.89
87 Fr [Rn]7s 28, 9 4.00

e Cu, Ag and Au have an s valence electron outside of a filled d shell. However, since the
binding energies of the s and d electrons are comparable, their spectra are interpretable
on the basis of either s or d excitations.

e Elements with a single p electron outside of closed shells are: B, Al, Ga, In and T1. In
boron, for example, the ground state configuration is 1s22s?2p. The spectrum of these
atoms resembles that of an alkali atom but with the lowest 25 term missing. In the
same category are F, Cl, Br, I and At, whose ground state configurations are np°. This
configuration also gives rise to the single 2P term but the multiplet structure is inverted
because the shell is more than half-filled.
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So far we have discussed atoms with a single valence electron (electrons outside closed shells).
We briefly describe now the spectrum structure of atoms with two valence electrons or two
valence vacancies.

e Helium has two valence electrons. The energy levels of the Helium atom were discussed
in 3.1. The structure shows two families of levels according to the total spin of the atom:
singlets and triplets. For the same value of L, the triplet S = 1 states are at lower energy
than the S = 0 singlets. Due to the AS = 0 selection rule there are not optical transitions
between singlets and triplets.

e The alkaline earth elements: Be, Mg, Ca, Sr, Ba, Ra, Zn, Cd and Hg have also two electrons
(ns?, n > 2) outside closed shells. Their spectrum is generically similar to that of helium.
However, the spin-orbit interaction is more relevant than in He and the selection rule AS
is not as strict as for this element. The ionization energy of these elements is, evidently,
smaller than for helium.

e For C, Si, Ge, Sn and Pb the two valence electrons are in a np? configuration. The
ground term is 3Py (Hund’s rules). In the first excited states of these elements, which is
np(n+1)s, a departure from the LS coupling into the jj coupling is observed as n increases
(for heavy elements). This discussion also applies to O, S, Se, Te and Po, since they have a
np* structure that produces the same terms as np?, but with inverted multiplet structure.

Elements with three valence electrons in a np? configuration are: N, P, As, Sb and Bi. The
lowest term is %S while the other np? terms, 2P and 2D, are meta-stable because of the AS
selection rule (heavy elements deviate from this behavior because LS coupling does not apply
well to them). The noble gases Ne, Ar, Kr, Xn and Rn, show a stable np® configuration with a
1Sy ground state.

There are elements in which the occupation of s orbitals competes with the occupation of d
orbitals. These elements have s electrons outside partially filled d shells and can be classified
according to their unfilled d shells. The 3d (iron) group: Sc, Ti, V, Cr, Mn, Fe, Co, Ni; the 4d
group: Y, Zr, Nb, Mo, Tc, Ru, Rb, Pd; and the 5d group: Lu, Hf, Ta, W, Re, Os, Ir, Pt. Due
to the large number of terms produced by the d orbital electrons, the spectra of these atoms
are very rich in the visible and ultraviolet regions. Their electronic configuration with unfilled
d shells is also at the origin of the important magnetic properties of these materials.

Finally, we have the materials characterized by unfilled f shells. These are the lanthanides
(4f): Ce, Pr, Nd, Pn, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb; and the actinides (5f): Ac, Th,
Pa, U, Np, Pu, Am, Cm, Bk, Cf. Again, rich spectra and peculiar magnetic properties arise
from the partially filled shells.

4.6.1 X-ray spectra

X-rays are high-energy electromagnetic radiation with wavelengths ranging from 0.01 to 10
nanometers, corresponding to frequencies in the range 3 x 10'6 Hz to 3 x 10'® Hz and energies in
the range 100 eV to 100 keV. X-ray wavelengths are shorter than those of UV rays and typically
longer than those of gamma rays.

Spectra originating from transitions by inner shell (core) electrons are known as characteristic
X-ray spectra. They are produced when an electron from an inner shell is removed from the
atom (ionization), creating a hole. This can be done by electron bombardment, bremsstrahlung
X-ray irradiation (see below), or other means. The atom reverts to the ground state through
transitions where the hole is filled by an electron of an outer shell accompanied by the release
of an X-ray photon (See Fig.4.3).

The vacancy in a closed shell produces the same term as a single electron but with an inverted
multiplet structure and the selection rules are the same as for a single electron: An # 0,
Al = 41, Aj = 0,4+1. For historical reasons the electronic shells are named K, L, M, N,
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Figure 4.3: X-ray absorption and fluorescence. (a) Excitation; (b) deexcitation by fluorescence.
Reproduced from Weissbluth 1978.

O... which was later discovered that correspond to principal quantum numbers 1, 2, 3, 4,
5... Therefore the K shell corresponds to n = 1, £ = 0, j = 1/2, whereas the L shell is in
principle three-fold degenerate, although screening effects and the spin-orbit interaction remove
this degeneracy. In X-rays terminology the quantum number correspondence is

0, j=41 (Ly)
n fry 27 g pry ’ . 2
{ 1, j=4%,3 (Lu, Lm)

The M level consists of 5 components, the N level of 7, etc.

If the initial vacancy occurs in the K shell, an electron from the L shell can fill the hole and
emit an X-ray photon. Two possible transitions are allowed by the selection rules. Using the
notation (n,/,j), they can be written as (2,1,3/2) — (1,0,1/2) and (2,1,1/2) — (1,0,1/2).
The emission lines corresponding to these transitions are labeled, according to the International
Union of Pure and Applied Chemistry (IUPAC) nomenclature, as K-L3 the more energetic one,
and K-Ls the less energetic. If the vacancy in the K shell is filled by a M-shell electron the lines
are tagged as K-Ms and K-Ms. After the K-L photon is emitted the vacancy moves to the L
shell. Holes in the L shell are filled by electrons from the M shell, giving rise to a series of L
lines. This process continues until the atom reaches the ground state again, so the emission of
the K series is always accompanied by the emission of the L, M, N ... series, as appropriate.
Historically the Sieghbahn notation (named after Manne Sieghbahn) was employed in X-ray
spectra. Although still widely used in spectroscopy, this notation is unsystematic and often
confusing. In the Sieghbahn notation K-L x-rays are known as K, K-M x-rays as Kg, etc. The
correspondence between the two notations for some main spectral lines is specified in Fig 4.4.

The energy of an electron in an inner shell with principal quantum number n can be written
as: (Zeff)Q

B, = - Ry, (4.196)

where fof is the effective nuclear charge. The difference between Z and Zﬁﬁ is caused by the
screening effect of the other electrons. This can be re-written as:

ZzN =7 -0, (4.197)

where o, is a phenomenological screening parameter accounting for the screening of the
nucleus by the other electrons. For the K shell of sodium (Z = 11), for example, the measured
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Figure 4.4: Energy level diagram showing electron transitions producing Fe K and L x-rays.

value is 1 = —1072 eV as compared to

(11)?
o

Ry = —1650 eV.

This implies Zgﬁ = 8.88 and o1 = 2.12. This describes the combined screening due to the other
electron in the K-shell and that of the remaining nine electrons in the higher shells. It can
be seen that the value o1 = 2.12 may be interpreted as a contribution of ~ 1 from the other
electron in the K shell plus another contribution of ~ 1 from the remaining nine electrons. Most
of the probability density for these outer electrons lies outside the K shell, but there is still some
fraction of it closer to the nucleus than the expected value of the K shell radius.

The energy of an X-ray transition n’ — n is given by:

(Z)? | (2

CITRINT:

In practice, a crude approximation as Zﬁff = fof = (Z — 0y,) can be done to get, for the K shell,

hw = |Ey — E| = ‘_ Ry (4.198)

hw ~ (Z — ox)*Ru (112 — (n1,)2> : (4.199)

where n/ > 1 and, for heavy atoms, o ~ 3. A similar expression applies to the L shell:
hw ~ (Z o (N (4.200)
=~ ( - UL) H 22 - (n,)2 ) .

with n’ > 2 and o, ~ 10. These expressions are examples of the so-called called Moseley’s law,
which has just an empirical justification. The fact that the Z°f = Z;zff approximation can be
applied means that the transition energy is dominated by the energy of the lower shell. Moseley’s
law and equation (4.196) do not explain the sub-shell structure shown in figure (4.4).
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Figure 4.5: X-ray emission and absorption spectra of gold. (a) Emission spectrum at two differ-
ent electron voltages showing sharp lines caused by L-series transitions. (b) Mass attenuation
coefficient, which is proportional to the absorption coefficient. Reproduced from Fox (2019)

The left plot of figure (4.5) shows the X-ray emission spectra of gold for two different energies
of the electron beam which collides with the gold target. The sharp peaks are generated by
radiative transitions following the ejection of L-shell electrons. The continuum part of the
spectrum is due to bremsstrahlung.?® The right plot shows the gold mass attenuation coefficient
(proportional to the absorption coefficient) for X-rays of energies up to 300 keV. A series of
sharp edges can be seen. They occur when the incoming X-ray photon has enough energy to
promote an electron from an inner shell to empty states above the highest occupied shell (either
bound or ionized states). The absorption probability decreases beyond the edges due to the
reduced overlap between the initial localized electron wave function and the delocalized states
of the continuum, as described by the photoelectric cross-section. The energy of the absorption
edge can be derived from equation (4.198) setting F,s = 0, since the binding energy of valence
electrons is negligible compared to X-ray energies. We have
(Z:")?

edge __
E =z

(Z — 0)?
T R (4.201)

Ry =
The absorption edge provides a measurement of the inner shell energy.

The emission of X-rays is not the only way for an atom with a vacancy in an inner shell to
loose energy. The excitation energy of the atom can be decreased by ejecting an electron from
the outer shells without the emission of any photon. Such radiationless deexcitation of atoms by
emission of electrons rather than X-rays is known as the Auger effect, and the emitted electrons
are called Auger electrons. Of course, an Auger process leaves the atom in a doubly ionized
state which can further relax by photon emission, so an Auger electron is usually accompanied
by X-rays.

23Bremsstrahlung radiation is produced when energetic electrons scatter off atoms without ejecting a core
electron from the target. The acceleration of the electron associated with its change of direction causes it to
radiate energy in the form of X-rays.



178

4.7

Problems.

1. Write the wave function corresponding to the three-photon state |1y, 4+, 1k, +, 1k, —)
in the Fock space.

2. A general two-photon state can be written as

state) = > f(ki, &y ke, 8x,)af,  af .10,
k1,A1,ka, A2

where, apart from normalization, f(ki,&),;kse,€,,) is any function of kj, &y, and
ko, &), (f can be called the wave function of the state).
Show that this state may be written as

|state) = Z 9<k17éx\ﬁk2aé/\2)af<1,AlaL2,)\2’0>7
ki,A1,k2, A2

with g(k17 é)\l; k25 é>\2) = {f(k17 é)\1; k23 é>\2) + f(k27 éz\g; kl; é)\l)}/Qa symmetric un-
der the interchange of labelling. Discuss the implications of this result.

3. The free-radiation field state inside a cubic enclosure can be written as

¢) = exp (—;rcP) i .

where ¢ = |c|e?® is any complex number and |n) is a state of n photons with some
specific wavevector k and transverse polarization A\, omitted in the expression (|n) =
|nka)). Such a state |c) is called a coherent state and is extremely useful in quantum
optics and other bosonic quantum field theories. Derive the following properties of

).

(a)
(b)
)
)

|c) is normalized: (c|c) = 1.
|c) is an eigenstate of axy with the complex eigenvalue ¢: ax) |c) = ¢|c).
(c) The expected number of photons in the enclosure N = (c|N|c) is equal to |c|?.

(d) The RMS fluctuation of the photon number is given by:

(AN)? = (c|N?|c) — N? = ||~
(e) The expected value of the electric field E is given by:

21w hwk

E = (c|E|c) = -2 le|sin(k - r — wit + §) &k,

where V is the volume of the cubic enclosure.
(f) The RMS fluctuation AE in the electric field is given by:

(AB)? = (el E%]e) — (el Ele)? = 2%,
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4. Using the properties of the 6j Wigner coefficients demonstrate the E1 selection rules:
AL=0,+1,L,+ Ly >1, AJ=0,+1and J, + J, > 1

5. The diagram shows the energy levels of Ti™. Indicate all possible electric-dipole
transitions (E1) in LS coupling assuming all multiplets are normal (higher J terms
are more energetic).

3d 4s2 3d24s 3d3 3d24p
’F
°D =
S c —
- =
i —

6. The diagram shows the ground state and first excited states of Sc (Scandium, Z =
21).

a) Indicate the parity of every state.

b) Make a table with the allowed electric dipole (E1) transitions. Assume normal
ordering of the multiplets.

c¢) Indicate, as a function of two 6-j symbols, the line-strength ratio between the
2P3/2 — 2D5/2 and the 2P1/2 — 2D3/2 lines.

d) The transition indicated with a dashed line is experimentally observed. Discuss
the presence of that transition in the spectrum of Scandium.

3d%4s  3d4s4p  3d4s? 4s24p

E p _— 2p
f— D
=
— 2F
- — 4
— F
= N
\\ 2D

7. For each of the following transitions among LS-coupled levels, state whether it is
allowed or forbidden for electric-dipole transitions. For forbidden transitions, which
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selection rules(s) is/are violated?

3P — 18,
2P3/2 - 251/2
D3y — %S0
4D3/2 - 2P1/2
3Fy — 3Gy
3Gy — 3Hj
3Hy — 3G4

4111/2 — 4K11/2

8. Determine the possible atomic terms for the p? and sp electronic configurations.
Determine also the electric dipole transitions which can take place from the p? to sp
terms assuming LS coupling.

9. The electronic configuration of the phosphorus ground state is [Ne](3s)?(3p)3.

e Find the values of L, S and J for the phosphorous ground state.
e Find the possible values of L, S and J for the excited configuration (3p)?(4s).

e One of the terms of the previous excited configuration is 4P. Taking into
account that the energy increases with the value of J, draw a Grotrian diagram
showing the levels of this term and the ground-state level. Show also the
corresponding parities.

e Draw all possible radiative transitions between the previous levels. For each
transition list the appropriate selection rules and the type of radiation emitted.

10. The next figure shows the ground state of Calcium ([Ar]4s?), also named as Ca
I, and some of its first excited terms. Over every term there is its corresponding
configuration.
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4p? 452 4s4p 3d?

a) Assign quantum numbers, L and S, to each term using the Hund rules and
indicate, with spectroscopic notation, which one corresponds to each term.

b) In the 3d? configuration there are terms that are in principle possible, but are
not observed in reality. Discuss the relation of the energy of these terms with
the ionization energy of Ca.

c) Make a diagram showing the levels of the terms due to the spin-orbit interac-
tion, sorted in energy according to Hund’s rules.

d) Draw in the previous diagram the allowed dipolar electric transitions (E1)
between the considered levels.

e) Aside from the terms of the figure, Ca I presents a P term corresponding to
the [Ar|4sbp configuration. This term splits into three levels with energies:
36547.688, 36554.749 and 36575.119 cm ™! above the ground state. Compute
the approximate value of h?C, where ( is the proportionality factor in the
spin-orbit matrix elements, (¢ LSJM | Hso | LS JM ), of multielectron atoms
explained in Eq. (3.92).

11.

For an F multiplet decaying into a D multiplet, find the relative intensity of
2F7/2 — 2D5/2 and 2F5/2 — 2D3/2 transitions.

Hint: you need to use a 6j table. Assume that the difference between the frequencies of
the photons emitted in both transitions is negligible, so that the relative intensity can be
approximated by the ratio of line strengths.

12.

Thomson scattering: When discussing the interaction of the EM radiation field
we neglected the interaction hamiltonian given by

Hing = A
" 2mc?

in equation (4.69). This term is very relevant when we consider the scattering of
photons with energies Awy, much larger than the binding energy of the electrons,




182

such that the electrons can be considered to be free (only their kinetic energy has to
be accounted for), but much smaller than mec?. This last condition implies that the
energy fwy of the scattered photon (k # k) is not changed, hwy = hwy, because
for small recoil momenta the recoil energy may be neglected.

)

Show that

2me’h
mV wy

(b; Liwn | Hint | a5 1kn) = [€x/x * €xA] Opy 1k’ pathks

where a and b indicate the electron state. Recall that, since we are considering
free electrons in a cubic enclosure of volume V' (we can disregard the electron
spin in the exercise),

1 . 1 .
(rla) = —=e®r/h (r|b) = —=ePo/R,

vV vV

We are not interested in the recoil of the free electron. Thus, we can sum over
all the possible final momentum values of p; to obtain

Hint | Licx) = Z

Pb

o2eh 55 o2re?h .
€/ )\ * ek hk’ hk — €k’ )\ * €k\-
Py+hk ;pa+h mek

<1k’,)\’

mV wy

Now, use equations (4.117) and (4.120) and show that the transition probability
to a group of states is

de/\—>k’ N c

dQ = VTS [ék’)\’ . ék)\]2,

where 79 = €?/(mc?) ~ 2.818 f is called the classical electron radius.

If the transition probability is divided by ¢/V, which is the photon flux, we
obtain the Thomson cross-section

do

dig = 7"(2) [ék//\/ . ék)\]2 .

We shall study the physical meaning of a cross-section in Chapter 5.

We want to obtain the unpolarized cross-section summing over the polarization
of final states and averaging over the polarization of initial states. Demonstrate

that
2 2

dotp 2 R R r2
a0 = 50 Z [ek/,\/ . ek)\]Q = 50(1 + COS2 Hk),
A=1)'=1

where the 05 angle is defined in a reference system where k= k/k is the z axis
unitary vector (see figure 4.1).

Now, integrate this result over the solid angle to show that the total cross-

section is 8
T _
Ototal = ?rg = 6.65 x 1072 cm?.
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13.

What is the the 3p — 1s Einstein A coefficient in Hydrogen?
Hint: you may consider that:

2 B 28n7(n . 1)2n—5

(/OOO Unnp () 1s(7) rdr) - Wag.

14.

The following Grotrian diagram shows (not to scale) the energies of the six first
Hydrogen orbitals

3§ — 3p — 3d
25 m— 2p
1s

Draw, using arrows in this diagram, all possible E1 transitions. Compute the lifetime
of the 3p state. You will need the following formula

> 2 N0 (n2 = 1)(n — 2)2n—"6
</0 tnp (r)uzs(r) 7 dr) - ( (n+ 2))(2n+6 ) a(Q)a

where u,¢(r) = rRy,(r) is the radial part of the Hydrogen-like wave functions.

15.

A Hydrogen atom in its ground state is excited by a time-dependent perturbation
Ho = eSoze_t/T, t>0.

Find, at first order in time-dependent perturbation theory, the transition probability
to the |nfm) state.

Hint: Consider: z = ry/%"Y19(0, ) and the radial integral in the hint to problem (13).

16.

We are investigating hydrogen plasma at a temperature of 4500°C. Calculate the
probability, per atom and second, for stimulated emission of photons between the 2p
and 1s states if the lifetime of 2p state is 1.6 ns.

17.

Replace the Coulombian interaction between a proton and an electron with a three-
dimensional harmonic oscillator

1
V(ir)y=Vo+ imw2r2,

where r is the distance between the two charges and m is the electron mass.
a) Show that separation of variables in cartesian coordinates turns this system

into three one-dimensional oscillators. Take the solution of a one-dimensional
oscillator from a textbook and demonstrate that the allowed energies are

3
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where ng, ny, n, are integer numbers and n = n; + n, + n,. What is the
wave function for a generic state |ng, ny, n.) of the three-dimensional oscillator?
Write explicitly the wave function for |0,0,0) (the ground state) and for |1, 0, 0)
(one of the first excited states).

b) Discuss the degeneracy of E,, in particular that of the ground state and first
excited states of the oscillator.

c¢) Determine the parameters Vj and w if the energies of the ground and first
excited states coincide with the ground and first excited states of the Hydrogen
atom.

d) Determine the lifetime of the first excited state of the three-dimensional oscil-
lator.

18.

Radiative transitions from n = 109 to n = 108 of Hydrogen states are observed in
radio—astronomy. Compute the frequency and wavelength of the radiation emitted in
this transition. This same transition has been also observed in excited helium atoms.
Without performing any calculation try to estimate the frequency of the radiation
emitted. This kind of radiative transitions are very difficult to observe in laboratory
experiments, can you tell why?

19.

The ground-state electronic configuration of the alkali metal cesium, Cs, is [Xe]6s.
The approximate values of the quantum defects are: §(0) ~ 4.11, §(1) =~ 3.61,
d(2) ~ 245, 6(3) =~ 0.02. The 6s electron is promoted to the 7p shell. What
wavelengths can be observed in E1 emission?

20.

Francium, Fr, is an alkali metal with electronic configuration [Rn]7s!. Its first ion-
ization potential is equal to 4.07 €V, and the wavelength of the transition 8p — 7s
is 428 nm.

a) Compute the values of the quantum defects 6(0) and §(1) for Fr.
b) Make an estimation of the 7p — 7s transition wavelength.

¢) Compute the minimum value of §(2) for the 8p — 6d (emission) transition to
be possible.

21.

To study the composition of an alloy sample of iron (Z = 26) and manganese (Z =
27), we plan to use X rays with energy equal to the average value of the two K shell
absorption edges of these metals. Compute this average energy.

22.

A sample of tritium atoms is excited into 2p states. Tritium is unstable and decays
as $H — 3He + e~ + .. What is the relative intensity of the 3p — 1s and 2p — 1s
lines of the resulting SHe™ ions from the tritium decays?

Hint: you need to take into account the probability amplitudes for an initial 2p tritium state
to end up populating (after the tritium decay) the 3p and 2p 3He™ states.
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23. A gas enclosure of 125 cm? volume contains Lithium vapour at thermal equilibrium
at a temperature of 970 K and a pressure of 135 Pa. The radiated power for the
2p — 2s transition, that corresponds to 670.8 nm wavelength, is 10.41 mW.¢

Nap

a) What is the ratio of the 2s and 2p populations, i.e. Ny

b) Calculate the lifetime of the 2p state of Lithium.

“In fact there are two levels in the *P Li term, *Pj/» and *P;/,. Their transition wavelength
differs less than the quoted precision and can be considered degenerate in this problem.
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Chapter 5

Scattering.

Particles bound by a potential, as electrons in an atom, have a discrete spectrum of negative
energies. Free particles, on the other hand, may have any positive energy in a continuum
spectrum. Scattering theory studies processes where a continuum initial state is transformed
into a continuum final state through the action of some potential. By performing scattering
measurements is how we primarily get information about distributions of mass, charge and
potential energy for molecular and atomic systems. At a more fundamental level, it is also the
primary way to study the properties of elementary particles and their interactions. This chapter
deals mainly with the theory of scattering in a simple but important case, the elastic scattering
of a non-relativistic particle in a local potential. In section 5.9, a brief introduction to scattering
by complex potentials and absorption processes is given.

5.1 Introduction: classical scattering theory.
Consider a particle that approaches a scattering center (a heavy nucleus, for example) with an

impact parameter b (see figure (5.1)). Provided the interaction is symmetric in the azimuth
angle, the trajectory remains in a plane and the particle emerges at some scattering angle 6.

Scattering center

Figure 5.1: Impact parameter of a classic scattering trajectory.

NY

Figure 5.2: Elastic hard-sphere scattering. According to this figure, b = Rsin a.

187
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do = bdbd¢

I

dQ) = dcos 6d¢

/

Figure 5.3: Particles incident in the area do scatter into the solid angle dQ2. (taken from Rubbia

[12])-

Suppose the target is a hard sphere of radius R and the incident particle bounces off elastically.
According to figure (5.2), the impact parameter can be written as b = Rsin «, and the scattering

angle as 0 = m — 2a, so
(T 0 0
b= Rsin (2 — 2) = Rcos <2> (5.1)

0 — {2 arccos(b/R), ?fb <R . (5.2)
0, ifb> R
In a more general situation we should consider particles that come in through an infinitesimal
cross-sectional area, do, and scatter into the corresponding infinitesimal solid angle d (see
figure (5.3)). The differential scattering cross-section, D(f), is defined as the proportionality
factor between do and df).
do = D(6)dQ2. (5.3)

Although D(0) = do/dQ is called differential cross-section, and is almost always written just
as do/d€2, it is neither a cross-section nor a differential quantity. However, this terminology is
universally used. In terms of the impact parameter, b, and the azimuthal angle, ¢, we have

do = bdp db dQ) = sinfdf de, (5.4)
therefore b ldb
D(0) = T (5.5)

We take the absolute value because b is usually a decreasing function of 6, therefore the derivative
is negative.!
In the case of hard-sphere scattering we have

b 1 ~ Rcos(0/2) 1 . _R?
0= —5R81n(9/2), D)= ————= §Rsm(0/2) =T (5.6)
The differential cross-section is actually independent of 8 in this very particular case. The total
cross-section is defined as

sin @

o= /D(Q) dQ. (5.7)

Note also that 0 < @ < 7.
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Figure 5.4: Beam colliding with a thin slab of material in fixed-target configuration.

This can be visualized as the total area of the incident beam that is scattered by the target.
Alternatively, this is the area that a single particle has to cross to be scattered by the target. In
our hard-sphere scattering example, the cross-section is just the geometric cross-sectional area
of the sphere, as expected

R2
T4

The flux, ¢, of a beam of particles is defined as

dQ = 7R%. (5.8)

o

¢ = number of incident particles per unit area, per unit time. (5.9)

The number of particles entering an area do per unit time is AN = ¢ do = ¢ D(0) dS2, therefore
we have

_1dN
9 dQ’
This formula shows, in practical terms, how a scattering cross-section is measured in the lab-

oratory: count the number of particles scattered per unit of time into a given element of solid
angle, and normalize to the flux of the incident beam.

D) p / D(0)dQ = N. (5.10)

5.2 Interaction probability.

5.2.1 Fixed-target configuration.

Let us consider a beam of particles sent to collide with a fixed target made of a thin slab of
material, which has area A and very small thickness dz, as shown in Fig. (5.4). The scattering
centers are assumed to be uniformly distributed in the target slab, with an average density per
unit volume p. We associate to each scattering center a small area given by the cross-section
relevant to the physics process we wish to study, o. If the flux of incoming beam particles is
uniform, then the probability that a particle of the beam interacts with a scattering center in
the target slab is equal to the ratio of the total area covered by the scattering centers and the
total area of the target (assuming the incident beam illuminates all the target),

opAdz
A

Prob. of int. indz = w= = opdz. (5.11)

This equation is valid in the so-called thin target approximation, which assumes the areas
covered by the scattering centers do not overlap. The number of interactions per unit time, or
interaction rate, can be obtained using the beam flux, ¢, as

Rint = pAw = A‘(/iz ppo = Vp ¢po = N.odo, (5.12)
Nc
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where V' is the total volume of the target and N, is the total number of scattering centers in
that volume. If the process under study is scattering off nuclei, then the rate can be expressed
using the Avogadro number as

Ring = NaM oo, (5.13)

where M is the mass of the target in grams and N4 = 6.02214076 x 10> mol™! (exact).

Because for thin targets the areas of the scattering centers do not overlap, the quantity N, in
the relation Rjy = Nc¢o can in fact be regarded as the number of scattering centers per unit of
target area, having taken into account the actual target thickness and density. Thus, a common
way to specify the properties of a thin target is just to provide the number of scatterers per unit
area. This is the reason why in practical applications thin target densities are quoted in units
of cm™2 (gr - cm ™2, nuclei - cm™2, etc.).

For thick targets we define N(z) as the number of particles surviving (i.e., that do not suffer
any scattering process) after travelling a distance z inside the target. The probability of a
particle interacting in any thin piece of the target between z and z + dz is given by w, therefore
the number of particles interacting between z and z + dz is

N(z)w = N(z)opdz. (5.14)

The number of incident beam particles at a distance z + dz is equal to their number at z minus
those that have interacted, thus

N(z+dz) = N(z) = N(2)opdz = dN(z) = —N(z)opdz. (5.15)

It is convenient to define the mean free path of the incoming particles as the inverse of op, which
has units of distance .
0-7[).
To find the number of surviving incident particles as a function of the distance travelled inside
the target we just need to integrate
z dN / z

N((ZZ’)) = _/0 opdz = —opz = —;, log (N(2)) —log (N(0)) = —

A

(5.16)

z
0 A
Therefore

N(z) = N(0) e~/ (5.17)

The initial number of particles before entering the target is N(0). The probability of an incident
particle to not suffer an interaction after travelling a distance z inside the target decreases
exponentially. The mean free path, )\, is the distance at which the fraction of surviving particles
is equal to 1/e ~ 0.37.

5.2.2 Collinear and head-on collisions.

In particle colliders we need to take into account the movement of two beams of particles that
collide head-on. Let’s consider a flux of incoming particles, labelled a, travelling in the positive
direction of the z axis with velocity 3,. It faces another beam of particles, labelled b, travelling
in the negative direction of the same axis with velocity 3, as shown in Fig. (5.5). The densities
of particles per unit volume are denoted as n, and ny, respectively. The two beams have the
same cross-sectional area, A, with a perfect overlapping. When the two beams cross, a particle
of beam a travels in a time interval 6t a distance

50 =B, — By|5t = vit

inside the beam b, where v = |3, — 3;| is the relative velocity between the two beams. This
means that particle a crosses a volume containing

npAdl = nyAvdt
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Figure 5.5: Two beam of particles colliding head-on.

particles of type b. The same reasoning used to derive Eq. (5.11) leads to the following proba-
bility of interaction of particle a

Avo st
Prob. of int. head-on = Py = % = nyvodt. (5.18)

The number of interactions per unit time (interaction rate) of n,V particles of type a in a volume

V' is then given by
ngV Pyt

ot
There are n,V particle of type b in the volume V', therefore the interaction rate per particle of
type b is given by

Rint = = n,mpvVo. (5.19)

Rint
nbV
The quantity ¢, = n,v can be taken to be flux (units cm~2s7!) of particles a seen by a particle
of type b. Hence Rj,; 1, can be written as

Rint,b = = Ngvo. (5.20)

Ringb = ¢q0. (5.21)
The total rate, Rin, can be written in terms of a total relative flux factor F' defined as?
F = ngnpo. (5.22)
Thus
Rint =V Fo (head-on collisions). (5.23)

It should be noted that this derivation is only valid in a non-relativistic regime, which is seldom
the case in practical applications of particle physics colliders.

5.3 Quantum scattering theory.

To describe the scattering of a particle by a potential using quantum mechanics we should in
principle study the time evolution of a wave packet, which presumably represents an incident
particle with some energy width and spatial localization. However, most of the important physics
results can be more easily obtained using plane waves. This is rather satisfactory, as long as the
dimension of the wave packet is much larger than the size of the scatterer or the range of the
potential. Let’s consider then an incident plane wave traveling in the z direction, ¥ (z) = Aeth
that scatters off a potential. This is a non-normalizable state, infinite in extent in both space and
time, but we can also interpret the real parameter |A|? as the number of incident beam particles
per unit volume. After the scattering has taken place, we expect to have a superposition of the
initial plane wave and a scattered spherical wave, as shown schematically in this two-dimensional
graph

2This relative flux, despite its name, does not have units of cm™?s™!.
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Figure 5.6: Graphical representation of the volume dV = vdtdo. (taken from Griffiths [7]).
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On physical grounds, then, the solutions of the Schrodinger equation for large values of r ought
to be of the general form
ikr

b(r,0) ~ A [ek + £(0)S ] . (5.24)

r

Note that the spherical wave carries a factor of 1/r because, at large values of r, |1|> must go
as 1/7% to conserve probability.®> The wave number k is related to the energy of the incident

particles through
V2mE
TR
The function f(0) is called the scattering amplitude, and for the time being we will assume
it depends only on the polar angle 8, although in general it could have also an azimuthal
dependence on ¢. It is not difficult to see that |f(6)|? is in fact the probability of scattering
in a given direction #. Indeed, looking at figure (5.6), we realize that the number of particles
(traveling at speed v) that cross the infinitesimal area do in a time dt is given by the product
of the differential volume dV = vdtdo and the modulus squared of the incident plane wave,

k=

(5.25)

[Wincident|* AV = |A[*(vdt) do. (5.26)

By probability (or flux) conservation, this must be equal to the number of particles that scatter
into the corresponding solid angle df2, which is given by the product of the spherical wave
amplitude and the differential element r2 dQ
[APIf?

2

|¢scattered|2 dVv = T(Udt) 7‘2 dQ2 = |A|2‘f|2(vdt) dQ. (527)

Equating both expressions we find do = | f|?dS2, therefore

Do) = & = 7(0)P (5.29)

3This decreasing as 1/r of the scattered wave was at the origin of the probabilistic interpretation made by
Max Born in 1926. At first, Schrédinger and others thought that the wave functions represent particles that are
spread out, like pressure disturbances in a fluid, and that most of the particle is located where the wave function is
large. However, the 1/r dependence contradicts the common experience that, though a particle striking a target
may be scattered in any direction, it does not break up and go in all directions. Born concluded that ¥ (r,t) does
not tell us how much of the particle is at position r at time ¢, but rather the probability that the particle is at or
near r at time ¢.
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The main goal of scattering theory is to compute the scattering amplitude f(#) by solving the
appropriate Schréodinger equation. In the remainder of this chapter we will study two techniques
to attack this problem: partial wave analysis and the Born approximation.

5.4 Partial wave analysis.

Partial wave analysis is especially convenient for spherically symmetric potentials, V(r) = V(r).
It will allow us to examine how states with definite angular momentum are affected by the
scatterer. For spherical symmetric potentials, we have already seen in section 1.4 that the
solutions of the Schrodinger equation can be written as a product of a radial function and a
spherical harmonic,

P(r,0,0) = R(r) Y™ (0, ), (5.29)

where the function u(r) = rR(r) satisfies the radial equation

h? d%u R% (04 1)

R V4 — —~—lu=Eu, 5.30
2m dr? (T) T 2m r2 u u ( )
which we have already found before as equation (1.98). Here we will only consider solutions
with positive energy (E > 0), because negative-energy solutions correspond to bound states. At
very large r we assume both V(r) and the centrifugal contribution (which goes as 1/72) to be
negligible, so the previous equation becomes

d?u

Tz~ —k?u, (5.31)

where k = v2mE /h (note that E > 0). Its general solution can be written as
u(r) = Ce*" 4 De= 7, (5.32)

The first term represents an outgoing spherical wave, and the second represents an incoming
one. We want to describe the scattered wave, so we must impose the condition D = 0. At very
large values of r we have then
1 eikr
R(r) = —u(r) ~

r r

(5.33)

This was already hinted at before on physical grounds (equation 5.24), and holds for kr > 1.

To get more information on R(r) we can examine the intermediate region, where the cen-
trifugal term must be taken into account but the potential V() can still be neglected.* In such
a case we have

d®u L0+ 1) 9
The general solution to this equation, which you have probably seen when studying the infinite
spherical well in three dimensions, is a linear combination of spherical Bessel functions of the

first (j¢) and second (or Neumann) class (ny), of order ¢,
1
R(r) = ;u(r) = Ajy(kr) + Bng(kr), u(r) = Arje(kr) + Brng(kr). (5.35)

These special functions have the following explicit form (z can be a complex number here)

jo(z) = 2 <—1d>£ SIZ () = —ot <—1d>€ cosz. (5.36)

zdz z zdz z

4The Coulomb potential does not satisfy this condition, since 1/7 goes to zero more slowly than the centrifugal
term when 7 — oco. Partial wave analysis is not applicable to the Coulomb potential, which is not localized enough.
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Their asymptotic behaviour for large |z| (in our case for large kr) is

, 1 . in 1 1 4 1
Je(kr) = 7 Sin <kr - 2) +0 (W) , ny(kr) ~ ~ % ©°8 (k:r - 2) +0 <(k:r)2) ,

or, in exponential form,

[ei(krf%’“) _ efz'(krf%")} 7 ne(kr) ~ — [ei(kr+%") _|_€fi(krf%")} ‘

Jelkr) = o 2kr
It is clear that neither jy(kr) nor ng(kr) can asymptotically represent only an outgoing or
incoming spherical wave. For that purpose we need to choose appropriate linear combinations
of them, in a similar way that the spherical functions e®" —ikr
combinations of sine and cosine functions. The appropriate linear combinations are known as
spherical Hankel functions,’

WV (2) = Go(2) +ing(z), B (2) = ju(z) —ine(2). (5.37)

As a reference, the first two spherical Hankel functions of the first and second type are

and e are built from linear

W) =i, nP) =i (5.38)
z z
1 'L 1 iz 2 Z 1 iz
The asymptotic behaviour of the spherical Hankel functions for large |z| is®
1 . 1 ,
R (=) e, S (), (for |z| > 1). (5.40)

According to this, it is clear that to describe outgoing waves we only need spherical Hankel
functions of the first kind, so the radial part of the wave function has to go as

R(r) ~ BV (k). (5.41)

The ezact solution to the Schrodinger equation outside the scattering region, where V(r) ~ 0
but £(¢ + 1)/r? is not negligible, can then be written as

D(r8,0) = A |+ 3 Crm B (k)Y (6, 0) | - (5.42)
‘m

The first term, Ae***, is the incident plane wave, and the second term represents the scattered
wave. Since we are assuming the potential to be spherically symmetric, the wave function cannot
depend on ¢, which means that only terms with m = 0 are present, because Y,” ~ e The
spherical harmonics with m = 0 are

20+ 1
Y (0,¢) = \ g Delcost), (5.43)

where Py is the /-th Legendre polynomial. Instead of the Cjq coefficient it is customary to
introduce a new parameter ay, called the ¢-th partial wave amplitude, such that”

Cro = i k/4m(20 + 1) ay. (5.44)

5The spherical Hankel functions, or spherical Bessel functions of the third class, are themselves also a pair of
linearly independent solutions of the Bessel equation.

5We use the modulus of z, |z|, because in general the argument of these special functions is a complex number,
but we will be using them only with real arguments.

"The parameter ay is also called partial scattering amplitude. If you happen to be reading also a collection of
lecture notes on nuclear and particle physics written some years ago for courses at the USC by Juan J. Saborido,

note that the a, used there has a different meaning. Calling a‘g’ld the parameter used on those old lecture notes,

the relation to the one introduced here is a$'¢ = 1 + 2ikay.
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With this notation the wave function can be written as

¢(7’7 0, 90) =A

ik 4 p Z 204 1) a hél)(kr) Py(cos 9)] . (5.45)
=0

For very large r the Hankel function goes like

WY (k) — %(—i)“leikr, (5.46)
therefore we have "
b(r00) = 4| 4 0. (5.47)
where -
f(0) = Z(% + 1) ag Py(cosb). (5.48)
=0

We have arrived again at equation (5.24) following a more rigorous route. Nevertheless, it
should be noted that this equation is only valid for a potential V() that verifies the condition
rV(r) — 0 when r — oo (it has a shorter range than the Coulomb potential).

Since this is the asymptotic behaviour of the solution for r — oo, it may seem surprising
that the plane-wave term is not depleted by the scattering potential. Actually, in the forward
direction there is an interference between the two terms in equation (5.47), which does decrease
the amplitude of the plane wave beyond the scattering center, as required by the conservation of
probability. This implies that there must be a relation between the forward scattering amplitude,
f(6 = 0), and the total scattering cross section. This relation is known as the optical theorem.
A simplified form of this theorem will be proved in section 5.6 for central potentials (equation
5.95).

To make more explicit the physical meaning of the partial wave amplitude, ay, let us write
the plane wave in terms of spherical waves (Rayleigh’s formula)

o0

et = Ezg%(ze +1) je(kr) Py(cos ). (5.49)

For large kr this is (remember that i¢ = €(7/2)¢)

o0

Z (20+1) 2zk7’ { i(kr=5) _ = (kr_*)] Py(cos )

- 2£ + 1 —i(kr—fm
Z 57k [ — e~ Wkr=tm) 1 Py(cosB).  (5.50)
£=0

Therefore (also for large kr)

ikr
P(r,0,0) ~ A [ei’” + £(6)= }

r

~ A

Z(% + 1) Py(cos )
¢

_ —z(kr 4r) etkr
Y +%:(2€+ 1) ag Py(cos ) "

(1+ Qikag)er (5.51)

21k

r

Z (20 4 1) Py(cos 0)
l

ikr e—i(k’r—(ﬂ)]

Comparing equations (5.50) and (5.51) we clearly see now the physical meaning of ay. When
the scattering potential is absent we can analyze the plane wave as the sum of a spherically
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outgoing wave behaving like ¢?*" /r and a spherical incoming wave behaving like — e~ ilkr—tm) /r
for each £. The presence of the scattering potential changes only the coefficient of the outgoing
wave as

1 — (14 2ikay), (5.52)

while the incoming wave is completely unaffected.
It is possible to derive a simple expression for the total cross-section in terms of the partial
wave amplitudes. The Legendre polynomials satisfy the following orthogonality relation,

/ " Pe) o) d = (MQH) See- (5.53)

-1
Therefore

o=/!f(9)\2d92/ZZ(%H)(MH)QN; Py(cos 6) Py (cos 6) dQ

=0 £'=0

=27 Z Z agay /(2€ +1)(2¢' + 1) Py(cos 0) Py (cos @) d(cosf). (5.54)
=0 £/=0

And finally

o0
o=4r) (20+1)]afl’. (5.55)
£=0
Our problem has been reduced then to compute the partial wave amplitudes, ay. This can be
done by solving the Schrodinger equation in the small r region, where V' (r) # 0, and matching
the solution to the one obtained for intermediate r (equation (5.45)) using appropriate boundary
conditions.
The ortoghonality condition of the Legendre Polynomials can also be used to express di-
rectly the partial wave amplitudes in terms the scattering amplitude. Indeed, multiply f(#) by
Py(cos ) sinf and integrate over 6 to get, using equation (5.48),

/ f(0)Pp(cos®)sinfdh = Z/ (2 + 1)ag Py (cos 0) Py(cos ) sin 0 d
0 =0 /0

o0

! > 20401
= / (20 + 1)agPy (2)Py(z) dw = > (20 + V)ags—— = 2ap. (5.56)
=071 (=0 20+1

Therefore L g
ag = 2/ f(6)Py(cosf) sinfde. (5.57)
0

The solution for the wave function in equation (5.45) is written in a somewhat hybrid manner.
The incident plane wave contains implicitly contributions from states with all possible values of
the angular momentum ¢, while the outgoing spherical wave shows explicitly the contributions
of all partial waves. We can get a more useful and homogeneous expression, only in terms of r
and 6, using the Rayleigh’s formula (5.49) for the plane wave. The result is

o0
B(r,6,0) = AN (20 + 1) [jg(k:r) tikay hgl)(kr)] Py(cos0). (5.58)
=0
We will need at some point the asymptotic behaviour of this wave function for large kr. This
can be easily worked out using the asymptotic behaviour of the spherical functions

1 1 ) )
jel2) = 5 [h@”(z) + hf)(z)} ~ o [(—i)”le” + (i)”le’”] . for |z > 1. (5.59)
The result is

2z

o)

b(r,0,0) ~ % S @+ [(1 + 2k ag) €T — (4)46—1"”} Pi(cos),  for kr>1. (5.60)
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5.4.1 Quantum hard-sphere scattering.

Let’s apply the foregoing discussion to the hard-sphere scattering problem, where the potential
is taken to be

00, ifr<R
(5.61)

0, ifr >R

Here the boundary condition forces the wave function to vanish everywhere inside the sphere of
radius R. In particular,

Y(R,0) =0, (5.62)
for all values of 0. It then follows that
Y if2e+ 1) []g kR) + ik ag h{D (kR)| Py(cos6) = 0. (5.63)
(=0

Multiply now this equation by Py (cos ) sin 6 d6, integrate from 0 to 7 and use the orthogonality
relation (5.53) to get

S0+ 1) [jg(kR)—i—ikag th(kR)} / Py(cos ) Py (cos6) sindo
=0 0

= . . . 1 2
_ %#(QH 1) [jg(kR)—l—zkag h )(kR)} <2£+1> Supr

— 94 [jg(kR) Vikag hgl)(m)} —0. (5.64)

From this we conclude that

g =i %ﬂ. (5.65)
kh{Y (kR)

And the total cross-section is

o o

47

o=4mY (20+1)]al’ = 7§j2£+
(=0 /=0

2
Je(kR)

") (5.66)

It is instructive to examine this exact answer for some limiting cases. For low energy scattering
where kR < 1, which means that the wavelength is much larger that the sphere radius (remem-
ber that £k = 27/)), we need the asymptotic behaviour of the spherical Bessel and Neumann
functions,

, 2001, (20! 1
]e%mz s ng%fw ﬁ, for Z<<1 (567)
For small z, ny(z) is much larger than jy(z), so
gez) Gz o Je(2)
W (z)  Je(2) +ine(2) ng(z)
. 2
i 2L 0! y 2001 A1 o 20 ¢! 2 (5.68)
2+ 1) (20! 1 (204 1) \ (20)!

Therefore

47 = 2L 01
NQZ: 2€+1 ( )‘> (kR)*+2, (5.69)
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For kR <« 1 we can afford to neglect higher powers of kR. This tells us that in the low energy
approximation the scattering is dominated by the ¢ = 0 term and the differential cross-section
is independent of 4, as in the classical case. Retaining only ¢ = 0 we find

o~ 4TR%. (5.70)

Remember that for the classical hard-sphere scattering problem we obtained a total cross-section
which is equal to the geometrical cross-section of the sphere (equation 5.8), whereas in the
quantum domain the result is four times larger. This is a characteristic result of long-wavelength
scattering, and arises in optics as well.

One might think that going to the high enery limit case we should get the geometric cross
section. Let’s see if this is true. For kR > 1 the asymptotic behaviour of the Bessel and
Neumann spherical functions is

. 1 . b 1 I
Je(kR) = 7g Sin (k:R - 2) , and  ng(kR) =~ —%R ©°8 <k:R - 2) .
Therefore
agf = i 2R | 1) kR ’
k hy)(kR) k2 | je(kR) + ing(kR)
2
1 sin (kR — ) 1, ( ew)
~ = —sin“ (kR— —|. (b.71

k? |sin (kR — %r) —icos (kR — %T) k2 2 (5.71)

At high energies, many values of £ contribute to the cross-section, but there is a maximum value
above which the cross-section vanishes. This can be estimated to be .« ~ kR, since hkR is
the magnitude of the angular momentum of the incident particle with respect to the scattering
center when it is coming with an impact parameter of b ~ R, while for b > R the particle misses
the target. The cross-section is then

A R b A &

o~ > (204 1) sin? (k:R - 2) =32 20+ sin? §y. (5.72)
£=0 £=0

The parameter 0, = (kR — ¢7/2) is called a phase shift. The physical meaning of J, is discussed

in the next section, but for the time being take it just as a shorthand for (kR — ¢m/2). Note that

0¢ decreases by 7/2 every time £ increases by one unit, therefore for an adjacent pair of partial

waves we have

sin? 6, + sin? 6,4 = sin? &, + sin? ((Sg - g) = sin® 6y + cos® 5, = 1. (5.73)
kR A1 kR
ZZ% sin” 6 = ; (sin” 8¢ + sin® dz1) = - (5.74)

Also, since there are so many values of ¢ contributing to the cross-section, it is permissible to
replace sin? §, by its average value (1/2) in the following sum®

kR kR
, 1 (kR)?> kR
25 ~ _ —
;_ijsm 50 ~ ;_05_ ikR(kRJr 1) = 5T (5.75)

8In the limit that a is very large we have

1/“ .2 1(fa 1. 1
- sin“zdr = - | - — s sinacosa| — —.
a Jo a\2 2 2
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V(x)

Figure 5.7: One-dimensional scattering from a localized potential bounded by an infinite wall.

Finally, neglecting terms linear in kR,

kR
4 4 [(kR)?
o~ k—g Y (204 1) sin? 6 ~ ki; [( 2> + kR] ~ 27 R, (5.76)
=0

This is twice the geometric cross-section, which looks a bit surprising. One might have expected
that high-energy spheres in the center-of-mass frame experience some reaction only if they
approach each other along lines separated by no more than a distance R, the range of their
interaction. In this case, the asymptotic value of the total cross section would be wR?, not
27 R%. However, this larger cross-section can be attributed to elastic scattering due to the
diffraction that takes place when two particles approach each other at distances a little larger
than R. If you think twice, this is not so surprising after all, since we know that objects in the
quantum domain exhibit a wavelike behaviour and a sort of Fraunhofer diffraction has to occur
because each sphere is an obstacle for the other.”

5.5 Phase shifts.

Consider a one-dimensional problem with the potential

Viz) = {0’ ifz <0 (5.77)

o, ifz>0

Conservation of probability tells us that a wave incident from the left, ¥;(z) = Ae™*®, will be
entirely reflected into v,.(z) = Be % = —Ae~** The condition B = —A = ¢™ A ensures hat
the total wave function (incident plus reflected) vanishes at the origin (as it should, because
there is a wall of infinite potential),

Po(z=0) = A (eikm - e_ikz) =0. (5.78)

Suppose now that there is a small localized region with a non-zero potential between © = —a
and z = 0, such as (see figure 5.7)

0, ifz < —a
V(z) =< -V, if —a<z<0 (5.79)
00, ifx>0

9Fraunhofer diffraction occurs when light waves are directed to a small hole in a piece of paper, or just to a
small obstacle.
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Conservation of probability again forces the amplitude of the reflected wave for x < —a to be
the same as that of the incident wave (|B| = | A|), but the phase-change will depend on the exact
form of the little potential well, so in general we should write B = Ae??°. Indeed, changing the
phase of the wave is the only thing the potential can do in elastic scattering. The total wave
function for x < —a takes now the form

P(x) = A (eikx - e_i(%_kx)) . (5.80)

The § parameter is called phase shift, and its determination for all relevant partial waves com-
pletely solves the scattering problem. This is done by solving the Schrodinger equation in the
scattering region (—a < z < 0) and imposing suitable boundary conditions. The factor of 2 in
B = Ae® is purely conventional. We may think of the incident wave as being phase shifted
once on the way in, and again in the way out, so that § would be a one-way phase shift and 26
the total phase shift.

In the three-dimensional case the incident plane wave Ae*¥?, although it carries no angular
momentum in the z direction (there are no terms with m # 0 in the Rayleigh’s formula), includes
all values of the total angular momentum (¢ = 0,1,2,...). In a spherically symmetric potential
the angular momentum of the scattered particle does not change, therefore each partial wave
(labelled by a particular £) scatters independently with no change in amplitude (only in phase).
If there were no potential then we would only have the original plane wave function, ¢y = Ae*?,
and according to equation (5.49) the ¢-th partial wave would be

ikz

80 = Ai(20 + 1) jy(kr) Py(cos0). (5.81)

Let’s find the asymptotic behaviour of w(()e) for large kr. From equations (5.37) and (5.40) we
see that

1 1 ) .
jelz) = 5 h{V(2) + hg”(z)} ~ o [(—N“ew n (i)“le—ﬂ : for [2]>1.  (5.82)
Therefore for large kr and no potential we would have
20+ 1 s ;
$ ~ A(%;:r) [em - (—1)%*1’“] Py(cos ), (V(r) = 0). (5.83)

Now we should think about how the addition of a scattering potential modifies this expression.
The second term in the square brackets, which goes as (—1)‘e~*" represents an incoming
spherical wave and cannot be affected by the presence of a potential. The first term is an
outgoing spherical wave. This is the term that gets changed by the scattering potential, which
introduces a phase shift §,. Therefore we should write
2041) 1, .
WIOP® A(2Z) [el<’”+25z> - (—1)%—%’“‘} Py(cosb), (V(r) £ 0). (5.84)
ikr
To find a relation between the partial wave amplitudes, ay, and the phase shifts, d,, we need
to compare this last equation with the asymptotic behaviour of equation (5.60) for large kr.
Paying attention only to the ¢-wave, this is

A20+1 . .
WIONS (2]:) [(1 + 2ikay)e" — (—1)%*““”} Py(cos8). (5.85)
ikr
By comparing the coefficients that go with the e?*” term we see that e?2% = 1 + 2ikay, or
L (s, ) L ois, o 1
= 1) = —e"sindpy = ——. 5.86
Y= 9k (¢ B TT kcot o, — ik (5.86)

Alternatively, we could have arrived at this by using directly (5.52) and making the identification
(1 + 2ikay) = 2%, Note that both ay and 0, are just parameters'® and the relation obtained

0They have an energy dependency (functions of k) but are independent of 7.
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Im(kay) A
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20,
>
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Re(kag)

Figure 5.8: Argand diagram for kay. The length of the segment OP is the magnitude of kay.
The center of the circle is at C' = (0,1/2). Figure adapted from Sakurai and Napolitano [13].

between them is exact even though we have used the asymptotic form of the wave functions to
derive it. Inserting this in equation (5.48), the scattering amplitude becomes

1 o0
=% Z (2 + 1) € sin(y) Py(cos 6), (5.87)
(=0
which can also be written as
1 o
=5 D (204 1) (€% — 1) Py(cos b). (5.88)
£=0
The total cross-section is
o=4r Y (20+1)|ag? = kl 3 (204 1) sin?(6). (5.89)
=0 =0

The phase shift formalism exploits conservation of angular momentum to reduce the complex
parameter ay to a single real one, dy.

As a function of energy (or k) both §(k) and ay(k) change, but they do it in a precisely
related manner. This can be conveniently shown by drawing an Argand diagram for kay in the
complex plane. From the relation a; = (e’?% — 1)/2ik we have

o
kag = © + ~e (5125), (5.90)
2 2
This is a circle of radius 1/2, known as the unitary circle,'! centered at i/2 (see figure 5.8).
Note that if §, is small, then ay must stay near the bottom of the circle. It can be positive or
negative, but a, is almost purely real because

ap = —€%tsindy =

Tk e~ %
On the other hand, if dy is near m/2, then kay is almost purely imaginary, kay ~ i, with maximal
magnitude. Under such condition the ¢-partial wave may be in resonance, a concept which
we discuss in the next section. Note that equation (5.89) tells us that the maximum partial
cross-section is achieved when sin® 6y = 1,

+i0¢)0p = (5.91)

olf) = k2 " (20 +1). (5.92)

171t is given this name because it can be shown to follow from the unitarity condition (or probability conserva-
tion) of the scattering process.
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5.6 The optical theorem.

Since the Lengendre polynomials satisfy P(1) = 1, from equation (5.87) we see that the forward
(0 = 0) scattering amplitude is

1 & i,
= > (204 1) € sin(6y), (5.93)
/=0
therefore -
Im == Z_% (20 + 1) sin?(8). (5.94)

Comparing this result with equation (5.89) we arrive at a relation between the total cross-section

and the imaginary part of the forward scattering amplitude, known as the optical theorem,'?
4
o = —Im[f(0)]. (5.95)

Another instructive derivation of this theorem can be given in terms of the probability density
current, which is defined below and satisfies a continuity equation

2
j(r,t) = i [ (VU) — (VI)T], Vj+ a‘;ﬁ

2mi
If ¥ is a stationary state, U(r,t) = 1 (r)exp(—iEt/h), that verifies the Schrédinger equation
with a real potential, it is easy to show that the divergence of the current vanishes!'?

h

Vi=5 -V (VY) = (V7)Y = 0. (5.97)

=0. (5.96)

Using Gauss’s theorem over a spherical surface we must have then

T 27
/de3r:?{jd2s:j{jf'd2s:r2/ sin9d0/ jide =0, (5.98)
0 0

where d%s is a two-dimensional differential element and # is a unit vector orthogonal to the
surface. This result, together with the continuity equation, means that the outgoing flux of
particles must be equal to the incoming flux. To calculate jT we need the gradient operator in
spherical coordinates

0. 10, 1 0 .

~

Since 0 = £ = 0, only the radial derivative of the gradient operator contributes, and

p P ol ¢ = 1 (0% 0
it = g (o) - (vwyl e = g (005 - G)). (5.100)

Therefore, for a sphere of any radius r,

s 2w *
0:r2/0 sinede/o <¢ g—f - % ¢>. (5.101)

In particular, we can take r large enough to use for ¢ the asymptotic formula (5.47),

ikr

b=A (ek + f(6)< ) . (5.47)

r

12T his theorem was first found by Lord Rayleigh in classical electrodynamics as a relation between the absorption
of light and the imaginary part of the index of refraction.
131n fact, for a stationary state 9|¥|?/8t = 0, so the continuity equation implies Vj = 0.
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Upon inserting this expression into (5.101) and performing the integrals, it follows the optical
theorem.'*

This discussion shows that the optical theorem is closely related to the conservation of
probability.!® In elastic scattering the total number of particles entering the scattering region
per unit time must be equal to the number leaving it per unit time in all directions. It is clear
that, because of the scattering process, the intensity (flux) of the incident beam must decrease
by an amount proportional to the total cross-section. As stated before, this decrease is due to
the interference between the two terms in equation (5.47), which is proportional to Im [ f (0)]
The exact relation between the total cross-section and Im [ f (O)] is given by the optical theorem.

5.7 Resonance scattering.

In some cases, the scattering cross-section for a given partial wave exhibits a pronounced peak
in a certain energy interval. This is usually indicative of an underlying resonance process. There
are numerous examples of such processes in atomic, nuclear and particle physics. For a brief
elementary description consider a finite-range potential V' (r), where the appropriate effective
potential for the radial wave function of the ¢-th partial wave is

R E+1)

Vet = V(r) + TR (5.102)

2m r
The centrifugal barrier, given by the second term, is always repulsive (positive). Therefore, when
V(r) itself is attractive (in some region) we may have a situation where the effective potential
has an attractive well followed by a repulsive barrier at larger distances. Figure (5.9) shows
a cross-section along the z-axis of such a potential (not to scale). The potential has a high
value much larger than the energy of the incident particle E in a thick shell around the origin,
surrounding an inner region where the potential is much smaller. If the barrier were infinitely
high we could have a particle trapped inside forming a stationary bound state. In practice, of
course, the barrier is finite and the particle can escape through a quantum-mechanical tunnel
effect. We may call it a quasi-bound state of resonance energy E,..

Now, if we send particles to the scattering center at various energies F, the corresponding
scattering phase shifts §, will rise through the value 7/2 as the incident particle energy rises
through that of the quasi-bound state F,.. At the same time, the partial-wave cross-section
passes through its maximum possible value of 47(2¢ 4+ 1)/k?. It can be seen that such a sharp
rise in the phase shift is, in the time-dependent Shcrédinger equation, associated with a delay
of the emergence of the trapped particle.

Let’s see how the scattering amplitudes vary in the vicinity of the resonance energy. If the
scattering cross section o(®) = 47(2¢ + 1) |ag|? for the partial wave £ becomes large at energies
close to E,, then the phase shift J; must go through 7/2. Since a; = 1/(kcotd, — ik) and
cotd; ~ 0 near the resonance energy (in fact cot d;(E,) = cotw/2 = 0), we may attempt to
expand &y as follows

dcot dp dcot dy
cot 0¢(E) = cot §y(E,) + (E — E) ( > +...~ (F—-E,) < ) .
dE Jp_p, dE Jp_p,

The derivative of cot §; evaluated at £ = FE,. is just the negative of the phase shift derivative,

dcot & (1 dg, (45 2
dE ) p_p \ sin?8dE ), \dE)z_, T’

14 Although the calculation is not very lengthy, we omit the details here. The interested reader is referred to
section 7.3 of [15].

15In quantum mechanics a process that conserves probability is also said that conserves or satisfies unitarity,
since transformations in the Hilbert space that keep transition probabilities invariant are implemented by unitary
operators.
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Veff A

Quasi-bound state energy

Barrier

Figure 5.9: Example of Veg versus z. For ¢ # 0 the barrier can be due to %W;%l). For £ =0
the barrier must be due to V(r) itself.

where we have defined the width I through the relation

1 1/ds
=5 <dE)E_ET' (5.103)

So
cot 0y(E) ~ —2(EF_ET) (5.104)

For a given partial wave the scattering cross-section becomes

A (20 + 1) 1 P 4r2e+1) 1

O = 47(20 + 1) |ag|* = =

g (2 +1) Jad] k2 cot dy — i k2 cot? 0y + 1
_Am(20+1) (r/2)°
Tk (E-E)?+(T/2)%
2

k2 (E—E,)?+(I'/2)%

This formula tells us that we are justified to have defined I' as the full width at half-maximum,
provided the resonance is reasonably narrow so that the variation in 1/k2 can be ignored.

There are situations in nuclear physics where the potential barrier is so thick that the decay
rate of the quasi-bound states I is very small. So small that nuclei in these states can be found
in nature rather than as resonances in scattering processes. A prototypical example is provided
by nuclei that are unstable against the emission of alpha particles. In transitions in which the
« particle is emitted in an s wave, such as 238U — 234Th + a or 226Ra — 22°Rn+ «, the barrier
arises purely from the Coulomb potential, which in alpha decay is V(r) = 2Ze?/r, where Z is
the atomic number of the final nucleus. For the 233U alpha decay the barrier is so high and
thick that leads to a lifetime of 4.47 x 107 years.

5.8 The Born approximation.

The Born approximation uses the integral form of the Schrédinger equation, which we will derive
now. First, note that the time-independent Schrodinger equation,

2
ey v - By, (5.106)
2m
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can be written in a compact way as
(V2 + K%)= Q, (5.107)

where

: and Q= %va. (5.108)

This looks like a Helmholtz equation, but the inhomogeneous term itself, (), depends on 1. The
solution can be written as

vl) = [ Glr = r0)Q(ro) o, (5.109)
where G(r) is the Green function that satisfies the Helmholtz equation with a delta source
(V2 + £ G(r) = 53(r). (5.110)

This can be easily verified by showing that (V2 + k2) 1 = @ holds. Indeed,
(V2+E) y(r) = / [ (V2 + k) G(r - ro)} Q(r) d’rg

— [ 8%~ 1) Qo) ro = Q). (.11)

To find G(r) it is easier to work with its Fourier transform, so that the differential equation
(5.110) transforms into an algebraic equation. Let

1 s T 3
Then .
(V2 + k%) G(r) = TG / (V24 82) 7| g(s) ds. (5.113)
Using now the relations
. . 1 .
V2T = _g2eiST, and 53 (r) = @) /e’s'r d3s, (5.114)
the equation (V2 + k?) G(r) = 63(r) transforms into
1 2 k’2 isr d3 _ 1 ST d3 11
W (—S + )8 g(S) S = (27{)3 e S. (5 5)
From this we conclude that .
= , 5.116
g(s) (27[')3/2(]{;2 _ 82) ( )
and inserting this in the Fourier transform we have
1 e’LS r
= d’s. 11
60 = iy | =y A1)

We do this integral using spherical coordinates (s, 6, ), with the polar axis running along r
(see figure 5.10), so that s - r = srcos @ (r is fixed in the integral over s). The ¢ integral is just
27 and the one over 0 is

isrcos @ |

T e
/ ezsrcos@ sin@df = — :
0

18T

1

= - (ezsr _ e
0 18T

) = M. (5.118)

ST
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>

Figure 5.10: Coordinate frame to do the integral (5.117).

Therefore
27 2 sin(sr)

o0 1 *° ssin(sr)
= *ds = / ds. 5.11
Gr) (2m)3 r /0 s(k? — s2) T ey oo k2 — 82 y (5-119)

We have extended the integration range to (—oo,+00) and divided by 2, since the function to
be integrated is even. The last expression can be written in the following form

These two integrals can be evaluated using Cauchy’s integral formula, which says that

ff(z)dz = 2mi f(z0), (5.121)
c(

z— 20)

for any f(z) analytic inside and on a simple closed curve C on the complex plane that encloses
the pole z = zp. In our case, the integrations are along the real axis and go over two pole
singularities at zg = £k. To evaluate I; we choose the contour C; shown in the first plot of
figure (5.11) and let the radius of the semicircle go to infinity. In that case, the factor e*” goes
to zero when s has a large positive imaginary part and the integral in the semicircle becomes

zero. The contour C; encloses only the singularity at s = +k, so

isT 1 18T .
I = }[ (se ) ds = 2 <56 > = imeT, (5.122)
e, \s+k)s—k s+k)
For the I integral we choose the contour Co, which encloses the pole s = —k and goes around

in the clockwise direction, thereby picking up a minus sign, so

se 18T

se T 1 - .
Iy = — ds = —2mi = —imethr, 5.123
2 ji(s—k:)s—l—k y m(s—k‘)s_k e ( )

Finally, the Green function for the Helmholtz equation is

. ) ikr
[me“ﬂ" - (—iwezkr)} = (5.124)

dr’

G(r)

8m2r

This is a solution to the equation (V?+ k?) G(r) = §3(r). Other acceptable solutions would
be found by choosing different ways of going around the poles in the contour integrations.
Remember that we can add to G(r) any function that satisfies the homogeneous Helmholtz
equation, (V2 + k:z) Go(r) = 0, and the result (G + Go) will still be an acceptable solution.
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Figure 5.11: Closing the contour for the integrations in equation (5.120).
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Figure 5.12: The blue line indicates the trajectory of a particle scattered by a localized potential.

Now we can go back to equation (5.109), ¥(r) = [ G(r—r¢)Q(ro) drg, and write the general
solution to the Schrodinger equation as

Zkll‘ ro\

3 12
27Th2 ’I‘ — I‘()’ )1/)(1'0) d ro, (5 5)

P(r) =

where 1) satisfies the free-particle Schrodinger equation, (V2 + k:2) 1o = 0. Equation (5.125) is
the integral form of the Schrédinger equation and it is entirely equivalent to the more familiar
differential form. Note that the wave function we are looking for appears in both sides of the
equation (1 (r) and 1 (rg)), so we cannot do explicitly the integral unless we already know the
solution. Nevertheless, this integral equation can be solved using an iterative procedure in a
way that is very well suited to study scattering problems.

5.8.1 The first Born approximation.

In a scattering problem the potential V(rg) is localized about some given point, for example
around ro = 0, and goes to zero far away. Our goal is to calculate 1 (r) in the asymptotic region

where |r| > |rg| and |[r — rg| can be approximated as
I'O) :T2 <1—2r‘r0>~ (5126)
T

‘10, (5.127)

|r—r0|2:T2+T(2)—2r~r0%r2—2r-r0:r2(

Thereforel®
. k
r—ro|~r—%-ro=r——

k
where k = kf is the wave vector (momentum fk) of the scattered particle. See Figs. 5.12 and
5.13. We have then

eik|r—r0\ ikr

eik“l‘—ro‘ ~ eik:re—ikTQ ~ € e—ik{‘o. (5128)

, ~
lr — ro| r

1%Using /1 — 2z ~ 1 — z for small x.
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In the denominator of the last expression we have made the stronger approximation |r —rg| = r.
This is appropriate for an expansion in powers of the small quantity r/r, while keeping only the
lowest order term. Now we take 1)(r) = Ae’** to be the incident plane wave and use equation
(5.125) to write, for large r,

m eikr

~ itkz
()~ Ae 2wh? 7

/ e KTV (£g)1h(ro) dry. (5.129)

By comparing this with ¢ ~ A[e?** 4 (0, ¢)e’*" /r] we can identify the scattering amplitude as

om
2mh2 A

f(6,9) = e~V (ro)3)(ro) d’ro. (5.130)

This last expression is exact in the sense that provides the scattering amplitude for the out-
going wave far away from the scattering center without assuming anything else than a localized
potential. Now we introduce the Born approximation, which is obtained by treating the potential
V(rg) as a small perturbation and assuming that the incoming plane wave is not substantially
altered by the potential. In such a case we may write inside the integral

P(ro) & tho(rg) = Aet?0 = A’k ™o, where k' = k2. (5.131)

This represents a weak potential approximation compared to the incident energy, so that the
deflection of the particle by the potential is very small. The scattering amplitude in the Born
approximation is then proportional to the Fourier transform of the potential

m
2mh?

f(6, ) ~ 'K =K)To v/ (1) drg. (5.132)
Both k’ and k have magnitude k, but k’ points in the direction of the incident beam, while k
points in the direction of the scattered particle (figure 5.13). Denoting k = k’—k, the momentum
transfer in the process is ik = h(k’ — k). Note that for § = 0 we have k' = k, therefore
e =K)ro — 1 and BEq. (5.132) implies that Im [f(O)] = 0. According to the optical theorem,
this can only be strictly true if the total cross-section vanishes. In fact, the Born approximation
violates unitarity and the optical theorem, but the size of the violation is negligible in the cases
where the Born approximation is applicable.

The Born approximation is valid when either of the two following conditions holds:

2
1. (V) < h

ma?’
h2

Where a is the range of the potential and (V') is the averaged potential defined as

(V) = ! / VAr) g3y, (5.133)

Ama? r

When the first condition is satisfied, the Born approximation is valid for all energies. The
second condition shows that the approximation is always applicable for sufficiently high-energy
particles. Since this condition is weaker than the first one, if the potential can be regarded as a
small perturbation at low energies, then at high-energies it can still be assumed to be a small
perturbation and the Born approximation to hold. The opposite is not necessarily true: the
validity of the Born approximation at high energy for a specific potential does not imply its
validity at low energy.

For low energy (long wavelength) scattering, the exponential factor inside the integral can
be taken to be constant over the scattering region, which is very small compared to wavelength
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Figure 5.13: The wave vector k pointing in the scattered direction, and k/ pointing in the incident
direction. The momentum transfer in the process is ik = h(k’ — k). Since |K'| = k| = k, we
have k = 2ksin(0/2).

associated with the incident particle. In this case, we have e'(K k)

imation simplifies to

'0 ~~ 1 and the Born approx-

m
2mh?

f0,¢) ~ V(r)d®r, (low energy). (5.134)

Let’s take, as an example, low-energy soft-sphere!” scattering,

Vo, if r < a,
V=4 “r=d (5.135)
0, if r > a.
where Vj is a small parameter. The low-energy scattering amplitude would be
F0.0) ~ — " v (2 a3 (5.136)
,p) = 27‘(‘h2 0 3 ™a . .
The differential and the total cross-sections are
do 2mVya3 2 2mVya? 2
— = |f0, )~ s ~ 4 : 5.137
d0 ‘f( 7@)’ ( 3ﬁ2 > s o vy Sﬁz ( )

If the potential is spherically symmetric, V(r) = V(r), the Born approximation can be
written in a simpler form. Recalling that K = k’ — k, and taking the polar axis for the r
integral to lie along k we have

(k' — k) - rg = ko cos . (5.138)
Therefore

f(g) ~ 7277:722

The integral over ¢ gives a factor of 27, and that over 6y has already appeared in equation
(5.118). Dropping the subscript on 79 we are left with the following scattering amplitude for
spherically symmetric potentials in the Born approximation (but not necessarily low energy),

eikTo Cos 0o V(T‘o) ’I“(Q) sin 6y drg dfg dgpo, (5.139)

oo

rV (r)sin(kr) dr. (5.140)

2m
hzﬁl 0

f0) =

Note that the angular dependence goes in the k factor, K = 2ksin(0/2).

70f course, hard-sphere scattering, where Vo = oo, is not a weak potential and cannot be treated with the
Born approximation.
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A historically important example of spherical potential is the Yukawa potential, which was
first used as a crude model for the binding force in atomic nuclei. It is written as

e M
Vir)=p , (5.141)
T
where 3 and p are constants. The Born approximation gives'®
2mp [ _ . 2mp3
f(e) ~ —m ) e mr Sln(/i?”) dr = —m (5142)

If we set p = 0 and 8 = q1q2/(4mep), the Yukawa potential reduces to the Coulomb potential.
The scattering amplitude would be

2mqi1qe

f(0) = T Inegl2RE (5.143)
Recalling that x = 2ksin(0/2) and k = v/2mE/h, this can be written as
f0) =~ 16wsoglsﬁ2(0/2)' (5.144)
The differential cross-section is
e ) (5145
dQ 167ep E sin”(0/2)

This is the famous Rutherford formula. It is notorious that for the Coulomb potential, classical
mechanics, the Born approximation and quantum field theory all yield the same result for the
differential cross-section.

5.8.2 The Born series.

Let us write the integral form of the Schrodinger equation as

P(r) = o(r) + /g(r — 1)V (ro)t(rg) d’ro, (5.146)
where 1) is the incident wave, V is the scattering potential and
m eikr
= _ 14
o) = 5 (5.147)
is the Green’s function. Schematically,
P =g + /gV¢. (5.148)

We may take, as a first approximation, 1 & 1y and insert it in the previous equation to get
Y =1y + [ gVpo. After this first step, we could try to plug the result again under the integral
sign to obtain a (presumably) better approximation:

b= + / gV <wo+ / 9V1/10> — o+ / gVio + / / VeV, (5.149)

Iterating this procedure we obtain a formal series for ¢:

v=vot [gvont [ [avavees [ [ [avavevio+... (5.150)

8This will be shown in one of the problems of this chapter.
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Figure 5.14: Diagrammatic interpretation of the Born series (taken from Griffiths [7]).

==
—————

=

Scattering center

Figure 5.15: The impulse approximation in classical scattering. The actual trajectory followed
by the particle is shown by the blue line. It emerges at an angle § which is estimated as
0 = arctan(I/p), where p is the momentum, I = [ F| dt is the transverse impulse and F| is
the perpendicular component of the force exerted by the potential on the particle. The integral
J F| dt is computed along the dashed straight line that the particle would follow if there were
no potential.

This is the Born series, which can be diagrammatically represented as shown in figure (5.14).
The zeroth order corresponds to no scattering at all, so that the incident wave goes by unscathed.
In the first-order approximation, the effect of the potential is assumed to originate from a single
modification of the wave function at a localized point, and afterward the particle continues in
a different direction without interacting again. This holds some similarity with the impulse
approrimation in classical scattering theory. In that approximation, the scattering angle is
computed using the transverse impulse that the potential would deliver to the particle if it
followed a straight line without deflection (see figure 5.15).

The second Born approximation arises from truncating the Born series (5.150) after the
third term. In this case, the particle suffers a first interaction at a given point, it propagates
as a free particle to a new location to interact again before leaving the potential region. This
procedure can in principle be continued as long as desired with the hope that the emerging
series will converge to the exact solution of the problem. In this context the Green’s function
is often called the propagator, because it describes how the disturbance propagates between one
interaction and the next. The Born series was the inspiration for Feynman’s formulation of
relativistic quantum mechanics, which is expressed entirely in terms of vertex factors (V') and
propagators (g), connected together in Feynman diagrams.

5.9 Scattering by a complex potential. Absorption processes.

In the preceding sections we have considered only the elastic scattering between two spinless
particles by a real potential. Remember that the wave number k = v/2mFE /h was treated always
as a constant: the initial particle comes in with the same value of k as it goes scattered away. In
general, however, when a particle collides with a target, non-elastic scattering may occur. For
example, when electrons with sufficient kinetic energy collide with atoms in the ground state,
excitations of the atoms are possible in addition to elastic scattering. If an inelastic process such
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as this takes place, it means that a fraction of the incident particles are removed from the elastic
channel. The electron looses some energy in the process of exciting the atom and goes out with
a different wave number k¥ = v/2mEFE’/h. Tt is also said that the particles are absorbed (partial
absorption of the elastic channel), even if they are scattered with a different energy and not
really absorbed by the target in a literal sense. The different physical processes that may take
place in a scattering collision are referred to as the various channels of the reaction/collision.
Thus, we have generically the inelastic channel and the elastic channel. The inelastic category
can be subdivided into several channels for different inelastic processes.

It is easy to see that the absorption of particles can be represented in a phenomenological way
by introducing a complex potential (also called optical potential) having a negative imaginary
part

V(r) = Vr(r) +iVi(r). (5.151)

As usual, we look for stationary solutions of the time-dependent Schrédinger equation having
the form W(r,t) = 1 (r)exp(—iEt/h), where E = h?k?/(2m). The wave function ¢ (r) satisfies
the time-independent Schrodinger equation

2
<—2ZV2 + VRr(r) + iVI(r)> (r) = Ey(r), (5.152)
while its complex conjugate 1*(r) satisfies
2
<_2anv2 + Va(r) - “/f(")> V' (r) = By (r), (5.153)

Using these two equations we find that the divergence of the probability current density is
proportional to the product of the imaginary part of the potential and the probability density
T = [y,

Vj= g W (V) — (V)] = i [0* (V) — (V25 )] = %V1|w|2. (5.154)

2ma 2ma

A non-zero divergence means that, if V7 < 0, there is a local absorption of the incident beam.
The rate of absorption of incident particles per unit time per unit volume at the point r is
2Vi(r)/h. The total number of particles absorbed per unit time within the volume V is

2
Nabs = h/ VI\1/1|2C13P-
\%

We consider now the case of a central complex potential, V (r) = Vr(r)+iV;(r). It is possible
to make a partial wave analysis of the problem, as we did for a central real potential, but we
will skip the details and jump to the main results.'” It turns out that, for the elastic scattering
amplitude, fe, we can directly take equation (5.88) and extend the phase shift d, to be a complex
number,

d¢ = Re(dr) + iIm(dp).

Thus, the elastic amplitude can be written as
1 o0
fa(k.0) = o Z 20 +1) [Se(k) — 1] Py(cosh), (5.155)

where
Sé(k) — 621'6@(]6) — 627:Re(5g(k))6721m(§[(k))7 (5156)

is the so-called S-matrix element and &y(k) is a compler phase shift for the ¢-wave. In this
context, the S-matrix element is related to the amplitude of the outgoing elastic wave and,

9For a more extensive treatment see section 12.8 of [2].
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since particles can be removed from the incident (elastic) channel, its modulus must satisfy the
relation |Sy(k)| < 1, which implies that Im(d,(k)) > 0. If only elastic scattering occurs (V; = 0)
we have |Sy(k)| = 1 and Im(d;(k)) = 0. It is common to introduce an absorption factor, also
called inelasticity, defined as

ne(k) = e 2mOek), (5.157)

so that the S-matrix element takes the form
So(k) = (k) e2Re(ek), (5.158)

The absorption factor satisfies the relation 0 < ny(k) < 1. The case 7y = 1 corresponds to
pure elastic scattering. The partial amplitude for elastic scattering with angular momentum ¢
is written in terms of Sy as

1
2ik

, 1
= %0 1) = — (S, —1). 5.159
e () P A (5.159)
The total and differential elastic cross-sections are given by

dael

= |fal®, ooy = 4”2 (20 + 1)]ag|*. (5.160)
=0

In terms of Sy, the elastic differential cross-section is

dael

= |fal*, (5.161)
and the total elastic cross-section is
o = 13 2@+ D=8 = 5> (20 +1) ’ ¢ 2RO — §7 el (5.162)
(=0 =0 =0
where the partial elastic cross-sections are
Ar(20+1)

of =5 TR0+ 1)1 -5 < (5.163)

k2
The total inelastic cross-section (also called absorption cross-section) can be obtained from
the ratio of the outgoing radial flux and the incident (plane wave) flux. The result is

™

abs
Otot — kQ

NE

(20 +1)(1 — |Se]?) %Z 20+ 1)(1 — n2) ZaabS, (5.164)
0 £=0

Il
=)

where
m(20+1)

2
The total cross-section is the sum of the elastic and inelastic cross-sections,

oibs = %(2@ F1)(1-n2) < (5.165)

Otot = Utot + U?Bcs = % Z (20+1 [1 —Re (Sg)]
=0
U —
= 25 20+ D)[1 = mcos2Re(3)))] = Z% (5.166)

where
or =20+ 1) [1 _y cos(QRe((sg))} < 4177;(2( +1). (5.167)
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Figure 5.16: Elastic scattering of identical particles. We cannot tell which particle flies away
with polar scattering angle # and which one with m — 6. The left and right configurations in this
figure are indistinguishable.

Let us collect the three different partial cross-sections for the ¢ wave

T 2

ofl = 20+ 1|1 = S|, (5.168)

T
o = 520+ 1) (1 - ysﬁ), (5.169)

27
o0 =5 (20+1) [1 ~Re (Sg)]. (5.170)
The pure elastic scattering for the ¢-th partial wave corresponds to |S¢| = 7y = 1, in which
case O’?‘bs = 0. Note that, although the inelastic scattering can be zero, elastic scattering is

always present. In other words, we cannot have only inelastic scattering, because this is always
accompanied by elastic scattering.

From equations (5.155) and (5.166) it can be seen that the optical theorem takes now the
generalised form

ot = %Im [fel(k, = 0)]. (5.171)

This formula relates the total cross-section to the imaginary part of the elastic scattering am-
plitude in the forward direction.

5.10 Scattering of identical particles.

Let us consider the elastic scattering of two identical particles in the center of mass frame, and
assume the cross section depends only on the polar scattering angle 6 (central potential). In
classical mechanics the cross section would be given by the sum of two terms, o¢1(0) + o (7 —0),
but in quantum mechanics it is not possible to distinguish which particle scatters at an angle 6
from the one that scatters at ™ — 6 (see Figure 5.16).2° If the particles are bosons, the scattering
amplitude must be symmetric with respect to the interchange of angles 6 and m — 6,

fooson(0) = f(0) + f(m —0). (5.172)
Therefore the differential cross section is

do

Tl =10+ fm - 0P = 1FO)F + 1f(r - O +2Re[£(0) f(r—0)].  (5173)

boson

2°Don’t be confused by the figure in two dimensions, which seems to suggest that one of the scattering angles
is m + 0. The polar scattering angle is always in the interval 0 < 6 < 7.
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The key difference between this equation and its classical counterpart is the interference term
2Re [f(@)*f(ﬂ' — 0)} In particular, for § = 7/2 we have

do(0 = 7/2)

10 =4|f(r/2), (5.174)

boson
which is twice as large as the classical equation, since the latter does not have the interference
term.

Consider now the elastic scattering of two identical spin 1/2 particles. The total wave
function of the system must be antisymmetric, therefore when the two particles are in a spin
singlet state (antisymmetric), the scattering amplitude must be symmetric and the differential
cross section is given by

dO'S *

S 1J0) + fr = O = |fO)F +|f(r = ) +2Re[fO) f(x —0)].  (5.175)
However, if the two particles are in a spin triple state (symmetric), the spatial wave function
must be antisymmetric and the cross section is

dog

a0 = ) = flm - 0)> = |F(O)1° +|f(r — )] = 2Re [f(e)*f(w - 9)]- (5.176)

If the incident particles are unpolarized the various spin states are equally likely, so the triplet
state will be three times as likely as the singlet, therefore

d 3d 1d 3 21
d% _2d94 ,05_7f(9)_f(7r—0)‘+Z‘f(0)+f(7r—9)

2
T4d0 440 4 ‘
:\f(9)|2+|f(7r—9)!2—Re[f(G)*f(W—G)]- (5.177)

fermion

For 6 = m/2 this equation gives

do(0 =7/2)

Ao =1f(x/2), (5.178)

fermion

which is half the classical expression, (do/dQ)q = 2|f(7/2)|?, and four times smaller than the
expression corresponding to the scattering of two identical bosons, (do/dQ)peson = 4|f(7/2)|? .

The partial wave analysis of elastic scattering of identical particles can be simplified by
noting the following property of the Legendre polynomials

Py(cos(m —0)) = Py(— cosf) = (=1)*Py(cos ), (5.179)

which we can insert in Eq. (5.87) to get

f(mr=0)= (20 + 1) € sin(8y) Py(m — cos 0)

T =
Nk

~
Il
o

(5.180)
(—=1)%(2¢ + 1) €% sin () Py(cos ).

Il
| =
(]

Iy
o

Therefore

| =
NE

FO) £ f(r—0) = [1 + (—1)4} (2¢ + 1) €% sin () Py (cos §). (5.181)

o~
Il
=)
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5.11

Problems

1. Rutherford scattering. An incident particle of charge ¢; and kinetic energy F
scatters off a heavy stationary particle of charge g2. Given the formula relating the
impact parameter to the scattering angle

q1492
= t(6/2).
8meg cot(6/2)

(a) Determine the differential scattering cross-section.

(b) Show that the total cross-section for Rutherford scattering is infinite. We say
that 1/r has infinite range; you can not scape from a Coulomb force.

2. In the limit of large r the solution to the Schrédinger equation in a three-dimensional
scattering problem has the form

ezkr

W(r,0) ~ A {eikz + f(0) "

} , for large r.

Construct the analogs of this equation for one-dimensional and two-dimensional scat-
tering.

3. Show that the Wronskian

W = jg(l‘)n/g(l') - ng(l‘)jé(l'),

where jy(z) and ng(x) are the spherical Bessel and Neumann functions, defined in
(5.36), satisfies the differential equation
aw 2

de x

Solve this equation and use the behaviour of jy(z), ng(z) for small x to fix the

constant of integration and get
1
W= .
22
The fact that W # 0 proves that the linear combinations of jy(kr) and ny(kr) are

the general solution of the radial equation for a free particle with given k and /.
Hints:

e It is helpful to use the differential equations

2 2d 0e+1)
[dxg ;@‘f‘l— 72 :|jf(w)_07
2 2d oe+1)
|:d.T2 ;a‘f’l— 2 :|TL£(-T)—O

e To determine the constant of integration you might find useful to consider the asymp-
totic behaviour of the spherical Bessel and Neumann functions for x < 1

2000, 20! 1

¢ = -
T et T T g gt
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4. Show that the radial contributions to the partial waves in equation (5.58),

Riye(r) = 2at(r)

= Ay |jolkr) + ik ag SV (k) |

that provide the solution to Schrodinger equation outside the scattering region, can
also be expressed as

Ryp = By [cos g je(kr) — sin g ng(kr)],

where By = € A,. Now, consider the asymptotic form of the spherical Bessel and
Neumann functions

o L . @ : 1

xhﬁngojg(x) = _sin (33 — 65) , xlirrgo ne(x) = —— cos (a: — 6—) ,
and deduce that .
lim wuge(r) o sin (k;r + 0y — E—) .

r—o00 2

5. Consider the potential
2

a
Vir)=VW—s, Vo > 0.
(7") 0 TQ 0
and take its corresponding radial equation
n? d%u N a? B2 A(0+1)
2m dr? 002 Tom 42

u = Fu.

a) Show that if you propose solutions of the form: u(r) o< \/zy(z), where z = kr
and k% = 2mFE/(h?), y fulfils the Bessel equation,

with ) )
omV; 1
a2:m°a+(€+2> .

You can find detailed information on the solutions to this equation in
https://en.wikipedia.org/wiki/Bessel_function.

b) The solutions to the Schrodinger equation have to be finite at the origin, which
in this case means that only Bessel functions of the first kind are admissible.
The asymptotic behaviour of these functions for z > |a? — 1/4]| is

Jo(z) = \/Zcos (ZL‘ - ag - %) .

Use this result and the one derived in problem 4 to conclude that in the scat-
tering of particles by the given potential the phase shifts are

2mVpa?

(0+1/2) — \/(£+ 1/2)% + =

s

5"

0p =

c) Show that for a fixed angle the cross section dependence on the energy of the

scattered particle is
do 1

— X —

dQ E f=const

This is a consequence of dy being independent on k for this problem potential.
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d) Show that, if 2mVy/h? < 1 then

7 mVpya?

e+l

Z pr—
Use this result and the generating function of Legendre polynomials
oo
1
S A= —
yrt V1 =2tz + 2

to demonstrate that in that regime the differential cross section is

do 7 Vima? < 9)
ot

o~ 22 E 2

e) For V(r) calculate the differential cross section in the Born approximation and
compare it with the result obtained in d). You might need the next definite

integral
/°° sin x T
dr = —.
0 X 2

6. Scattering of the s and p waves by a hard sphere. We wish to study the phase shifts

do(k) and 01(k) produced by a hard-sphere potential,

if r <R
OES S,
0, ifr>R,

on incident s (¢ = 0) and p (¢ = 1) waves. In particular, we want to verify that d; (k)
becomes negligible compared to dy(k) at low energy.

a) Write the radial equation for the function wug(r) for » > R and consider the
particular cases with ¢ = 0,1. Show that for £ = 0 the general solution is of
the form

upo = Bsink(r — R),

while for ¢ = 1 the solution is

up; = C 81214:7“ —coskr+a <CO]:]W +sinkzr>} ,

T r

where B, C' and a are constants.

b) Deduce that dp(k) = —kR and a = tan 61 (k).

Hint: You may wish to use the asymptotic result deduced in problem 4.

¢) Determine the constant a from the condition imposed on ug(r) at r = R and
conclude that 6;(k) = arctan(kR) — kR.

d) Show that, as k approaches zero, §1(k) behaves like (kR)3, which makes it
negligible compared to dg(k). This result is true in general: for any potential
of finite range R, the phase shift d,(k) behaves like (kR)?*! at low energies.
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7. Square Spherical Well: Bound States and Scattering Resonances.

Consider the central potential

Vi) = —Vy for r <o,
0, for r > rg,

where Vj is a positive constant. Set:

[2mVj
]C(] - 7

We shall confine ourselves to the study of the s wave (¢ = 0).

a) Bound states (E < 0).

i) Write the radial equation in the two regions r > ¢ and r < r¢, as well as
the condition at the origin. Show that, if one sets

—2mkE 2m
P=A " and K= k:%—p2:\/ﬁ(vg—|—E),

the solution of the radial equation, u,(r), takes necessarily the following
form for ¢ =0,
Ae™ " for r > 7o,
ug(r) = .
Bsin Kr  for r < rg.

ii) Write the matching conditions at r = r9. Deduce from them that the only
possible values for p are those that satisfy the condition:

K
tan Krg = ——.
P

iii) Discuss this equation: indicate the number of bound states, s, as a func-
tion of the depth of the well (for fixed r9) and show, in particular, that
there are no bound states if this depth is too small.

b) Scattering resonances (E > 0).

i) Again write the radial equation, this time setting

2mE
k=55 and K =k} k2

Denoting the solutions as wuge(r), show that ugg(r) is of the form:

() Asin(kr 4+ 6g) for r > o,
Uu =
o Bsin K'r for r < rg.

ii) Choose A = 1. Show, using the continuity conditions at r = r¢, that the
constant B and the phase shift dy are given by:

2 kz

T K2+ k] cos? K'rg and G = —kro + afk),

with

k
tana(k) = 7 tan K'rg.
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iii) Plot the curve representing B? as a function of k. This curve clearly
shows resonances, for which B? is a maximum. What are the values of
k associated with these resonances? What is then the value of a(k)?
Show that, if there exists such a resonance for a small energy (krg < 1),
the corresponding contribution of the s wave to the total cross section is
practically maximal.

¢) Relation between bound states and scattering resonances.

Assume that korg is very close to (2n + 1)3, where n is an integer, and set:
ﬂ- .
koro = (2n + 1)5 +€, with  |e] < 1.

i) Show that, if € is positive, there exists a bound state whose binding energy
E = —h?p?/2m is given by the condition:

p = eky
ii) Show that if, on the other hand, € is negative, there exists a scattering
resonance at energy E = h%k?/2m such that:

To

iii) Deduce from this that if the depth of the well is gradually decreased (for
fixed 79), the bound state which disappears when koro passes through
and odd multiple of 7/2 gives rise to a low energy scattering resonance.

8. Consider the potential given by the spherical delta-function shell

V(T) = —Vb(;(?“ - CL),
where Vy and a are positive constants.
a) Show that the S-wave phase shift satisfies the relation

sin? ka

tan dp = —o

T ka cos ka

b) Demonstrate that if h?/(2m) < Vpa the S-wave presents a resonance. In par-
ticular, show that for Vo = h%m/(4am) the resonance happens at an energy

given by
h2n2
Fr=—=
R~ 39ma2’
and that its lifetime is
_ 8ma?
hr?

c¢) In the low energy limit ka < 1, where only the S-wave has to be considered
show that the scattering amplitude, f(6), is given by,
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and calculate the differential and total cross-sections under this hypothesis.

d) Obtain the scattering amplitude for V(r) in the first Born approximation. Once
obtained, extrapolate the result to the low-energy limit, ka < 1, and show that
it coincides with the one obtained in c) if Voa < h?/(2m), where no resonances
are present.

Hint: Solve exactly the time-independent Schréodinger radial equation for £ = 0 and consider
the two cases r < a and r > a. By integrating the equation from r = a —€tor = a + ¢
(where 0 < € < 1), show that

d7u
dr

Inserting into this equation the explicit solutions for u(r) in the regions r < a and r > a,

d7u
ade dr

u(a).

2mV0
T e

you should be able to determine the S-wave shift.

9. Consider the following scattering amplitude:

£(0) = i (2+2i) +3(v/3+ i) cos]

a) Find the S-wave, P-wave and D-wave amplitudes for this scattering amplitude.
b) Find dp and ¢;, the S- and P-wave phase shifts.
c) Demonstrate that f(#) fulfills the optical theorem.

4
Otot — %Imf(O)

10. Neutrons (m,c? ~ 940 MeV) with kinetic energy E = 0.2MeV are scattered elasti-
cally off a repulsive central potential. It is known that the total elastic cross-section
is 0 = 2.75barn, and that the s-wave phase shift is §g = —0.42rad. Compute the
p-wave phase shift assuming that partial waves with ¢ > 2 can be neglected.

11. Neutrons with kinetic energy F2 = 4 MeV are scattered by a thin layer of heavy nuclei.
Three significant phase shifts are observed: §y = 26.1°, §; = 7.6° and J2 = 0.3°. The
neutron flux is 10'* ecm™2s~!, the transversal area of the neutron beam is Ape = 1 cm?
and the target density is 102! nuclei cm~2 (thin target approximation). Determine:

a) The total cross section.
b) The differential cross section.

¢) The average number of neutrons detected by a detector of 1075 sr placed at
90° with respect to the beam direction.

12. The analysis of the scattering of particles from a potential of characteristic length a
shows that the low-energy phase shifts are given by

\/Z(ak)%—l—l
N{CESI

sin(dy) = —
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where k = v2mE /h, m is the mass of the particles and E their energy.

a) Prove that the total cross section at low energy is

omEa®/h:  \°
= 47a? ) 1
7 = Ama <1 - (2mEa2/h2)2) (1)

Hint: you will need the following sum, valid for |z| < 1,

T oo

= 0t
=D
(1—x) o

b) Using the phase shifts prove that, up to order (ak)*, the differential cross
section is

;% = 3a*(ak)? cos? 6. (2%)

You will only need to take into account the p wave.

¢) Compute the total cross section using equation (2x). Compare the result with
the total cross section given by equation (1x) and discuss their compatibility.

d) Assume that (2%) is the appropriate differential cross section for neutrons in-
cident upon a specific target and take a = 40 femtometers (fm). A neutron
beam of energy 1.3 eV and flux £ = 103 cm™2s7! is aimed at that target.
Compute the number of neutrons scattered per second into a cone of 47 x 1073
steradians around the incident beam direction.

Data: Neutron mass: m = 939.6 MeV/c?, hic = 197 MeV-fm.

~

13. The analysis of the scattering of particles of mass m and energy E from a potential
of characteristic length a shows that the low energy cross-section is

2a2mE"\’
o = 4ma’ exp <ahrzn> = dma? ek’ (1x)
a) Prove that this cross-section is compatible with the following expression for the

phase shifts.

) - (ka)%—I—l .
sin(9) = PENG (2

b) Using those phase-shifts prove that the cross-section up to order (ka)? is

do 9
g =@ (1+\/ﬁ(k:a) cos@).

You only need to take into account s and p waves.

c¢) Determine the total cross-section using the result obtained in part b). Compare
it with the cross-section given by equation (1x) and discuss the compatibility
of both results.

d) Using the phase-shifts of equation (2x), prove that the scattering amplitude
which accounts for all the partial wave contributions and the cross-section
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given in equation (1x) verify the optical theorem:

4
o= —TImf(0).
k
Remember that P(1) = 1.
14. The Yukawa potential has the form,
e HT
Vir) =
)=,

where 8 and u are constants. Demonstrate that, in the first Born approximation,
the scattering amplitude is given by

2mp
h2(u2 4 4k2sin%(0/2))

f(0) = -

By setting 8 = qiq2/(4mep) and p = 0 the Yukawa potential becomes Coulomb
potential. Check that the differential cross section obtained with these substitutions
is precisely Rutherford’s formula,

do _ q1q2 ?
dQ  |[16meoEsin?(0/2)

Although the quoted expression for the scattering amplitude is only valid in the first
Born approximation, it is possible to show that higher-order corrections only change
f(6) by a phase factor when p = 0 (see [15], section 7.9). Since this has no effect
on the differential cross section, it turns out that the Rutherford formula holds even
beyond the first Born approximation.

15. Use the Born approximation to determine the total cross-section for scattering from

a gaussian potential, ,
Vr)=Ae M.

Express your answer in terms of the constants A, p, and m (the mass of the incident
particle), and k = v2mFE /h, where E is the incident particle energy.

16. Consider the scattering of particles of mass m and energy E by a potential V(r) =
Voe "/ ¢ where V and a have constant value.

a) Show that in the first Born approximation the scattering amplitude is:

AmVya®
h2(1 + 4a?k2sen?(6/2))2’

£7(6) = -

where k = v2mE/h.

b) Employing fZ(6) find the S-wave amplitude ag and the scattering amplitude
considering only this wave.

c¢) Compare this last scattering amplitude with fZ(6) and discuss the validity of
their compatibility.
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r

17. Let’s suppose that, in a very simple model, an atom with Z electrons can be viewed
as an homogeneous spherical distribution of charge —Ze and radius R, with a point-
like nucleus of charge Ze. Consider now an scattering experiment where a beam
of electrons of mass m and wave number k is sent onto a target of such simplified
atoms.

e Focus on the scattering of one of the electrons by one of the atoms. Take the
origin of coordinates to be at the center of the atom and use the Gauss theorem
to prove that the incident electron sees an electrostatic potential energy given

by
Vi 0, if r > R,
r) = .
28 (2= +5), ilr <R

" 8meo

r

e Prove that the scattering amplitude in the first Born approximation is

£(0)

_2m Ze? 1 N 3cos(,%R) B 3sin(/<cR)
- R2k4mey | KR (kR)3 (kR)* |7
where k = 2ksin(0/2).

e Prove that for electrons with wavelength much larger than R the previous
expression can be approximated as

2
r2(0) ~ 28

5@0 ’
where ag is the Bohr radius, so that in this case the total cross section is
ZR\?
o ~ 4rR? <> .
5(10

Comment on this result for the hydrogen atom taking Z = 1 and R = ay.

18. Consider a particle (a) in a bound state |¢g) described by the wave function pg(r,),
localized about a point O. Towards this particle is directed a beam of particles (b)
of mass m, momentum hk;, energy F; = hk?/2m and wave function e /(27)3/2,
Each particle of the beam (b) interacts with the bound particle (a). The potential
energy W which describes this interaction depends only on the relative position of
the two particles, ry — ry,.

a) Calculate the matrix element
(a:po; b:ky|W(ry —rg)la: wo; b:ky),

where particle (a) remains in its initial bound state |po) and particle (b) tran-
sitions from the initial state |k;) to the final state |k¢). The expression for this
matrix element should include the Fourier transform W (k) of the W (r, — r,)
potential,

1 17 1k-(rp—rq
W(rb - I‘a) = W/W(k)e ke(ry )d3k

b) Consider the process in which, under the effect of the interaction W, particle
(b) is scattered in a certain direction, with particle (a) remaining in the same
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quantum state |pg) after the scattering process (elastic scattering). Calculate,
in the Born approximation, the cross section for the elastic scattering of particle
(b) by particle (a) in the state |¢p). You should obtain a result which is equal
to the scattering cross section by the potential W (r), multiplied by a term that
characterizes the |¢g) bound state, called the form factor.

Hint: Start from equation (5.132) in braket notation,

(27)%m
h

f(0,0) = /ei(kﬁkf)'rg V(rg)d’rg = — (ks|V(r)|ks),

- 27h2

and transform it to get an expression appropriate for the scattering of a free-particle
off a bound-particle by simply making the replacement

(kf|V(r)|ki) = (a:po; b:kg|W(ry —rg)|a: o; b:k;).

(a)

19. Study the elastic scattering of fast electrons by Hydrogen atoms in the ground state
following the next steps.

The effective (average) potential, U(r), created by a Hydrogen atom in its
ground state can be computed using the charge density ep(r) = ed(r) —e|w(r)|?,
where the first term describes the point-like nucleus (at the origin of coor-
dinates) and the second describes the electron cloud given by the ground-
state wave function (1) = e~"/%//ma3. Prove that the Poisson equation,

V2U = —4mep, takes the following form for r # 0,
d?y _der

AY —2r/ag
dr2 ap ’

where x(r) = rU(r).

Integrate the previous equation using the boundary conditions y(oco) =
X'(00) = 0 to obtain

46 oo o
x(r) = 3/ drl/ ro e~ 212/ dpy.
ag Jr 1

From this you should be able to get

vy = X0 g (1 . 1) 2r/ao.

T ag

Study how U(r) behaves for r — 0 and r — co. Explain, in physical terms,
why the asymptotic expressions you have obtained make sense.

Use the first Born approximation to compute the scattering amplitude, f(6),
which describes the elastic scattering of fast electrons by Hydrogen atoms. You
should get

8 + r?a}
= 2 _—
f(’%) a’o (4 + ,%2@(2))2’

where k = 2ksin(6/2).

Prove that the total scattering cross section is

T [ 3Kk'ag +9k%ag + 7
3k? 7(1 + k2a3)?

This shows that in the limiting case of kag > 1 the cross section does not
depend on the value of ag.

g =
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e) Compute the cross section, in barns, for 10 MeV/c electrons.

20. A particle is scattered by a completely absorptive (black) sphere of radius a which

is large compared to the de Broglie wavelength A = 27 /k of the incident particle.
Following a semiclassical reasoning, we would expect that if the particle approaches
the black sphere with an impact parameter b > a, no interaction (scattering) takes
place. On the other hand, for b < a the particle is absorbed by the sphere. According
to this, compute the total elastic cross-section and the total inelastic cross-section
(you may use the approximation ZiV:O(Qn%— 1) ~ N? for large N). Give the numerical
values of the three cross-sections for a = 1 fm.

21.

Let U(r,t) = ¢(r)exp(—iEt/h) be a stationary-state solution of the Schrodinger
equation with a real potential V. The current density is

h h
j(r,t) = — [¢*(VV) — (VI)U] = — [¢* — (VU] .
J08) = 5 [V (V) = (V)] = 5 [§7(V9) = (V)0
Prove that the divergence of this current vanishes,

h

Vi=5 —V(VY) = (VT =0.

Using Gauss’s theorem, [ Vjd3r = § jd?s, prove that the following integral is zero
for any value of the radius r,

2
™ s 8 8 *
O:r2/ sin9d0/ (@b*w— v @D)d
0 0 or or
Next, take the limit of r very large and use the asymptotic form
Y= A(ei’“ + f(0) (e*r/ 1")) in the previous equation to derive the optical theorem.

Hints: Use the gradient operator in spherical coordinates. When computing the integrals
you will encounter terms containing the exponential factor e=7(1=c0s0) "]ike

iy 27 ) +1 )
/ / ethr1=cos0) (9 sin 0 dfdyp = 27r/ g(w)eFr=w) dy
o Jo

-1

where g(w) is any smooth function of w = cosf. Use repeatedly the technique of integration
by parts in the previous expression to get an asymptotic expansion in powers of 1/r. Since
we are only interested in the limit r — oo, all terms except the first one in the expansion
can be discarded, which then can be taken to be the result of the integral. You may read
also pages 133 and 134 of Schiff’s textbook on Quantum Mechanics (McGraw-Hill, 1968).




Appendix A

Additional problems.

A.1 Chapter 1.

1. Let U(r,t) be a solution of the (time-dependent) Schrodinger equation for a free

particle of charge ¢,
2

P oV

L

2m ! ot

Check that if we make a global change on the phase of ¥ to get V'(r,t) =
€4/h W (r t), where a is a constant, the new W'(r,t) is still a solution of the same
Schrédinger equation. Allow now « to be a function of space and time, so that ¥

transforms as '
U(r,t) — U'(r,t) = E)/hg(r ),

Check that this new W'(r,¢) is no longer a solution of the Schrodinger equation
stated before. It may seem strange to you that Nature should be limited to accept
the same phase at all locations and at all times. Perhaps we should ask ourselves
how to modify the free particle Schrodinger equation to make it invariant under local
gauge transformations. The remarkable answer to this question is that we need to
introduce an electromagnetic field that interacts with charged particles precisely as
described by the Maxwell equations. Consider the Schrodinger equation given by

1 2 ov
[ (p - gA) + qqﬁ] U =i,
c ot
where A is a vector field and ¢ is a scalar field. Prove that if ¥ is a solution to this
equation, then ¥'(r,t) = glac(r.t)/h U(r,t) is a solution of

LAY v v = in2Y
o (o ) | =

provided the vector field A and the scalar field ¢ transform as

A A-A+Va, ¢ ¢ —0-22
q ot
In a sense, Maxwell electrodynamics could be rediscovered by demanding our the-
ory to be invariant under space-time-dependent phase transformations. By invoking
this local gauge invariance principle, properly generalized and implemented in quan-
tum field theory, is how the electroweak and the strong interactions emerge in the
Standard Model of particle physics.
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Hint: the main burden is to prove
2 , 2
(—mv - Va) (e190/7 @) = giae/h (—ihV - gA) .
c c

You need to handle carefully the operators. Note, for example, that by applying the chain
rule for differentiation you get (ihV)AV = if(VA)V + iR A(VT).

Solution: (Disclaimer: some % factors are missing in this solution, since it was first written assuming
h =1 and the modifications to make the h’s explicit are not finished). What you need to prove is
that the following equation holds

1 _ q _ 2 o da iqa/hyy — s 0 iqa/h
[ (p EA Va) +q¢ qat} e U= zh—at(e U).

1 . q 2 Oa iqa/hyg Oa iqa/h o iga/h ov
[2 (—th — EA - Va) +q¢p — qat] e U =—q 5 )¢ U+ ihe o )

0¥

= (A1)

1 2 | _
5 (~inv — LA - va) (/M) + goelto /My — in e/
2m c

The terms containing the time derivative of « cancel each other out. Now
2
(<inv - 1A -va) = (<inv - A - Va) (<inv - 1A - Va)
c c c
= —12V2 +ihd(VA) + il LAV + ih(V2a) + ih(Va)V
c c
2
+infav + L A2+ 1A (Va)
c c c
Fil(Va)V + %(Va)A +(Va)2.
. q 2 oo @ )2 2
—th—EA—Va = —h*V +67A + (Va)
+ Qih%AV + Qih%(Va)V + 2%(Va)A + ih%(VA) +ih(V2a).
Before applying this operator to ¥/ = ¢*/M¥ it is convenient to evaluate separately several parts.

First, note that
V2(U,10,) = (V20 TUy 4 T (V) 4 2(V T )(VT,),

and
Vv2elae/h — V(Veiqo‘/h) =V (iq(Va)eiqa/h> = Z'—q(VQOz)eiqo‘/’L’ - ﬁ(Voz)Qeiqa/h
h h h2
Therefore
— WPV (e /M) = —p? (V2T — p2eh 1M (V2T — 21 (Ve /M) (V)
= —igh?(V2a)e' 1" + ¢?h? (V)2 1/hl — p2e%(V2W) — 2igh?(Va)e' /" (V1)
Also

V(e"10) = (Ve 1) + "1V = iq(Va)e"*V + 1V
We are now ready to compute (—ihV — gA — ¢V a)?ei %W
(—ihV — gA — quz)Q(eiq“\If) = —h2V2(equ‘\Il) + q2A2(ei‘1‘X\I/) + qQ(Va)Q(eiqo‘\Il)
+ 2ighAV (€990 + 2igh(Va)V (e"19T) 4 2¢* (Vo) A (1)
+iqgh(VA) (" 1°0) + iqh(V3a) (e"1* D)
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(—ihV — gA — gV )?(e"1°T) = —igh®(V2a)e' W + ¢*h*(Va)?e' 1w
— B2eM (V2 — 2igh? (Va)e' (V) + ¢ A2 (e"10) 4 ¢*(Va)? (e'1T)
—2¢°hA (V)T + 2ighAe VU — 2¢°h(Va)2e' 1T + 2igh(Va)e'1* VU
+2¢2(Va)A (") + igh(V A) (e"1° W) + iqh(V?a) (e D)

e M (—ihV — gA — gV )?(e"1°T) = —igh*(V2a)¥ + ¢*h*(Va)* T
— BA(V20) — 2igh*(Va)(VV) + 2 A%(V) + ¢*(Va)* (V) — 2¢°hA(Va)T
+ 2ighAVU — 2¢°1i(V )T 4 2igh(Va) VT + 2¢*(Va)A(T)
+igh(VA)(¥) + igh(VZa) (V)

Reordering and painting with the same color terms which cancel each other out we get

e MY —ihV — qA — ¢V a)? (") =
— R2(V2U) +igh(VA) (V) + 2ighA (V) + ¢>A? ()
—igh®(V?a)W —2igh*(Va)(VV) —2¢°hA(Va)V
+2igh(Va)VU+2¢*(Va) AT +igh(V2a) ¥

(—ihV — gA — qVa)?(e"1*V) =
gie [ ~ R(V20) + igh(VA)() + 2ighA (V) + 2 A2(D)
But
(—ihV — qA)? = —h?V? +igh(V A) + ighAV + ighAV + ¢>A®.

(—ihV — gA)? ¥ = —R*V?U + igh(VA)¥ + 2ighA(VV) + > A V.

Therefore . _ )
( —1hV — qA — an) (e"1W) = ezqa( —1hV — qA) v

Taking this into account, the Schrédinger equation (A.1) transforms into

1 . 2 , oL
—e"( —ihV — qA) ¥ M = jhetlY —.
2me ( ih q ) + qoe ihe 5

Now we can eliminate the e’?® phase to get

ov

ot’

which is the original assumption we started from. What follows is a little extra material that might
be useful to avoid easy mistakes.

%( — ihV — gA)* U + qp¥ = ih

It is usual to define the so-called covariant derivatives as (we set now i = 1)
. o O .
D =V —igA, D" = — +1iq¢.
ot
The Schréodinger equation containing interaction terms with the electromagnetic field can be written

as 1
%(—iD)Q\I} =iD"V.

It is not difficult to show that
D'V = "DV, DYV =DV,
(D')2\Il' _ eianQ\I/, (DOI)2\I// _ eiqa(DO)Z\I}.

However, be careful to note that the extra igA term in the covariant derivative spoils the ordinary
chain derivative rule that one might be tempted to use

D(U,0y) # (DU) Ty + Uy (DUy).



230

The correct expression is

D(\qu/g) = (V - ZqA)(\Ijl\IJQ) == V(\Illlpg) - ’LqA\I/llllg
= (V\Ill)\llg + \Ill(V\Ilg) - ZqA\Ifl\IJQ
= (V‘I’l)‘lfz - ZqA\Ifl\IJQ + ‘III(V\Ilg) - ZqA‘If1\112 —‘y—ZqA\I/l\I/Q

(DU,) ¥, U1 (D¥s)

So

2. In this problem you are going to try to derive the Hamiltonian for the spin-orbit
interaction in the Hydrogen atom using classical electrodynamics. Start by assuming
that the electron and the proton can be treated as classical point charged particles
describing an orbital circular motion of radius r around each other. In the rest frame
of the electron, the proton looks like a circular current of intensity I = e/T, where T
is the orbital period. According to the Biot—Savart law, the magnetic field generated
by such a circular current is B = puogl/2r = ppe/2rT. By noting that the orbital
angular momentum of the electron is L = rmv = 2mr2 /T, express the magnetic field
B in terms of L. Next, consider the electron as if it were a tiny circulating current
around a ring of mass m and radius r.. The magnetic moment of this model can
then be written as pu = qmr?/T,, with T, the rotation period and ¢ the charge of
the electron smeared over the ring. From classical mechanics we know that T, can
be related to the electron spinning angular momentum using its moment of inertia,
S = 2nl./T., (I. = mr? for a ring). Write then y in terms of S and multiply it by
the magnetic field B to get Hg, = —uB. Compare your result with equation (1.159)
and comment on the differences, if any. (Note that 1/c? = eguo)-

Solution: In the electron rest frame the proton could be pictured as a continuous circular current
loop. According to the Biot-Savart law, the magnetic field generated by such a current is

Bf/"LOI,f‘Oefl e 1 ev
2 2T 20T 4dmeg c2r?’

where egg = 1/¢? and the effective current is given by I = /T, being T = 27r/v the period of
the orbit and r its radius. We can write the previous expression in terms of the orbital angular
momentum L of the electron (in the rest frame of the nucleus) by noting that its classical velocity
would be v = 277/T and L = rmv = 2wmr?/T. Furthermore, B and L point in the same direction,

therefore
1 e

B=———-1L.
4dmeg mc?rd

According to classical electrodynamics, a spinning charge creates a magnetic dipole moment pro-
portional to its (spin) angular momentum. Let’s see how this comes out for a charge g smeared
over a ring of radius r. and mass m which rotates with a period T,. In this situation, the magnetic

moment is defined in classical electrodynamics as the current (¢/7,) multiplied by the area 772,

- qﬂrg
= Te .

From classical mechanics we know that the (spin) angular moment of the ring is obtained by
multiplying its moment of inertia (mr?) by its angular velocity (27/T.),
2
S = %mr?, therefore 0= % S, or n= % S.
The gyromagnetic ratio for this simple classical model comes out then as p/S = ¢/2m, which is
independent of r. and T,. The preceding reasoning is valid for any charge distribution having a
shape given by a figure of revolution. The electron magnetic moment in this model would be then

e

He= "5
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Putting everything together, we get the following Hamiltonian for the spin-orbit interaction

e? 1 e

LS, or, in Gaussian units H=,—555LS.
2m2cr

2
H=-puB= 4dmeg 2m2c2r3
This is the same result we got from the Dirac equation. However, all our classical reasoning has
been made in the rest frame of the electron, which is not an inertial system. This means that
we should have applied the appropriate kinematic correction originating from the effect known as
Thomas precession.t It can be shown that in this case the Thomas precession gives an extra factor
of 1/2. With this factor, the Hamiltonian for the spin-orbit interaction would be

62

4m2c2p3

a result that is half the correct value. Of course, you have probably noticed that by modeling

H LS

?

the electron as a classical tiny current loop gives only half of its true magnetic moment, which
is p, = —% S. Using this expression we would get the correct Hamiltonian for the spin-orbit
interaction. It is interesting to note that, coincidentally, the extra factor of 1/2 due to the Thomas
precession cancels the factor 2 in the (quantum) modified gyromagnetic ratio for the electron.

3. We have computed the relativistic correction to the energy levels of hydrogenic atoms
using the next-to-leading term (the second) in the following power expansion,

2 4 6
p p p +

T om 8m32 ' 16mdcA

Compute now the correction due to the third term, but do it only for the hydrogen
ground state. Give also the ratio of the third-term to the second-term correction.
Hint: write p%/(16m®°c*) using Ho = p?/(2m) — Ze? /r and proceed as we did when
computing the correction due to the second term. At a given point you will need to
compute the matrix element <¢ | %p2% ! 1/J>, where 9 is the hydrogen ground state.

Solution: Let’s denote

3
SO P S S 5
" 16mSct  2m2ct \ 2m
2 VA 2
Using Ho = QP; e we may write,
m r
1 Ze2\? 1 11 (Ze2)? Ze?
(3) — _ 2 2
HT = 2m2C4 (HO + T’) = m |:H0 + Ze (HOT + THO) + 7‘2:| (HO + T) .

(Z¢*)?
r2

1 1
2m2AH®) = H3 + ZeQHO;Ho + 262;7{3 + Ho

Z 2 1 Z 2 1 Z 2 Z 2\3
122 g, L gy 2O )
r r r T r T
1 1 1
2m* U1 = H + Zé? <7'lor7'lo) +2Zé <T’H3) +(Ze?)? (7,27'[0)

1 1 1 1
+ Zé? (%3) + (Ze?)? (7{02> + (Ze?)? (’Ho) +
T T T T

(Ze*)?
r3

Since Hy is hermitian,

() -ty (2. () - ().

!The Thomas precession is a kinematic effect that arises when making calculations in a non-inertial (accel-
erated) system. It is due to the fact that the product of two relativistic boosts with non-parallel velocities is
equivalent, rather surprisingly, to a single boost plus a rotation.
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and <H071ﬁ0> — (E®)? <i>

1.1
The expectation value <7—[0> is more difficult to handle. Still, some simplification can be done
roor
1.1 1/ p> Ze2\ 1 1 /1,1 5/ 1
-Ho—)=(—-|——— |- )=—(-p"—)—Ze* (= ).
roor r \2m roJr 2m \r" T r3

et (W) = (E9)" + 326 (£0) (1) + 2222(80) ()

(it () a3

2m2ct (M) = (B0)" + 3262 (ED)? <1> +2(Ze2)2(ED) <r12> INC Lo <1p21> .

since

So,

r 2m o
1 2(Ze%)? /1 (Ze?)? 1,51
EO 4 37.2/(2 = A e S A.
w t3%e <7">+ (E7(LO)> r? +2m(E,(lO))2 - (A:3)

1\ Z1 1\ zz 1
r/  agn?’ r2 _a%nS(EJr%)'

In particular, for the hydrogen ground state we have (1/r) = 1/ag and (1/r?) = 2/a3. We still

Therefore

<H£3) > _ (E7(10))2

2m2ct

For hydrogenic atoms

1,1
have to compute <w ' —p?= ‘ w> for the hydrogen ground state wave function, which is
rtor

1 3/2 1 y y
N —r/a0 — p /a0,
v (ao) N ‘

We need the following relations

7 (iw) — 22 (iq/}) = —K? [i (V%) + 1 (Vzi) +2 (Vi> (Vw)] :

1_8(1/7“)A_ . 1 ol
V; = =3 P=-—5f=—5r v - = —47d(r),
—r/a
Vi = Mf _ _ie—r/aof. — _ﬁle—r/ao r,
8r aon ag T
2y L O (200N 1 () 00 507\ _ 204 0™
Vw(r)_ﬂar "or) T2 2T8r+r Oor? _7‘8T+8r2’
2 b b
2 —r/ao _2(_= —r/ao Y —r/ao
V(be ) r(aoe )+a%e .

Collecting everything,

1 2 1 1
p2 <1/J) — K2 [_ 2b e~T/a0 + % e~ T/ _ gxphe~T/0 5(1.) ) (_3 r) (_b Z e T/ao r)]
r ra r

T agpn 0 ap T
2 1 2 1
:—h2befr/ao {_ 5 -|-2—47r5(r)+31‘<1'>]
rlag = Tag T rag
2 1 2 1
= h2be "% { s~ 3 +476(r) — 3 } = h2pe /0 {4775(1') - 2} )
rlag  rag r2ag rag

1,1 1, b1,
(p2>z/}:47rbh2e_7/“°5(r)—26_7/“0.
r r

2
T ag T
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So the expectation value we are looking for is
1,1 1 h2b? 1

<¢ —p?= ’¢> = 4rb?h? / Ze2r/ao0 d(rydr — —- /—2 e2r/%0 dr.,
roor r a r

0
where d7 = 72 dr dQ) is the volume differential element. The angular integrals give just a 4w factor,
and for the radial part we get

]. 1 1 A h2b2 oo
< 2 "l/)> 4 b) h2/ 6727‘/(10 5(1.) 7,2 dr — 7T . / e —2’r/a0 2d7‘
0 r 0 r

agp

— T
™ aq

ATh2b? /°° Jorfao g _ ATV ag _ 2mh? 2wk’ (1 b1 om?
a(z) 0 a% 2 ag ag ag
Using ag = —62/(2E§0)) = —€?/(2E) (let’s write from now on Eio) = E}, to simplify the notation),
and remembering that h? = agme?, the last term within the brackets of equation (A.3) becomes

(for hydrogen)

et 1,1 et 2m? et 2agme? et e? S 8E3
o\ P )= "5 w1 =~ 2 T = "7 3= 3 5 — ok
2mkE; r 2mET ag 2mET  ag E7 ag EY e
Therefore the energy correction for the hydrogen ground state is (e?/ag = —2E1)
E? 1 2(e?)? /1
<3)> = g y3e2( = —V_8E
<HT 2m2ct { 1+ e r + Ey r2 !
E? 3¢ 2(e?)? 2 E3 3e?  2(e?)? 2
2m?2ct |: ag + E1 (2) 2m?2ct ap + E1 a% !
E? 3E}
= By~ 6B + 16E, — 8By = =L
2m2ct [ 1+ ! ! 2m2ct’

Equation (1.202) gives us the correction due to the second term of the kinetic energy expansion,
which is —5E%/(2mc?) for the hydrogen ground state. Let’s display both corrections

CONE - NCORE

2mc?’ 2m?2 c4

The ratio we are asked to compute is

(3)
<’“>_3Ei”2mc 3 E;
<H52)> T 2m2ct BE? . hmc®

3 13.606eV
— o oO0eY 6105,
50511 x 1006V %

4. You may probably recall, from your Classical Mechanics course, that energy and an-
gular momentum are not the only constants of motion in a Kepler problem (attractive
1/r potential). Since the classical solutions have closed orbits, the vector pointing
from the origin along the semi-major axis of the orbit, called the Runge-Lenz vector,
is also a constant of motion. This fact can be used to give an algebraic derivation of
the hydrogen spectrum, first published by Pauli in 1926, but in this problem we will
only prove some properties of the Runge-Lenz vector.

Consider the Hydrogen atom with its well-known Hamiltonian

p2 62

2m r

For Hydrogen the Runge-Lenz vector is given by*

The accidental degeneracy of the Hydrogen atom is due to the fact that this vector,
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along with angular momentum, is conserved. In this assignment it will be useful to
express the Runge-Lenz vector components in tensor form
1 2 Tg
R; = 5 —eiji (pjLk — Ljpe) — *—~,
where the Einstein convention of summing over repeated indices is applied. Remem-
ber that the Levi-Civita antisymmetric tensor symbol is given by:

—_

, if ijk is an even permutation of 123,
€k = § —1, if ijk is an odd permutation of 123,
0, if any two of ijk are equal.

a) Use the tensor form to verify that R is hermitian.

1 . 1 X
[pj’r] = —1h0; <7“) = zhr—;.

You will use this result in ¢). Hint: use a dummy wave-function.

b) Demonstrate that

¢) In preparation for d) show that

[Ri, H] = —26;2” {ij ([pj, i] Ly —L; [pk, iD + [%,Pﬂ }

Hint: The commutators [pj, p?] = 0, [Ly,p?] = 0 and [Ly,r] = 0 will be useful.
d) Starting from the expresion of ¢), show that [R, H|] = 0. This proves that R is
a constant of motion in this Quantum Mechanics problem.

Hint: use the tensor form to demonstrate that [R;, H] = 0 for each component of R.
You will need the commutator of item b) and the relation €;;x€mnk = 0imdjn —dindjm.-

“Note that in classical mechanics there is no difference between p x L and —L X p, but it is
the average of these operators that it is used in the quantum treatment, because this average is
hermitian.

Solution:

a) For any two operators we have (AB)" = BTA!. Therefore, since L and p are hermitian
operators,

1 ZT; 1 ZT;
RZT = 5, €ijk (Lkpj — prLj) — 627 = %(_Gikj) (Lxp; — peLlj) — 627

2
(peLj = Lip;) — €~ = Ry

= — i
om "

b) As suggested, we see how the commutator operates on a generic wave-function:

{p 1] b= [—z’h@» 1} b = —ihd; (W) vinka, ()
T T T

(A
. 1 o1 1 . 1 L T
¢) The commutator [pj, p?] = 0 is evident. Since the Lj operators in spherical coordinates have
only angular derivatives, if follows that [Ly,r] = 0. Furthermore, recalling that [AB,C| =
A[B,C] + [A, C]B, we have

[Li,p?] = [Li,pipi] = pilLk,pi] + [Lk, pilp;-
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[Lk, pi] = €rim[T1Dm, Di] = €kim (a?l [Dm, pi] + [xlypi]pm) = 1herim1ipm = thegimPm.
Thus
[Lk,p?] = ih (Ekz‘mpipm + ekimpmpi) = 0.

These commutators lead to

[pjLk.p®] = pj[Lk, p*] + [p;j, p*] Lk = 0,

1 1 1 1
|:ij/€’ :l =DPj |:Lk7 :| + |:pj7 :| Lk) - |:p_77 :| Lka etc.
r T T

1 T; p2 €2
(R, H] = |:27n€ijk (pjLk — Ljpk) — 627, Py ] =

S (] o)+ [21)

Therefore,

d) Using €;jk€mnk = dim0jn — 0indjm We can see that:

1 T
€ijk (l:p]a :| Ly — LJ |:pk7 T‘:|> = Zh Ezjkekmnxmpn Zhemkegmnxmpn 3

T T

ih (3;
LT Tk
=ih T%(wipj —xjp;) — ih (zkp; — ipk)ﬁ
(z

X Tk
=1h7§(wipg x;pi) + ih (xipr —xkpz')fg

=ih —J(;vipj —xjp;) +ih(zp; — acjpi)r—g

L1 1. 1
=1ih T—nga:ipj zh —&;x;p; +ihapjr;— 3 zhxjpixjr—g
TipiT;

|1 1 1 — 1
=ih TgTITIP — Pt TPt — (pir® + ihdy;x;) 3

1 1 1 1 X
=1h S5 TP~ D + TiPjLi g TP %h?g
wipjz]-

) 1 1 1 1 . x;
=ih 3 TPy — P+ (pjxjm; + zhézjx]) —Pi —ih=

1 1 . 1 1w
=ih ( TjTp; — pi + (pjxjz; + thl)ﬁ — pi; — zhr;)

1 1 1 1
_Zh< TjTiPj — pz"‘pjflijl'zr—g —pir> . (A)

Besides,

Ti o . xZ; - €T xZ;
Tvp = 7729ij =Dpj *,pj + *,Pj Py,

x; 1 1 1
{7,%} = [zi,p;] + [T,pj} —int 5m ih—3 ;.
So

x; L1 ) 1 L1 L1
{f,pﬂ = thp; ;5@‘ — ihp; —3TiTi + zh;pjéij - zhr—sxjxipj

. 1 1 1 1
=1ih (pi —DjT;T— -3 + pz_ S LT ng) (B)

It is evident that (A) + (B) = 0 and this cancels the expresion obtained in item c).
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5. This problem shows an algebraic method to solve the hydrogen atom. Consider the

dimensionless radial equation (1.106) of chapter 1 for Z = 1, namely

e A o v

and define the following operators

d ¢+1 1
ay

4. 1 d £—|—1+ 1
dr r (+1’

dr 7 (+1

+
a, =

(a) Compute a, a) and show that the radial equation (1) can be written as
. 1
(agaf)ue=(-E - 12 U (3)

(b) Show that
1 1
+— _ o= o+
By multiplying equation (3) by aj, show that ajuz(r) satisfies the radial equa-
tion with the same eigenvalue E, but for an angular momentum ¢ = ¢ + 1.

(c) Similarly, show that a, ,u,(r) satisfies the radial equation with the same eigen-
value F, but for an angular momentum ¢ = ¢ — 1.

(d) Integrate by parts the expectation value of ae_az, using the operators defined
in (2) and the boundary condition u(r) — 0 for r — 0 and r — oo, to show
that

o _ * [duj du +1) 2 1
* + _ A J _“ 2
/0 up (agaé)ugdr— /0 [dr . —I-( 2 T+(€+1)2)|uz|]dr.

Next, integrate also by parts [ |a2’ug]2 dr using the definition of aZ to find that
you obtain the same expression as before with a minus sign. This leads to

/ up (a; af ) ugdr = —/ |af up|? dr. (5)
0 0

Use this result and equation (3) to prove the relation —E < 1/(¢ + 1)2.

(e) Show that, for a given value of E, there exists a maximum value of the angular
momentum £ (call it £yay) such that E = —1/(fpax + 1)? = —1/n2, where we
define n = fy,ax + 1. In this way we find the hydrogen energy levels. Show that
the radial wave function uy,_, (r) satisfies the following differential equation

<i -2y i) U () = 0. (6)

(f) Using equation (6) and the results proven in this problem, find the hydrogen
radial wave functions u(r) for n = 3, up to a proportionality factor.

Solution:
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(a)

. {41 1
Calling Pp = —— — T we have
(ayafYu= (8, + P) (0 — Po)u = (0, + Pr) (Oru — Pyu)
= 02u — (0, P))u + Py(9,u) — Py(0pu) — Piu = (02 — 0,P, — P})u
Vi 2
:33+(+1)*(€+1) o1
r2 r2 (L+1)2
Therefore
O (VI B
£ dr? r2 ro (L+1)%

It is now straightforward to show that the radial equation can be written as

_ 1
(ae a;) Uy = <—E — (€+1)2> Uyp.
Similarly, for a; a, we find

a+a,:di_(£+1)(£+2) 21
L dr2 72 r (0412

Therefore
- = 4+ 1 1
a; Gy, =0y, 10y, + (+2)7 - C+ 12

By multiplying equation (3) by a/ we obtain

_ _ 1
azr(az a?)ue = (ajaé )ajue = (—E — W) ajug(r),

which, using (8), can also be written as

{012 _ e+ 2 1 }GXW(T) _ (_E_ 12) atug(r),

dr? r2 r (L+1)2 (¢+1)

[;2 et 13? +2) 2} afue(r) = —Eaj ug(r).

2

r
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Therefore it is found that a; u,(r) satisfies the radial equation with the same eigenvalue, E,

but for an angular momentum ¢ = £ + 1.

From expression (8) we find that the radial equation can be written as

_ 2 e+1) 2 1 1
(GZ—lae—l)WZ[dﬂ— (7‘2 )+T—£2}uz=<—E—>w.

Multiplying the previous equation by a,_; we have

_ _ _ _ 1 _
azfl(aﬁla#l)w = (%71‘1271)“@71“@ = (_E - gz) Ayp_1Ues

d? 0 —1 2 1 1
{ — ( ) + - ] (y_qUg = <—E > a,_q Uy,

dr? 72 ro 2 2

-1 2] _ _
|:d,r2 - 7’2 + 7“:| a£71Ug = —Ea571Ug.

Therefore a, jue(r) satisfies the radial equation with the same eigenvalue E, but for an

angular momentum ¢ = ¢ — 1.
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+

(d) Using expression (7), the expectation value of (a; a/ ) computed with the radial function u(r)

can be written as

e e 2 le+1) 2 1
v (a; af ) ugdr = V== — - dr.
/0 Uy (agag)uf r /0 Uy (dr2 2 +r (€+1)2)u[ r
The integration by parts of the first term gives
° d2uy dug | © du? duy * dul duy
)= dr=u; —| - L dr=— £ —_"d
/0 Yo ge T Mgy 0 /0 ar ar & /0 ar ar "

where we have used that, because of boundary conditions, lim, o uy = 0 and lim,_q % is
finite (therefore lim,_,ou; = 0). We can then conclude that

° _ T dul du Ll+1) 2 1
S araf)updr = | |-Se e ( 2 Vjwl?l d
/0 up (aeae)w r /0 { T dr +( 2 +T (€+1)2>|u2} r

Let us now calculate

/ |a2'ug|2d7‘:/ (a;w)*(az—ug)dr:
0 0
/oo dUg €+1 + 1 * du€ £+1 + 1 d
_—— — —_— _— — —_— T =
0 dr r E—l—lw dr r f—i—lw
©ldupduy (£+1 1 du duyg (+1 1\
o I I (e 3 e = dr —
/0 [dr dr ( r E+1)<druZ+uédr * r {41 & "

© du d (41 1\ dlugl? {4+ 1 1 \?
[ i (en (e )W]dr.
0

dr dr r 41 dr Clr1
The middle term is

/oo /+1 1 d|Ug|2
— d7":
0 r {41 dr
o 041 |
+/ 5 |w|2dr:/ 5 |ug|? dr,
0 0 r 0 r

6—1—17 1 1g 2
T {+1 e
uy

where we have used integration by parts and, again, the fact that lim, o <* is finite. Going
back to the previous expression we have that

o <l duy dug (£ +1 (+1 1\
/0 |a?ue|2dr=/0 ld:dr_< = >|u42+<r —“_1) |u521 dr =

> [duy dug +1) 2 1 9
/0 [dr dr+< 72 7’+(€—|—1)2 fuel™| dr.

o0 oo
/0 up (ag af) ugdr:—/o lafue>dr < 0,

Therefore

which is what we were asked to prove.

From equation (3) we see that the expectation value of (a; ;) can also be written as

(e e) 1 [e )
0 (agaf dz(—E—)/ 2 dr.
/o up (ay af ) uedr e |ue|” dr

Comparing the previous two equation we deduce

(-5~ o) <0 = -B<

(£+1)2 (e+1)%
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(e) By repeatedly applying a; to u(r) we increase the value of ¢ by one integer. This process is
limited from above because we must have —E, < 1/(£ + 1)2, so there must be a maximum
value of £, call it £y,ax, such that

1

1
—Ep=— = —.
7 (b + 12~ 02

+

Cmax

i_gmax_"l_'_ 1 (r) = i_ﬁ+l (r) =0
dr r lrnax + 1 Wb \T) =\ g 7 7 T 3y ) Womax 1) =

The function a, wy,_, must be identically zero, therefore u,_,  satisfies

(f) The energy levels are E,, = —1/n? in Rydberg units. The radial equation for u,_._(r) can be
solved doing
du (n 1 ) du (n 1 )
—=l-—-=]u = —=|—-——]dn
dr r o on U roon

log(u) = nlog(r) — Tio = ug,,.. = Apg, e/
n

max max 7

where A, .. is a normalization constant for the state with n and ¢y,,x quantum numbers.
For n = 3 we have £ = 0,1, 2, S0 {1,ax = 2 and

r/3 _ Asy r3 6_7‘\/E.

Up =g = Agarie”

max

By repeatedly applying the a, ; operator we can work out the other solutions of the same
energy, that is for £ =1,0.

N S Gt \E S S (4 1
U1 = g tie = dr r £-1)+1 ve= dr r ¢ e

_ d 2 1 d 2 1 .
“1‘111‘2((174*742)1@<d70+702)A327"3e /3

= 543972 (1 — %) e /3 = Agy r? (1 — g) e~ /3.

_ d 1 d 1 N _,
uoaoul(dr+r1>ul<dr+rl)ASl7’2(16)e /3

2 2 ) 2
= As13r <1 - 57“ + 27T2> e /3 = Aggr (1 — g?“ + 277“2> e~ "/3,

Let’s collect all results we got:

- ™ —r 2r  2r? _r
U32:A327”3€ T/37 U31=A317"2(1—6)€ /3, u30=A30T<1—3+27>€ /37

and compare them with the corresponding expressions quoted in chapter 1 of the lecture
notes,

) — Z\¥? 4 7% _Zr/300
a2l = 8130 a2 ’

wn(r) = (Z)7F 82 (1 20 v,
ST ag 276 ao 6ag ’

wlry = (Z)F 2 |22 2 (2rY
30 N ap 3\/§ 3ag 27 \ ag

It is clear that, setting Z = ag = 1, and leaving aside the normalization constants, we have
reproduced the same radial functions.

ao

efZ'r/Sao'
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A.2 Chapter 2.

1. Check that for a uniform magnetic field B we can choose the vector potential to be

A= %B x r. (Hint: all you need to do is to verify that V x A = B).

Solution: all we need to do is verify that V x A = B. Incidentally, we can show that the relation
VA =0 also holds. Using the rule V(A x B) = B(V x A) — A(V x B), we have

VA:%V(er):%[r(VxB)—B(er)} =0,

because V x B =0 (B is uniform) and V x r = 0. Next, we need to use the rule V x (A x B) =
(BV)A — (AV)B + A(VB) — B(VA), to find

V x A= %V x (B xr) = %[(N)B — (BV)r + B(Vr) — r(VB)}.

But, since B is uniform, (rV)B = 0 and r(VB) = 0. Furthermore Vr = % % + % =3. And
for the remaining term we have

(BV)r = (Bma v 5,2

0 . . . . . .
Ox yaiy + Bzaz+) (z&; +y&, + z8.) = B,&, + B,&, + B.&, = B.

So finally
1
VxA:i(fBJr?)B):B.

2. The muonium is an electromagnetic bound state of an electron and a positive muon,
e~ . This system has received considerable attention (theoretical and experimen-
tal) to test the validity of quantum electrodynamics. In particular, very precise in-
formation can be obtained from the study of the hyperfine structure of its 1s ground
state. Here we will perform a simplified analysis.

a) Compute the hyperfine interaction for the muonium ground state in the pres-
ence of a constant external magnetic field along the z-axis, B = (0,0, B). Use
the uncoupled basis and show all algebraic steps in the process of getting the
matrix elements.

b) Repeat the calculations of the previous point in the coupled basis, showing
again all needed algebraic steps.

c¢) Study the energy shifts as a function the magnetic field amplitude, paying
attention to the low and high magnetic field regimes. Draw a sketch (not
necessarily to scale) showing the energy of the four levels versus B.

d) Find the possible points where the curves E1(B), Ey(B), E3(B), E4(B) inter-
sect with one another. Taking h?Ap = 1.846 x 107° eV for muonium, compute
the values of B (in Gauss and Tesla) of the intersection points (ignore the
intersection point at B = 0 and take always B > 0).

Hints: Take equation (2.180), namely

H = %BS + ApIS — gN:NBI,

and make the substitutions

2 2
S S, I5Ss gn— s gn—ge~2, MBp_y, MeftBp_
my h m, h




Quantum Physics III. Monday 7" September, 2026, 11:08. 241

to get

Me 2UB

2
s “EBS, + ApSiS: = wiSi: —waSa + ArSiSs,

- Z'BRBs, —
7 h ! my

where S; and S, are the spin operators for the electron and muon, respectively. The states
of the uncoupled basis are |S1, So, ms1, Ms2) = |Mms1, Ms2), while the states of the coupled
basis are |S1,S2, F,mp) = |F,mp), where F = S; + So. Use a table of CG-coefficients to
relate the elements of one basis to the elements of the other.

Solution:

a) To compute the H matrix elements in the uncoupled basis, |mg1, ms2), write H as

H = w1512 —waSa: + Ap[ — (S1)+1(52) -1 + (51)0(S2)o — (51)-1(S2)+1],

and use the relations

Jiiljm) = Fh/ LG+ 1) —mm £ D] [j.(m£ 1),  Joljm) = mhljm),
to find the following matrix elements (we omit here the detailed calculations that the student
should do)
T1 T _ 1 T1 T _ 1
— - |§§ = |§7§> |7§§> |7§7§>
(33| | 5w —w2)+FAp . .
(3= 4] Bur+n) — £ Par
44 PAr bt -4
(-1-4 ~bor =)’ + Ar

Two of the eigenvalues are obvious

h2 2

h
5w —wa) + —Ap, Ey =—<

E1=2( 1 2(

The remaining two are obtained solving a quadratic equation. They are

h? 1, o 1
E3 = —fAF"f- Zh4AF+Zh2(wl +UJ2)27
K2 1, o 1
E4:—fAF— Zh4AF+Zh2(w1 +UJ2)2.
b) To compute the matrix elements in the coupled basis, |[Fmpg) = {|1,1),]1,-1),|1,0),]0,0)},

it is convenient to use the relations
1
F? =82 + 52 +28,8S,, S8, = §(F2—Sf—S§)7

to write H as )
H = wlSlz — (A)QSQZ + §AF (F2 — Sf — S%)

Using the CG-table of appendix B.5.3 we find
11 1 1
1,1}-‘2,2>7 |1,—1>—‘—27—2>.

T T TN L )
2122/ TRl 22 V2|2 V2| 202
Therefore

(w1812 —w2S2,) [1,1) = g(wl —w9)1,1).
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h
(w181 —waSs,) |1, —1) = —§(w1 —wo) |1, —1).

h 1 1 h 11 h
S1z —w2S2,) |1,0) = —= — =) —— =) == 0,0).
(@151: —wn822) [1,0) = 27w bn) 5.~ )~ s bam) |- 5.3 ) = e +e) 0.0
h 1 1 h 11 h
S12 —w252,)10,0) = —= — —= — —— =) == 1,0).
(w1512 —w252:) [0, 0) Qﬁ(wﬁ—wg) 5 2>+2\/§(w1+w2) 272> 5 (W1 +w2)|1,0)
So the matrix elements of this part of the Hamiltonian are
|1?1> |17_1> |1a0> |0a0>
<1? 1| %((}Jl - o‘)2)
<17—1| —%(Wl—(,c}g)
<1,0| g(wl +LU2)
(0,0] Swr +ws)

The matrix elements of the remaing part are diagonal
1 h? 3 3\ R
L sAp(F2 =82 = 83) |1,1) = ap (2-5 =5 ) = - Ap.
<’ '2 " S| L o r\*Ta171) T ar
1 2 2 @2 1 2 w2 a2 h?
11 5Ar (P2 =82 = 83) |1,-1) = (1,0| 54p(F? = 52 - $3) | 1,0) = T Ar.

P R A S
<0a0‘2AF(F _51_S2>‘0’0>—2AF 0—4—4 =" Ap.

(L1 | BAp

<17 _1| %QAF

(1,0] B Ap

(0,0] —3 Ap

The matrix elements of the full Hamiltonian are then
11,1) 11, 1) 11,0) 0, 0)
2

<].,].| %(wl—wg)—i—%AF )
<1,71| 7%(&)17&]2)4’%‘4}7 )
(1,0 FAp 3 (w1 + wo)
<0,0| %(Wl —‘rbdg) —%AF

It is easy to see that we get the same eigenvalues as before. They can be written in a more
convenient way defining the ratio K = m./m, and w = wy,

WEU}l:%B, w2:me2ﬂB:mewlzﬁw.
h my, h my
h? A K2 h
1 1 r+ QW( K), 2 1A QW( k),
K2 1 K2 1
Es = —ZAFJri\/(hQAF)Q + RPw?(1 + k)2, E, = 7ZAF7§\/(h2AF)2 T R202(1 + k)2

Since w is proportional to B, we can just as well study the dependency of the previous energies
with respect to w. Both F; and FEs are linear functions of w, the first one increases with a
slope given by A(1 — k)/2, and the second decreases with the same slope. FE3 and Ej4 are
not linear functions of w(B) at small values of w(B), but become linear at high values. The
following plot shows the B-dependence of the energy levels for B < 0.4 Tesla.
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d) Given the sign of the slopes, the only combination of curves that can intersect are F1(w) with
E3(w), and Fy(w) with Ey(w). Let’s study first E;(w) with E3(w).
Solving the equation which arises from imposing F; = Ej,

h? h h? 1
AR+ qwl—k) == Ap + 5\/(h2,4F)2 + h2w2(1 + k)2,
we get
h 1 h2A
w==-Ar|—-—-1]), or B=-2F M _ .
2 K dug \ Me
Putting numbers,
1.84 107° 105.
= B46 X 1077eV. < 05.66 _ 1) — 16.41 Tesla = 1.641 x 10° Gauss.
4 x 5.788 x 10~5eV - Tesla 0.511

For the condition Fy = E, we get

h2A .
B=_2F <1 - > <0,
4/14B Me

but this is discarded since we are assuming B > 0.

3. In this exercise we shall study the modification of the energy spectrum of a hydrogen
atom placed in crossed static electric and magnetic fields in perturbation theory. To
simplify things we will consider that the electron is spinless and neglect also
fine structure effects.

In a famous 1925-1926 work on the hydrogen atom, Wolfgang Pauli was able to
calculate the splitting of the levels in an electric field (Stark effect) or in a magnetic
field (Zeeman effect). Pauli also noticed that he could obtain a simple and compact
formula for the level splitting in a superposition of a magnetic field B and an electric
field £ both static and uniform, and perpendicular to each other. In this case, he
found that a level with principal quantum number n is split into 2n — 1 sublevels
B, + 6EY) with

SER = hk(w?, + n%w?)1/?, (1)

where k is an integer ranging from —(n—1) to n—1, while w,, and w, are proportional
to B and &, respectively .

(a) Consider the n = 2 levels of the hydrogen atom (remember to neglect spin
effects). Assume B is along the z axis. Use first-order perturbation theory to
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obtain the energy levels and the corresponding eigenstates in the presence of
B only. Check that (1) is valid in this case and give the value of wp,.

(b) Now assume that, alongside B along the z axis, £ is established along the x
axis and find, in first-order perturbation theory for the n = 2 levels of the
hydrogen atom, the corresponding energy shifts. Check that (1) is also valid
in this case and give the value of we.

Solution:

(a) For a spinless particle the interaction with an external magnetic field aligned with the z-axis,
given by eq. (2.17) of the handouts, reduces to

1 e
H h'uB 2m

Since [Hy, L.] = 0 both H,, and L, are diagonal in the uncoupled basis and the calculation of the
splitting of the energy levels in this basis (Paschen-Bach regime) is trivial:

AFE = <2€mg|%m|2€mg> = %B <2ng\Lz|2£mg> = %Bmg = h/,ummg,

where we can identify that
_eB

Wiy, = .
2m

The eigenstates and energy levels are those of the uncoupled basis and, of course, equation (1) is
accomplished with w, = 0 and k = my.

For n = 2 the hamiltonian matrix is:

00) [1T) [10) [11)

o /0 0 0 0
Q0m)y | Hom|20me) = hw(11] | 0 =1 0 0
o] o o 0o o
ail \o o o0 1

(b) In the presence of £ only, the perturbing Hamiltonian is the electric dipole term
Hs = efr = efx (remember the electric field is parallel to the z-axis). Write the
matrix representing H; in the 4-dimensional n = 2 subspace under consideration.
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A.3 Chapter 3.

1. Consider two hydrogen atoms with the relative positions of the two protons and the
two electrons as shown in this figure,

Assume the protons to be static in their positions. The hamiltonian of the system is
then

H="Ho+H,

2 2
_h P _C _C

2m  2m  ri 7o

e? e? e? e?

-+ _ — .
R ’R—i—I‘Q—I‘1| ‘R—I‘ﬂ |R—|—I‘2’

Ho

H =

a) Show that for R > ri and R > 1o

1= (55) (rore 3 (r R (2 R))

where R = R/R.

Consider that the approximation to H' given in part a) can be treated as a pertur-
bation to Hp and to its ground state, |¢(()0)> = |p15¢15), with unperturbed energy of
E(go) = —e?/agp = —2 Ry.®

b) Let Py be the parity operator that, acting on a n-particle state, applies parity
transformation only to the k-th particle state and leaves all the other par-
ticle states unchanged. The total parity operator can then be written as
P =T]}_, Py. Consider an operator F'(ry,...,r, ...,ry) such that

PyFP,=F(r1,...,—Tgy...uty) = (=1)"F*F(ry, ..., Ty ooy ).

Show that for initial |¢;) = |di1, ..., ik, Gin) and final |¢f) =
|OF1y s Ofky -y Opn) states verifying Py |¢;) = (—1)"* |¢;) and Py lop) =
(=1)™7% |¢f), we have the identity (¢s|F|¢;) = 0 unless 1 = (—1)™rr+7retmin,
for K = 1,...,n. This means that for the I’ operator there are conservation laws
not only for the global parity but also for the parity of k-particle state. Use
this to demonstrate that, to first order in perturbation theory, the energy shift

is zero, AEél) = <¢(()0)‘H/W(()O)> =0.

c¢) Show, using the demonstration of part b), that if |¢,(10)) is an excited state of H
with principal quantum numbers n; = 1 and ny = n, or ny = n and ny = 1, we
have ( 50)]7-[’|¢(()0)> = 0. This means that the lowest-energy excited states for
which ( EO)\H’W&O)> # 0 are those with n; = ng = 2 and energy B = E(()O)/Zl.
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d) In the discussion of the quadratic Stark effect, eq. (2.82) to eq. (2.86) in the
lecture notes, a lower bound was found for the energy shift of the hydrogen
ground state. For the two hydrogen atoms system use the same strategy to
demonstrate that a lower bound of the energy shift produced by H’ is

ONPYIMONG
Ll e

8 (%)6 EY < AE®.

“The prescription that the order in the ket applies to the dynamical variables is used. For
instance, for |@i1¢i2) the corresponding spatial wave function is ¢;1(r1)iz(r2).

a) We can make the usual approximation, which coincides with the multipolar expansion, up to
1 3
#0 ()

1 1 1 1

1 1
R+ r| \/(R+r)2 VRZ+r24+2R-r R 1+ 72 4 oRrx R 1+ 49

Rr Rr
R2
~ 1 1 ﬁ_FQE +§ i_f_QE ’ ~ L 1 1 i+2R~I‘ _|_§ R.r)’
R 2\R2 " R? s\R2 " R? "R 2 \ R2 R2 2\ R2
_l_R-r+3(R-r)2—r2R2
R R 2R5
Applying thistor =ry —r;, r = —r; and r = ro,
77_[/ % % R- r2_%¥
\R+r2—r1| |R—r1| \R+r2|
+3(R-(r2—r1)) - (ro —ry) R2 R}/ 3(R-1ry) —rlRQ R}«,{ 3(R 1) — r2R?
2R 2R5 2R5
_ 3(R-13)7 + 3(R-17)7 — 6(R - 12) R~r1 — 13R% — 13R7 + 2(r; - 12) R?iw—/faﬁ
N 2R5 2R5
_M—W:rl-rg_ (R I‘Q)(R-I‘1>
2R5 R3 R5 '

b) It is worth recalling that PZ = 1, therefore P is both hermitian and its own inverse, Pl =
Pk,_1 = P,. Since Pk_lFPk = (—=1)™% F, we have
(sl Fli) = (1) (g | P FPlai) = (=1)™% (Poibg | F | Pt
= (=1)™ % (= 1)k (=)™ (o [ F [ ahi) = (= 1) T F 0 (g | F | 1))

This equation means that either (—1)™"% "™ +Tix =1 or (¢f|F|t;) = 0, which is what was
to be proven.
It is now straightforward to see that, since

H'(—r1,12) = —H'(r1,12), and ¢(()0)(—1‘171'2) = ¢60) (ri,ra),

the relation we have just proved implies (wéo)ﬂ-[’\wéo)} =0.

¢) Let us assume that the electron with n = 1 (and consequently £ = 0 and m = 0) is the first
one. Since P, 'H'P; = —H' and Py |$100) = |é100),

<¢7(L0)|Hl|¢(()0)> = ($100Bnem| H'|$1000100) = (—1) (P100Gnem| Py " H' Pr|dr000100)
= (=1) (P1d100Pnem | H' | Pid100P100) = (—1) (P100Pnem | H' | P100P100)
— GO )
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We have arrived at the relation <¢7(10) |H’W(()O)> =- <¢£LO) |’H’|w(()0)>, therefore we conclude that

<1ZJ1(ZO)|7-[' \1/1(()0)> = 0. The case when the electron staying in the same orbital is the second one
is proven in the same way.

The second order correction in perturbation theory is given by

2
AE? Z ’<1/);(€0) ‘H/ ¢‘()0)>‘
(N 0 0

k0 E((J )~ El(c )

)

where k stands for all quantum numbers of the states {ni, 1, m1,na,ls, ma}. As discussed
for the Stark effect, a lower limit for AE62) can be obtained replacing the energy differences
E(()O) - E,(CO) by E(()O) — E§O). However, notice that using the result of part b) it can be seen
that the matrix elements for the first excited states, those with ny = 1, ny = 2 or n; = 2,
ng = 1, are zero. Therefore, the lowest energy states contributing to the sum are those with
ny = ng = 2 (labelled with the subscript e) for which,
0 _ pol
E.g ) = E(] 1?
where, since there are two hydrogen atoms at play,
2
e
E” = -— = —2Ry.
ag

Thus

>

AEP =% ‘<¢’E¢O) ‘Hl ¢50)>‘2

1 ©) |y | @\
0 0 0 0 Z‘ k ’H wo ’
Z« EO _ g0 EY _ gD < >

e k0
_ 4 ©) |y | @\
= —a 2 (e[ [

0 k#£0

To perform the summation we take into account that <¢(()O) ‘H’

1/}50)> = 0 and use the
completeness relation of the eigenstates of the system to obtain,

S e - i o)
k£0 k

=S (0 [ | ) (|
k

o) = (| 2| ).

Seeing that

002 = (1) (o +0 (e R) (5 R) 00w (5 ) (1))

let us compute

W8] (1 12)* [17) = (Brs01s ot w2 g1.0n,)

= (p1s]75 2] |p1s) (Prs]Thad|prs) = =L

< )
0
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(6| e w2) (1 R) (2 R) [w?) = (7 fot bl Kb £410) =
2 2 2112
XIXF (prs]a'a?|prs) (prs|z’a"|prs) :ijk%éilj%(sik = (<T9>) -
Therefore

(o [0 [ = 3 (RS) (%) =6 (R;))

where we have used (r?) = 3aZ, which can be obtained using formulae quoted in chapter 1.
We can now see that (remember E\”) = —¢2/ag),

o S ) = o () s ()" B0 < 2
0 k 0/ = 0 3 “°\Rr 0 0 -
3By (= 3B\ R R

. The lowest excited states of helium have principal quantum numbers ny = 1, ng = 2

or n1 = 2, no = 1, for electron 1 and 2, respectively. We will treat the electrostatic
repulsion between the electrons, H' = e€?/r12, as a perturbation to the unperturbed
energies given by

1 1 1 1
Enhnz =—4 |:2052m02 <2 + 2>:| = -5 <2a2m02) = —68.03eV.

ny

Since the n = 2 levels of a hydrogenlike atom are fourfold degenerate (we don’t take
into account the spin degree of freedom in this problem), the first excited unperturbed
energy level in this simplified treatment of helium is eightfold degenerate. The eight
unperturbed wave functions can be written as

oV =1s(1)25(2) ol = 15(1) 2p,(2)
V) = 25(1)15(2) ) = 2p, (1) 15(2)

O = 15(1)2p2(2) 6 =15(1) 2p.(2)
o =2p,(1)15(2) o = 2p.(1)15(2)

where 15(1) 2s(2) means the product of a hydrogenlike 1s function for electron 1 and a
hydrogenlike 2s function for electron 2, etc. Note that we are using real hydrogenlike
p orbitals, defined as p, = %(]Li,l +p-1), py = %(erl —p-1) and p, = pp. The
secular determinant,

o)

contains 64 elements.

(a) Using the hermiticity of H’, the real condition of the orbitals and parity con-
siderations, prove that the only non-zero ’H;j matrix elements are the diagonal

/ / !/ / !/ / !/ /
ones and H'y = Hyy, Hyy = His, Hig = Hes, Hrg = Hgy. Therefore the secular
determinant is block-diagonal and factorizes into four determinants of second
order.

(b) The first diagonal matrix element of H' is an example of Coulomb integral, de-
scribing the electrostatic repulsion between an electron with probability density
function [1s]? and an electron with probability density function [2s]?,

2
‘= /13(1)25(2) ©1s(1) 25(2) dry dry = Jias.
12
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The integral corresponding to H,, denoted as K725, is an example of exchange

integral, )
1, = /15(1) 25(2) r% 25(1) 15(2) dr1 d7o = K1sos.
Compute Jis2s and Kigs. To do the integrals use the Laplace expansion of
1/r12
1 o L
P —r2| P IpIS 7T T O )Y (02, 02),

where r- means the smaller of r; and ry, and r~ the larger. Use also the
orthogonality relations of the spherical harmonics (hint: multiply and divide
inside the angular integrals by YYY* = 1/4r). You should obtain the following

results
17 Ze? 16 Ze

Jisos = —— —, = .
1s2s s1 ao 1s2s — 729 ao

(c) Find the eigenvalues corresponding to the 2 x 2 determinant of the first block
and use them to compute, in eV, the energy of the first two levels up to first-
order corrections, i.e., 1 = Efo) + Egl) and Fo = Eéo) + Eél), where E{O) =
Eéo) = —68.03eV. Find also the corresponding eigenfunctions.

Solution:

(a) From the hermiticity condition of H' it follows that H;% = H;. This, together with the fact

that H’ is real and that we are using real orbitals, implies that ’H; ’Hﬂ, therefore the
secular determinant is symmetric about the principal diagonal.
To study in more detail the matrix elements we should first stablish the parity transformation
properties of the different orbitals and operators under consideration. First, all s hydrogenlike
orbitals are even under r — —r, as well as the operator €2 /r15. Furthermore, the hydrogenlike
2ps, 2py and 2p, orbitals are given by

5/2 5/2
¢2 _ 1 (Z) / x67Z7‘/2a0 ¢2 _ 1 <Z) / y67Z7‘/2a0
Pa 4 /271' ao ’ Py 4 /271' ag ’
1 7 5/2
P2p, = NG (> ze 7r/2a0,
™ \ Qo

Therefore they are odd under parity transformations. Having this in mind, let’s consider for
instance the M3 matrix element,

2
s _/¢>(°) &) dry dry = /13(1)25(2)6—23(1) 2p,(2) dry drs.

T12
Since one term in the integrand is odd under parity transformations (the 2p, orbital), and
the remaining ones are even, we conclude that the integrand itself is odd and H}; = 0. The
same reasoning gives Hi, = His = Hig = Hiz = Hig = 0 and Hby = Hbyy = His = Hb =

o7 = Has = 0.
Now consider Hjg,
2

His = /15(1) 2p,(2) 7% 15(1) 2p,(2) d7y d7o.

If we invert the x coordinates 1 — —z1 and 3 — —x9, the 1s(1) and 2p,(2) orbitals are
unaffected, as well as e?/r1o, but the orbital 2p,(2) changes sign, therefore the integrand is
odd and M35 = 0. Likewise Hisq = Hyy = Hiag = 0 and Hys = Hlyg = H)yy = Hig = 0. Finally,
by considering the transformations y; — —y; and yo — —ys, we see that Hi, = Hig = Hir, =
His = 0. Note that, for an integral to be zero, one does not need to require the integrand to
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be an odd function of all variables. For example, let f be a function of m variables such that
it is odd only on a number k of them,

f(—.'I}]_,—.’L'Q,...,—$k7$k+1,...,xm) = _f(x17$27-~-axk7xk+1;-~-axm)-

Then we have

/dxl...dxmf(xl,...xm)z/[/dxl...dxkf(xl,...qk) dzg4y .. .dx, = 0.

=0
We can write the secular equation as

bin His O 0 0 0 0 0

His  bao 0 0 0 0 0 0
0 0 bss Hby, O 0 0 0
0 0 My bag 0 0 0 0o | 0
0 0 0 0 bss s O 0o |
0 0 0 0 His bes 0 0
0 0 0 0 0 0 by Hig
0 0 0 0 0 0 Hbg bss

with b; = H., — EW i=1,2,...8 and EM the first-order correction to the energy.
(b) We have (setting ag = a)

2

T = [ 15(1)25(2) S 15(1) 25(2) drydra = [ [1s()F 252)  drydr,

12 T12
2
Z\*? 1 z
2 —Zri1/a —2Zr1/a
[1s(1))% = (a) e v/ —e i/a,
Z\*? 1 ro 73 Zr\?
2s5(2 2 _ —_ 2_—"2= —Zra/2a — i 2_72 —ng/a.
[25(2)] (a) 327 < a )€ 32ma’ a ¢

A e? r\>
- = = A2 —Zra/a ,—2Zr1/a __
Jls2s = 327{_2&6 /dngTl (2 ) e @ e a _
2

€275 Zry dr 7t
dm d 9 _ —Zra/a ,—2Zr1/a <_ym*(p Yo )
327r2a6/ r2an ( ) ‘ ¢ Z2£+1r§+1 ¢ (61, 91)Y/" (62, 2)

To use the orthonormal property of the spherical harmonics,
/ d0 de sin 0 Y, (0,) Y (0,) = Seer

we multiply and divide the integrand of Jyss by YLV = 1/47. Thus

276 2 ’
e‘Z 1 Zro -
J1s2s = === 5o E dro dry 7‘27~2 2_ "= e*ZTQ/a e*?Zrl/a <
s2s 327206 YOOYOO* . 21 a 7rf>+1
,m

47 i .
x m/Y" (61, 01) Yo'd /YOO Y™ (02, p2) d€22
6000mo 5000m0
276 2
= e*Z /dr2 dry r%r% i 2 @ e—ng/a 6—2Z7"1/a_
2aS re a

We can integrate first over r1, taking care that in the range 0 < r; < ro we should set r~ = 79,
and in the range ro < r; < oo we have r~ = ry. Thus

276 00 2 o 2 00 2
e“Z Zro _ ré ry _

- / dry 12 (2 _ ) o~ Zra/a [/ dry L ¢=22r/a / dry [L g=22r/a
2a 0 a 0 T . 1

Jlst =
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The integrals can now be done in a straightforward way using the following primitives,

1 ) 2
/dxxeb‘” = (i - bQ> b, /dszebw = (a;) - bff + b3> e,

The result is

17 Ze?
s2s = ——— = 11.42¢€V.
Jl 2 ]l a eV

The K425 integral is done in a completely similar way and the result is

16 Ze?
Klst = @T = 1.19eV.

The 2 x 2 first block of the secular equation gives (note that Jis2s = Jos1s)

li
‘ bir  His = (J1s2s — E)? — K{yp, = 0.

Hip a2

_ J1525 - FE KISQS
K152s J2sls -k

The first-order corrections to levels E; and E5 are then
Eg) = Jlst - K13287 Eél) = Jls2s + Klst-

The eigenfunctions corresponding to these eigenvalues are found doing (calling Jys2s = J and
K425 = K to shorten the notation)

(£ 5)(5)-v-m(y) = o
(4 5)(5)=wem(g) = ame

Therefore the normalized zero-order eigenfunctions for which the perturbation is diagonal are

1
§0) = ﬁ ( go) — é())) s E1 = E%O) + E%l) — E%O) + Jls2s - K15287

1
éO) = % ( 50) + (Z)éo)) R E2 = Eéo) + Eél) = E{O) + Jls2s + K1525~
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A.4 Chapter 4.

r

a)

1. The photoelectric effect is the emission of electrons from a material caused by elec-
tromagnetic radiation. Electrons emitted in this manner are called photoelectrons.
In this assignment we shall obtain the photoelectric effect cross section for a 1s
hydrogen-like state.

Consider a hydrogen-like atom in a 1s initial state: |i) = Z22 ~Zr/ao Cop-
/ 3
7T(l0

sider a final state of a free electron: |f) = —ﬁe’q'r, where the electron momen-

tum is p = hAq. Show that the matrix element involved in photon absorption

is

87 (a0 Z2)*?Zh (6 )
€k -q),

VV(Z2 + al K2)?

(fle™T ey - pli) =

where K=k — q.

Z
K
Use the reference frame shown in
this figure to prove the relations k 4
1
. . q I
€ - q = gsinf cos ¢, 0 |
K% = k* 4 ¢* — 2kqcosf. 8 /b ~_ I y
1
1
1

X

If the photon energy is large compared with the binding energy of the electron in
the atom, but small compared to the rest mass of the electron, the final state
is that of a free electron and the necessity of a relativistic treatment is not
required. Both conditions are satisfied if kag ~ Z. Under these assumptions
show that the energy of the absorbed photon is

E = Zozch,

where « is the fine-structure constant. This shows that the relation E < mc?
holds, provided Z is not very high.

Check also that Z =~ kag < gag. To do this you need to assume that the

ionization energy is negligible compared to the energy of the photon, therefore

the kinetic energy of the free electron is equal to the photon energy: hck =
2

mv®/2.

Use the result from d) to demonstrate that
72 + agK? ~ ¢*ag(1 — Beosh),  (B=1v/c),
and conclude that the result of a) can be approximated by:

B 8v/m(agZ)3/? Zhqsin 6 cos o
VV [¢2ad(1 - Bcos&)]2 .

(fle™T ey - pli)
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f) The complete interaction matrix element is

e [2mwhn :
T, — — ikery . .
it =\ v (fle™"exx - pli),

and the density of initial photons is

v _ vV _mg

dE — (2m)3 A2 7
where () is the solid angle of the absorbed photon and n is the number of
photons of energy hck.

According to Fermi’s golden rule, the probability per unit time for photoelectric
absorption (W) and the differential absorption cross section are:

27 dN do vV dw
aw = Tirpss fo X4t
W=3 e a7~ nedn
Show that
Qv — ﬁi 327°sin% 0 cos? ¢ do e? 327° sin%6cos? o
-~ Vmegadk(l — Beosf)r dQ  me? ¢Padk (1 — Beosh)*

Solution:

a) We need to compute

<f|eik~rék>\ . p|z> _ / ie—iqq‘eik.rék)\ p 73/2
VV Vrad

73/2 ) 73/2

= (ékx'p)/ffZK're*ZT/aodr =

VVrad

The integral in ¢ is 2w whereas

T 1 iKrz]l in(K
/ ezKr cos 6 sin 0df = / e'Lerdl, _ € :| _ QSIH( T’) )
0 1

e—Zr/aUdI,

3
Tay

(éxr D) / ¢ eosto=2r/a0,2 gin gdpdfdr.

, iKr Kr
Therefore,
<f|€ik-rék)\ . p|2> — gﬂ(ém . p) /OO Sin(KT)e—Zr/aordr _ @L/z(ék)\ .p)
K \/Vrd} 0 K \/Vra}

oo

aoef% ((Z (KQQ(Q) + Zg) r— K?a3 + ZQaO) sin (K1) + Kag (K2a(2)r + Z%r + QZao) cos (Kr))
(K%a} + 22)°
8v/m(ag2)?%Z

R

_ 8ym(ag2)3?Zh .
~ a2 oY

b) With the suggested reference frame:

(e}

k\ — ia
q = ¢sinf cos 1 + ¢sin 0 sin ] + qcos@fc.
Therefore,
€xx - q = gsinfcosp.
Also
K=k-q = K’=(k-q)?=k+¢-2%- q.
Since k is aligned with the z-axis k - q = kq cos 6.



254

¢) We have that Z = kag. Since the energy of the photon is

Z Z
E = hek ~ he— = he——— = mc*Za.
agp h/(mea)
d) Since E = hck = # and mv = p = hq, we have that

mv?  pu v k v
hk=F=—="—"=h- = —-=—<x1
¢ 9 o My g 2 S

Also,

Z k
kxZlagy = —r-<1 = Z<qap.
qao q

e) We see that

k
7% 4 a2K? = 7% + ak(k* + ¢* — 2kqcos0) ~ a2(¢*> — 2kqcosb) = ¢*a? (1—2 cos@)

mv?/(2hc)
muv/h

With the result of b) and this last result, the result of a) can be worked out as

=q a0<1—2 cos@)—q ao(l—%cose>—q aZ (1 — Bcosh).

8v/m(aogZ)3/?Zh

8/m(agZ)3/?Zhqsin 6 cos
V(72 + K2 |

VVIg?a3 (1 — B cos 6)]?

(fle™ e - pli) = (éx-q) =

f) The only thing to do is to introduce the matrix element and the density of states in the
probability of absorption:

2

dN  2r¢ 2mhn e ~ . V. mg
dw = 7| 1f|2dE - m\/;<f|ek e - pli) (2m)3 B2
e?ng

iker A N2
:m|<f|€krekxp|l>| ds.

Now we use the result of e) to get

2
8/m(agZ)3/?Zhqsin 6 cos
VV[g?ag (1 — Beos)]?

_ne? 32Z°sin*6cos? p
- Vmegdadk(l — Beosf)4

e?ng e?ng

dw = [(fle™ e - pli)|* A = o

2mrmwh? 2mrmwh?

In the last step we have used that w = ck. The differential cross-section is then

dl_Kﬂ_i?ﬂZf’ sin? 0 cos? ¢
dQ  ncdQ  me? ¢dalk (1 — Bcosh)t’

2. In this exercise we will develop a model for the interaction of a two-level atom with
the radiation field. The atomic energy levels are denoted as |—) and |+), with
E_ < E;. Let’s assume, additionally, that |—) and |+) are parity eigenstates with
opposite parity.

(a) Compute the matrix elements of the atomic hamiltonian in this two-level basis
and show that the hamiltonian can be written as

_ 1
Hatom = E1 + §M003,

where 1 is the 2 x 2 identity matrix, o3 is the third Pauli matrix, £ = 0.5(F_ +
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E+) and ﬁwo = E+ —F_.
(b) Show that for this two-level system the matrix expression of p is
p = —mwq (—|r|+) o9,

and, consequently, in the electric-dipole approximation the matrix of Hiy is

Hing = hz Cx (ak/\ + ab) o2,
kX

where
2
Cix = —ewp thkékA (=lr|+) .
(c) Show that o3 can be factorized as oo = i (0 — o7), where o |[+) = |—), 0 |—) = 0,

of|[+) = 0 and of |-) = |+). The ¢ and of are the ladder operators of the
two-level atom.

Therefore, the total hamiltonian of the atom and radiation field is,
_ 1 1 ,
H=F1+ 57&0003 + Z huwy, <a£>\ak,\ + 2) + Zﬁz Cix (am + az/\) <O’ — O-T) .
kA kA

The E1 4+ Y, hwi term only adds a global constant (infinite in this case) and
is often disregarded. Also, if we consider coupling to a single radiation mode, the
hamiltonian becomes:

HRr = %hwoag + ﬁwcaTa + ihC (a + aT> (a — 0T> )

This is called the Rabi hamiltonian. If |C| < wg,w, a further simplification can be
made,

1hC (a + aT) (0 — 0T> ~ 1hC (aTa — aaT) ,

leading to the Jaynes—Cummings hamiltonian:
1 ta 4+ ihC (ot i
Hic = §m003+hwca a+ thC (a o —ao ) ,

which is very important in quantum optics.

(d) Consider the operator N = 03 + a'a. Show that [N, H;c] = 0. What is the
physical meaning of N?

(e) Consider the 2-state subspace H,, = {|+,n)|—,n + 1)} and diagonalize Hjc in
that subspace.

Solution:
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(a) With the name convention of the text and since Hatom |—) = F— |—) and Hatom |+) = F+ |+)

o = (il () = (5 4)-

<O'5<E+o+ = 0.5(E+0—|— E_)> - % <(E+ BEJ —(E+O— E_)> B

1 0 1 1 0 — 1

(b) To show that p = mwg (—|r|+) o2 we proceed similarly:

= (PP EP0) = (o 87 = Coma ey ™6™

0 —
— i (-l (] ') = = (Il o
where we have used the relations
m . * .
(+Ipl=) = 7~ (By — B-) (+]r|=) = imuwo (+]r]-), (=Ip|+) = (+Ip|—)" = —imwo (—[r|+),

which are proved in the lecture notes. Note that, since the r matrix elements in the position
representation are real, we have (+|r|—) = (—|r|+). Furthermore, parity conservation demands
the diagonal elements to vanish.

From eq. (4.71) of the lecture notes and the definition of Cyy in the text, it can be concluded that

Hing = hzck,\ (ak,\ + aL/\> o3.
K

(c) This is an easy demonstration

02:(? 0i>:i<? 8)—1(8 é)zi(a—aT).

(d) We need to show that N is a constant of motion:
1 fq. L ta 4+ ihC (ot t
[N, Hic] = 503 +a'a, §m003 + hwea'a +ihC (a'o — aol) | =

ihC <; o3, (CLTO' - QUT)] + [aTa, (aTJ - ao'T)]> =

T
ihC (2[03,0] — %[Ug,aw + [a'a,al]o — [aTa,a]aT) =

+
ihC <az[03, o] — g[ag,JT] +a'la,allo — [aT7a]aUT> = ihC (—a'o — ac’ +alo +ac') = 0,

where we have used the easy to prove relations:
[o3,0] = —20, [03,01] = 20T,

N has the physical meaning of the sum of the number of photons plus the excitation of the atom
state (0 in the ground |—) state and 1 in the excited |+) state).

(e) The hamiltonian H ;¢ is diagonal in 2 x 2 blocks in the H,, subspaces. The matrix of H ;¢ in
H,, is
Yo — B (nwe 4+ %) —ihCyv/n+1
CTiCVRFT  h((n+ Dw, — “2).

After some calculation, solving the secular equation it can be found that the eigenvalues of this
matrix are:

1 h
>‘:|: = hwc (n + 2) + 5\/((,{]0 - OJ())Q + 4|C|2(TL + 1)
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A.5 Chapter 5.

1. A particle is scattered elastically by a hard-sphere type potential,

Vi) = o0 %fr<a,
0 if r > a.

The energy of the scattered particle satisfies ka = 1.

(a) Prove that the phase shifts satisfy the relation tand, = js(ka)/ne(ka) and
compute, in radians, the values of §, and sin d, for £ =0, 1, 2.

(b) Calculate the differential cross-section, do/dS?, for angles § = 0,£7, 7, taking
into account only the partial waves £ = 0 and ¢ = 1. Leave the results as a
function of the phase shifts.

(c) Calculate the total cross-section, o, taking into account only the partial waves
¢ =0 and ¢ = 1. Compare your result with the values 47a® and 27a?, and
discuss if we are in the high-energy or low-energy regime.

(d) Compute the correction to o that you would obtain by including the partial

wave with £ = 2. Do you expect large contributions to ¢ from partial-waves
with £ > 27

You'll need the following spherical Bessel functions

. - sin x . - sinx cosx . - 3 1 . 3cosx
Jo(z) = z ]1(17)—?*77 Ja(z) = 2 ST — 22
_ cosw _cosT sinx _ 3 1 3sinx
no(z) = — p ny(z) = — R na(x) = — 2T )T .

Solution:

(a) This is a central potential and partial-wave analysis is suitable. Since V(r = a) = oo, we
must have v (a, ) = 0 for all values of 6. Therefore

S0+ 1) [jg(ka) +ikag h@”(ka)] Py(cos ) = 0.
=0

Multiply this equation by Py (cos ) sin 6 df, integrate from 0 to 7 and use the orthogonality
relation of the Legendre polynomials to get

S0+ 1) [jg(kR) +ikag h§1)(k3)} / Py(cos §) Py (cos §) sin 6 df
=0 0

o0 ) ) ) 1 2
> ‘(20 +1) [jg(k:R)+zkag h >(kR)} <2£+1> Soer

£=0

= 2! [jg(kR) +ikag WY (kR)| = 0.
From this it follows that
jg(ka) - 7 je(k‘a)

L hél)(k’a) k je(ka) + ing(ka)
The phase shifts are related to the partial-wave amplitudes through

1

ae = kcotdy — ik’
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From the two last equations we finally get

je(ka)
ne(ka)

tandy =

Using the given spherical functions for ka = 1 we obtain

8o = —1.00, 5 = —0.21, Sy = —0.02.

sindp = —0.84, sind; = —0.21, sin gy = —0.02.

(b) The differential cross-section is

2
do

an

Z (20 + 1) € sin &, Py(cos A)
=0

Z (20 + 1) ay Py(cos )
=0

For £=0,1 and k = 1/a,

do
- :a2

. , 2
a9 "% sin &y + 3¢’ sin &y cos 9’

=a? ( sin? 8 + 6 sin dp sin d; cos(dg — d1)cosf +9 sin? &; cos? 9).

Setting now 6 = 0,7, +

d
d—; e =a® (sin2 8o + 65sin 6y sin 81 cos(dp — 6;) + 9sin? 51>7
do . . . .
10 . =a? ( sin? 6y — 6.sin dg sin d; cos(dy — d1) + 9 sin’ 51).
do 2 .. 2
— = a” sin” dg.
e 0=+T

(¢) The total cross section is given by

47

2Z2€+1 sin? 6.
=0

For £ =0,1 and k = 1/a,
o = 4ma? (sin2 8o + 3sin? (51) ~ 0.844 x 4mwa?.
This value is close to what was obtained in the lecture notes under the assumption of low-

energy scattering (4ma?), and far from the value obtained for high-energy scattering (2ra?),
so we are here in the low-energy regime.

(d) Including in the cross section calculation the term with £ = 2 we get
o = (0.844 + 0.001) 47a?.

We do not expect large contributions from partial waves with ¢ > 2. In fact, as a general
rule, oy < oy for £/ > /.

[ 2. Starting from the integral form of the Schrodinger equation, prove that the scattering ]
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amplitude in the second Born approximation is given by

m i(k! —k)-r
J0.9) = —55 [ TV (rg) dro

where k = ki is the wave vector of the scattered particle, and k/ = kZ is the wave
vector of the incidente particle (for elastic scattering |k| = |[k/| = k). Also, take
Yo(r) = Ae’** to be the free-particle solution of the Schrédinger equation for the
incident particle. Apply this formula to the case of low-energy soft-sphere scattering,

‘/07 1 < 9

eik|r0—r1|

V(I‘l) eikzl d31'1 d3r0,

lrg — 11

0, ifr > a,

with Vj very small, and obtain the corresponding scattering amplitude, f(0).

Solution: The integral form of the Schrédinger equation is

1k\r r0|

B(r) = o) Yi(ro) dPro = to(r) + / 9(r — o)V (xo)o(ro) dro,

27rh2 Tr—ro| r0|

where g(r — rg) is the Green’s function. The zero-th order solution is 1)y(r), while the first and
second order solutions are

1(r) = golr) + / o — 1)V (1 Wb (1) P,
a(r) = do(r) + / or — 1)V (r2)4b1 (r2) dPrs.

Note very carefully that 11, when inserted in the previous expression for 15, must be evaluated at
ro. Thus

Y1(r2) = tho(ra) + /g(rz — 1)V (r1)do(r1) dry.
The second-order Born approximation is then
ale) = dofe) + [ gte = x)Vr) [valra) + [ a2 = vV uten) | g
= wo(r)+/g(r—rg)V(rz)wo(rg)dSI‘Q + /g(r—rg)V(rg) Ug(r2 —rl)V(rl)wo(rl)dg’rl} d®rs.
Making explicit the Green’s function, and setting vo(r) = Ae?**, we have

mA eik\r—rg\

Po(r) = Aet** — V(ry) e**2 dry

2mh? m
m 2 eik|r—r2| eik}‘rz—rﬂ )
— ) A ——V - v ik21 43 Pro.
" (2”52) / |r — raf (r2) [/ [ro — 1| (ro)e & 2
eiklr—ra|  gikr
In the asymptotic region r = |r| > |ra| = r9, which leads to —— ~ o ikrz Note, however,
| |
r—re T

that |ro — ry| is not necessarily small. Therefore

ikr

L ‘ m € —ik-r ikz
21/12(1‘) = e'hz _ 572 /e kers V(rg)e kz2 P3ry

2 ikr ) ik|ra—rq| . <
+( n ) ¢ /eﬂk""2 V(rs) [ e V(rl)elkz1 Brq| Prs.

2mh? r |I‘2 — I‘1|
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This expression tells us that the scattering amplitude is

m —ikery ikza 13
f0.¢) = *ZFHQ/G V(rs) e d°ry

2 ) ik|ra—r1| )
—|—< m ) /e*’k“ V(rs) [ L V(ry) et dgrl} d3rs.

2mh? vy — 1|

. ; kS .
Since e%%2 = % T2 we can also write

.f(e?gp) =

/Ei(klik).]r2 V(rz) d’rs

2 ) ik|ro—rq| )
+< mn ) /e_"k'“‘ V(rs) { L V(rl)e“'“‘z1 d3r1} rsy.

27Th2 |I‘2 — I‘l‘

- 27h2

For low-energy scattering the exponentials inside the integrals can be approximated to be 1, leading

! F(O,9) = —%/V(m)d%ﬁ (%)Z/V@Q) [/erl)d%l} dPrs.

Let’s do now the integrals for the specific case of low-energy soft-sphere scattering. Choose the z;
axis along ro, so that |ry — r1|? = 72 + r? — 2ror; cos 6, and

1 @ 1
/ — V(I‘l) dSI'l = V() / — ?"% sin 01 dr1d91dap1
0 |r2—ri

vy — 1y
@ i in6; dd
= 27TV0/ 72 / ST dr;.
0 0 /73 +1}—2rer cost

Furthermore,

- .

sin 67 df, 1

/ — = \/rg + 12 — 2rary cos bq
0 \/r2 +r{ — 2rgry cos by Tor]

T

0

1 2/re, ifry <y,
27{(7’24—7’1)—‘7‘2—7‘1@ = /2 . t="2
TaT1 2/r1, ifry > re.

Note that we have always r; < a due to the outer integral, therefore

1 T2 1 a 1 1
/7 V(rl)d3r1 = A7V, [/ 7“% —dr; —|—/ r% — drl] =27Vy <a2 — r%) .
|ro — rq| 0 ) re T 3

1 N 1 272 5
/V(I‘Q) [/V(rl)d:zrl} d3ry = 27rV0247r/ (a2 - 37’%) r2dry = 317; Via®.
0

[ry — 1]

Finally, the scattering amplitude in the second Born approximation is

o mWh4d 4 m \2 3272 ., 5 2mVya® 4 (mVya?
16) =~z + (gom) 15 Y00 = e ) |V Ts e )
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A.6 Exam problems from previous years.

1. Without fine-structure corrections the 2s and 2p Hydrogen levels have exactly the
same energy, Fos = Ea,. However, the relativistic correction to the electron kinetic
energy modifies Fas and Ea, in such a way that, after the correction, they are no
longer equal, E), # Ej,. Compute the energy difference (AE)Reiconr = Egs — Ej,
giving the result in eV. Compute the value of the electric field £ (in V/cm) needed to
make the Stark splitting in the n = 2 Hydrogen levels to be the same as the splitting
(AE)Reicorr due to the relativistic correction.

Solution: The relativistic correction to the kinetic energy is

2
Er:E'y(LO)(Za) _3+ 11 7
n n  (0+3)

where Er(lo) is the uncorrected value of the level n energy. Therefore

a? 1 1
(AE)ReICOrr = Eés — Eép - Eéo)— |: :|

2 |1/2 3/2
2
2 5,0 2(1 13.6eV »
= — E = — —_— - 1.2 ]. .
3¢ "2 T3\ 137 1 X 1077eV
The Stark splitting in the n = 2 Hydrogen levels is (AE)giark = 3e€ag, so
A
3e€ag =12%x107%eV = 3Eap=12x10"*V = £=04x10"*—.
agp
04x1074 V Y
T 529% 109 am 00O

This is quite a high voltage to put across a centimeter, but it can be done. The breakdown voltage
in the air is about four times higher than this.

2. In a scattering experiment on a spherically symmetric potential, the incoming par-
ticles have an energy energy such that only the partial waves s and p need to be
considered. In these conditions:

(a) Show that the differential cross-section can be written in the form

do 9
0= a—+ bcosf + ccos* 6.

Write the parameters a, b and ¢ as functions of the phase shifts.

(b) Compute the total cross-section and show its dependence on the parameters a,
b and c. Check if this result verifies the optical theorem.

Help: Py(cos®) =1, Py(cosf) = cosé.

Solution:

(a) The scattering amplitude for a spherically symmetrical potential is given by, in terms of the
phase shifts, as

Z(% + 1) €% sin(y) Py(cos 8).
=0

T =

1) =
Since Py(cosf) = 1, and P;(cosf) = cos b, for only s and p waves we have

() = % (e sin gy + 3™ sin by cosb),
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K2 f(0)]% = (" sin g + 3¢ sin &y cos6) (e~ sindy + 3¢~ sind; cos )
= sin? 6y + 9sin? 67 cos? 0 + 3 {ei(éo_‘;l) + 6_i(60_51)} sin dg sin 81 cos 6

= sin®dy + 6 cos(dg — 1) sindp sin §; cos 6 + 9sin? §; cos? .

Therefore,
d 1
d—g = |0 = ﬁsin2 oo + %cos(&o—él)sinéosinél cosf + %sinQ(ﬁ cos? 6
=a-+bcosl+ ccos? 0,
with
1 .5 6 . . 9 . 25
a = 15 sin do, b:ﬁcos(do—dl)sméosmcﬁ, €= 15 sin” o1,

(b) The total scattering cross-section is

9 + 9 4me
o= [ |f(0)?dQ = 27 (a+bcosf + ccos” 0) d(cos ) = 47ra+?

-1

4
= k—g(sin2 5o + 3sin? 61>.

The optical theorem says that

47 B 47

o= T Tm[f(0)] = 15

. (ﬂnz&r+3$n2&),

giving the same cross-section as before.

3. Consider the five lowest-energy levels of doubly ionized Oxygen (Z = 8), O?*, that
are shown in this figure.

a) Determine the electronic configuration of O?* and, un-
der LS coupling, write in the figure the atomic terms
with the quantum numbers corresponding to every en-
ergy level (draw your own figure if you want to take
away the exam sheet).

436.3 nm

b) Determine the multipole nature of the 436.3 nm transi-
tion.

c¢) The green color of the Orion Nebula originates from the
495.9 nm and 500.7 nm transitions. The values of the
Einstein’s A coefficients are 6.2 x 1073 and 1.8 x 1072
s~!, respectively, whose magnitude indicate that they -
are M1+E2 transitions. Discuss the compatibility of

this observation with the selection rules you know.

495.9 nm
500.7 nm

Solution: a) Since O?* has six electrons its configuration, following Madelung’s rule, is that of
Carbon: (1s%)(2s%)(2p?). The first two shells are filled and, therefore, the terms are described with
the total spin and orbital angular momenta of the two equivalent electrons of the p shell (¢; =1
and lo =1, sy = 1/2 and s = 1/2). With the addition rules of angular momentum we have that

L=10 40y, .., |01 — ls] =2,1,0.

And
S = S1 + S92, ..., ‘81 - SQ| = 1,0

Since these are two equivalent electrons only L 4 S even combinations give an antisymmetric wave
function according to Pauli’s principle. Therefore, the terms for this configuration are: 1D (L = 2
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and S = 0),!S (L =0 and S = 0) and 3P (L = 1 and S = 1). From these terms we obtain the
levels by coupling the orbital and spin angular momenta: Do, 'Sy, 3Py, 3Py and 3P.

Now, since we are under the hypothesis of LS coupling, to order these levels we follow Hund’s
rules:

(1) The term with the highest total spin, S, has the lowest energy.

Therefore, the >P term is our lowest energy term. Since both the

—_— 5,
'D and 'S terms have S = 0 this rule does not order them.
(2) For a given spin, S, the term with largest L has the lowest energy. §, o
Therefore, the 'D term has lower energy than than the 'S term. 2
(3) The level with J = |L — S| or J = L 4 S has the lowest energy ! .
depending, respectively, on whether the (sub)shell is less than, or D,
more than, half-full. The only term that splits into more than one c £ o
level is the 3P term. Since the p shell is less than half full the level a E 5 s
with J = |L— S| =0 (3Py) is the least energy level followed by 3Py g3 8=
and 3Ps. -
—— SPi
With all this information we deduce the quantum numbers shown on the *Po

attached diagram.

b) Now that we have quantum numbers assigned to the different levels we can classify the transi-
tions. The first thing to note is that, since all these states share the same configuration, there is
no parity change between the initial and the final level. This excludes E1 transitions.

The 436.3 nm transition corresponds to 'Sqg — 'Dy. Therefore AJ = 2, AS = 0 and AL = 2.
There is no change in electron configuration, nor parity change. This means that this is an E2
transition.

c¢) The 500.7 nm transition corresponds to 1Dy — 3Py. Therefore AJ =0, AS =1 and AL = —1.
There is no change in electron configuration, nor parity change. To be clearly classified as an E2
transition in LS coupling it would require that AS = 0. However, this is not a rigorous rule and it
can be partially violated. Also, to be classified as a M1 transition in LS coupling it would require
AS =0, AL =0 and AJ = +1. But again, these are only approximate rules that are violated in
this case, as indicated by the order of magnitude of the Einstein coefficient.

The 495.9 nm line corresponds to to ‘Do — P;. Therefore AJ = —1, AS = 1 and AL = —1.
As for the 500.7 nm line, the AS = 0 selection rule of E2 and M1 transitions is violated. For M1
transitions the AL = 0 is also violated. Of course the rigorous selection rules shown in the first
three rows of table 4.1 in the lecture notes are satisfied.

Since 0?1 has six electrons but Z = 8 deviation from pure LS coupling is stronger than for C, also
with six electrons but Z = 6, and it is not surprising that these transitions are observed.

4. a) The bound-state energies of hydrogen-like atoms are given by equation (1.112)
of the lecture notes
1, 22
E, = —504 e PR
where « is the fine-structure constant, p is the reduced mass of the electron-
nucleus system, ¢ is the speed of light and Z is the number of protons in the
nucleus. Compute, in €V, the energy difference between the positronium bound
states with n = 1 and n = 2 (the positronium is a ete~ bound-state

system).

b) The hyperfine interaction in positronium is stronger than the fine interaction,
but the denomination hyperfine structure is still used in this case, by anal-
ogy with hydrogen. Consider the following Hamiltonian, which describes the
hyperfine interaction in the positronium states with n = 1:

Hu = Ansi - s2,
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Hint:
similar calculations to those you can find in that section of the notes.

2 4 .
where Ag = 1—72 e, me is the electron’s mass and sy, sy are the electron and

positron spin operators, respectively. Determine, using perturbation theory,
the hyperfine correction to the energy of the states n = 1'Sg and n = 13S;.
Give your results in eV.

To first order, the positronium’s interaction with an external magnetic field
does not depend on the orbital angular momenta of the electron and the
positron. It only depends on their spin angular momenta and, for a magnetic
field aligned with the z axis, is described by the Hamiltonian

HB p

Hm = ge h

B
(Slz - 32z) ~ 2%3 (Slz - 32z) .
Compute the energy-splittings produced on the n = 1 states when H,, ~ Hy
(intermediate field intensity).

Draw the energy splittings (obtained in question c) as a function of the mag-
netic field intensity, paying special attention to the extreme cases of weak-field
pupB < h?Ay (similar to the Zeeman effect) and strong-field h?Ay < upB
(similar to the Paschen-Back effect).

you can get inspiration from Table 2.3 of the lecture notes. You don’t need to repeat

Solution:

a) It is kind of easy to see that, since for positronium g = m./2 and Z =1

Therefore

1 1 3
Ey — F = <8+2> Ry:§xl3.66V:5.leV.

b) We can find the energy shift due to the hyperfine interaction in perturbation theory by using
a basis where Hy is diagonal. This is achieved in any basis where s; and sy are coupled and the
states are described by the S? = (s; + s2)?, 52 and s3 operators and the S, s; and so quantum
numbers.? We need to calculate

EH = <0458152 ‘ AH51 + SS9 | 0155152> 3

where « indicates other quantum numbers aside from S, s; and s3. Since

we have that

1
5?2 = (51+S2)2 :S%—FS%-FQSl ©Sg = 81 :So = 5(52—8%—53),
EH = <Oé58182 |AH51 + S9 |0458182> =
An 22 2 h? 3
=5 (Ss189Mg|S° — s1 — s5|Ss189Mg) = ?AH S(S+1) - 5

where it has been already used that s; = so = 1/2.

2These could be, at least, the basis where the observables are {LQ, 52, 5%, 52, L., S.} and the basis where the
observables are {JZ, L2582 52, 62, J.}. In positronium, the two spins of the positively and negatively charged
particles are coupled first and, when the fine structure is studied, subsequently coupled to the orbital angular
momentum, which is noted as J, whereas in hydrogen the electron spin is coupled to the orbital angular momentum
first, when studying the fine structure, and then to the proton spin (hyperfine study) and the total angular
momentum is noted F.
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For the 38, triplet S = 1 whilst for the 'Sy singlet S = 0. Thus

3h2 21 21 1\*
Eu(’'Sy) = — == Ay = ——m.c? 4———0511 108 [eV =—-6.35 x 107%eV
u("So) g T g 13 <107 [eVI{ 137 X 20 eV,
Eu(®S)) = i2A I - 10511><106[6V] 1Y 2.12 x 107 eV
HURD = 7m A= gihec = 137) - :

c) In the intermediate field case both Hamiltonians have to be treated simultaneously. We can
consider either the coupled or the uncoupled spin basis. We shall do it in the uncoupled basis where
[11) is the state with mg = 1/2 and mgse = 1/2, |1]) the state with ms = 1/2 and mg = —1/2,
etc.

In the uncoupled basis we can compute the matrix elements of Hy considering that
Hu = Au st - s2 = Au(—s1482— + S10520 — S1—S24),

where (s;4, si0, $i— ) are the spherical components of the i = 1,2 particle. Therefore, the Hy matrix
in the uncoupled spin basis is (it is analogous to the magnetic hyperfine interaction contribution
in Table 2.3):

It N D

l (fAs 0 00
(Hu) = (14 0 Ay Ay 0

(1 0 %QAH —%QAH 0

(] 0 0 0 B Ay

While the matrix for H,, = 252 B (s1, — s2.) is

111 IN ) 1
0 0

(1 (0
Hm)=(N] |0 QMB 0 0
Wl o ~2upB 0
(HH\o 0 0
Therefore
B Ay 0 0 0
0 —LZAH+2/LBB ﬁAH 0
H +Hm - 4 2 2 2
(Hn ) 0 B Ay ~MAw—-2uB 0
0 0 0 %AH

Diagonalizing this matrix is quite easy if we consider that the first and last elements of the diagonal
are already the twice degenerate eigenvalue of the matrix:

2
"LAH

The non-trivial eigenvalues are the result of diagonalizing the 2 x 2 central matrix:

B Ay +2upB - E B Ay

h? 0’
AH _7AH — 2,UfBB FE

4/LBB 2
2 Ay

h2
E:_ZAH 14+2 1-|—<

d) In the figure the evolution of the energy splitting in units of %2AH as a function of x = ‘;L’;Lif is

shown. It can be seen that for B = 0 the three states of the S = 1 states are degenerate. Two of
them remain unaffected by the external field. For h2Ay << upB the energy dependency with the
external magnetic field is linear £ = +2up B for the two states that are sensitive to it.
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o 75

=
=™

S

- 2.5 1

§=1

~2.5 1

§=0

~5.0 1

~7.5 1

~10.0

30 35 4.0
. 4,{1.33
L= 37

— 1
My = M

—_1
My = —3 Myz

Write the 8 x 8 matrix of the

5. Consider the n = 2 bound states of hydrogen without fine-structure corrections (un-
coupled basis). The system is placed under the simultaneous action of electrostatic
and magnetostatic fields aligned with the z axis.
hamiltonian of the perturbation and find its eigenvalues. Some of the eigenvalues
are zero and don’t give rise to energy shifts, independently of the values of £ and B.
In addition, for a particular value of the magnetic to electric field ratio, B/E, the
energy shift of some other levels is also zero. What is this value? For an electric field
of & =10°V/m give the corresponding value of B in Tesla. (You may take the matrix
elements you need from the handouts, it is not necessary to repeat the calculations here.)

Solution: In fact the 8 x 8 matrix reduces to two 4 x 4 matrices that can be easily computed with
table 2.2 and H,, of equation (2.16),

00 1) [10 1) iy [frh
(00 7 upB —3e€an/Z
(10 1 | —3e€aon/Z uwpB
(111 2upB
(414
where 1 = —1.

[T NN N N9 N I
00 —upB —3e€an/Z
(10 )| | —3e€aon/Z —upB
(a1 ]
(11 —2upB

This system has 3 trivial eigenvalues: 0, which is twice degenerate, 2upB and —2upB. The other
four eigenvalues come from diagonalising the 2 x 2 matrices

(

upB
—3e€an/Z

—3e€ap/Z
usB

)

(

—upB

—3e€ap/Z
—3efag/Z  —upB )’

The diagonalisation of these two matrices leads to eigenvalues

ELQ = /LBB + 3650,0/Z,

Two of these eigenvalues cancel if

and

7

B 3eay

upB =3efap/Z7 = — =

&

E374 = —,uBB + 365@0/Z.

Zup

6h 6

Ze2  Zac’

where the relations pup = ehi/2m and ag = h?/me? = h/mac have been used.
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For £ =10°V/m (and Z = 1), the value of the magnetic field is

6 x 108 x 137 V-5
B:
3 x 108 m?2

= 2.74 Tesla.

6. The ground state configuration of Praseodymium (Z = 59) is [Xe]6s4f3.
a) Use Hund’s rules to deduce the ground-state term.
b) What are the levels for this term?

c¢) The splitting between the lowest and the highest level of the ground state term
is 4381.1 cm™!. Use Landé’s interval rule to estimate the energies of the other
levels relative to the lowest.

Solution:

a) The 6s shell is full, and so we focus on the three f electrons. Following Hund’s rules, to find
the ground-state term of the atom we need to maximize S by having three spin-up electrons, so
that S = 3 x (1/2) = 3/2. Next, we have to maximize L with the condition S = 3/2. Since the
value of mg is the same for the three electrons, Pauli’s exclusion principle tells us that they must
have different values of my. The maximum value of the sum of three different values of my is
3+ 2+ 1 = 6, therefore L cannot be larger than 6. We have then L. = 6 and S = 3/2 and the
ground state term is *I.

b) The shell is less than half-full, so the third Hund’s rule tells us that this is a normal ordered
multiplet with ground state J = [L — S| = |6 — 3/2| = 9/2. The ground-state level is thus *Ig .
The multiplet has the levels

W~
p—
-

5.
2

¢) The energy difference between adjacent levels of a multiplet is proportional to J (Landé interval

rule),
E(J)— E(J —1) = h*(J.

Let us call Ey, Es, F3, and Ej, the energy levels, verifying F1 < Fs < E3 < E4. We can form the

differences
11 1 1
No=By-Ei=5H¢  A=B-By= oW Ac=Ei-By= URC
Therefore,

Ay +ANy+A.=E,—FE; = 32—9712( =4381.1cm™ L.

1

From this we can compute h?¢ = 224.67 cm™! and

Ey — Ey; =1235.7 cm ™1, E3 — By = 1460.4 cm™ !, E3 — Fy = 1685.9 cm ™.

7. The scattering of particles by a crystal lattice can be described, under certain con-
ditions, by a periodic potential that satisfies the translational invariance condition
V(r) = V(r + R), where R is a constant vector. Using the first Born approximation,
show that the scattering amplitude (and therefore the cross-section) vanishes unless
the condition k - R = 27n, is satisfied, where n is an integer and kK = k’ — k, with
k and k’ being the wave vectors of the incoming and outgoing waves, respectively.
This gives rise, for example, to Bragg’s law for X-ray scattering.

Hint: Make the variable change r = rp+R in the integral that gives the scattering amplitude.

Solution: In the first Born approximation, the scattering amplitude is given by

m
2mh?

m
2mh?

dry etk k) ro V(rg) = d3rg e V(ry),

f(0,p) =
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where k = k’ — k. The translation symmetry of the potential, V(r) = V(r + R), implies

/d3r0 €TV (rg) = /d3r0 "™ V(ro + R).

Since R is a constant vector, we can change the integration variable to r = ro+ R in the right-hand
side of the previous equation,

/d3r0 eV (rg+R) = /dgr R v (),
Therefore, the symmetry of the potential leads to

/dgl‘ einr V(I‘) _ /d31‘ ein(r—R) V(I‘) _ e—inR/dSr einr V(I‘)7

(1— e =R) /dSr eV (r) = 0.

This equation holds when either of the following two conditions is satisfied
/dgre““ V(r) =0, (1—e™"R) =0.

The first condition requires the scattering amplitude in the first Born approximation to be zero.

Therefore we conclude that the Born amplitude is non-zero only when the second condition is

satisfied, namely e~**R = 1 for arbitrary . This means that kKR = 27n, with n any integer.

8. Suppose the electron in the hydrogen atom is subject to a perturbation similar to
the spin-orbit interaction but quadratic in LS instead of linear, that is

He =E(r)b(LS)* = ¢

2
= Smzezys 0 (L)

Deduce the energy shift this would cause in the hydrogen levels. Calculate the
numerical value that the parameter b must have so that the energy difference between
the doublet levels corresponding to n = 2 and ¢ = 1 is a factor of 107!° smaller than
the value caused by the ordinary spin-orbit interaction (linear in LS).

Solution: When studying the spin-orbit interaction in hydrogen we found

h2
(Lsjm| LS |sjm) = = [j(G +1) = €+ 1) = s(s + 1)},

and
Z4%2 j(G+1) —L(l+1)—s(s+1)
n3 200+ )0+ 1)

It is easy to adapt these equations to study the effect of the Hamiltonian H, given in this problem.
First, the expectation value of b(LS)? is

Fy, = Ry.

4

(£sjm| b(LS)? |¢sjm) = % {j(j F1) =L +1) = s(s+ 1)} ’

The expectation value of the radial function does not change, therefore

C Z%? bR [j(j+ 1) — 60+ 1) — s(s + 1))
T ond 2 2000+ 1) (0 + 1)

E, Ry.

The two energy levels corresponding to a given value of ¢ are obtained by setting j = ¢ &+ % Thus

22 forj:€+%

[j(j+1)—€(f+1)—8(3+1)]2:{(12+1)2 forj=0—1
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Z4a2bh? 02 Z4a2bh? (0 +1)?
0.(e+3) = 3 I Ry, Ep(e-y) = 3 I
S dn L+ 5)(0+1) 72 4n L+ 5)(L+1)
Z*a2bh? 20+ 1
dnd UL+ 3)(0+1)
Note that, with this hypothetical Hamiltonian, the energy of the j = ¢ — 1/2 level is increased,

while the energy of the j = ¢ 4 1/2 level is decreased. This is contrary to the effect produced by
the usual spin-orbit interaction. For Z =1, n =2 and ¢ = 1, we have

E

AE;=E, (413) = By (o) = -

a?bh?

BE =By (o) = Fy(en =g B

The equivalent expression for the spin-orbit interaction is
2
AESO = Eso,(2+%) - Eso,(lfé) = E Ry

If the magnitude of the ratio is |AE,/AFg| = 10710, then the value of the b parameter is

2 |AE,| 2x10710 20 s

=2 |AE. | 2 = 4.6 x 10°° (eV -8)"~.

9. Suppose that the potential energy of interaction with the nucleus and electronic
repulsion in the Helium atom can be described by a potential of the form

2¢? 15} 2¢? I53 e?
1% == (1-=)-=(1-= )+ —
(1'1,1'2) T1 < 2’1“1) T2 < 2’/“2 + |I‘1 —I'2|’

where f is a very small parameter.
(a) Using the variational method with the single-parameter wave function seen in

e—Critr2)

3
class, ¥(ry,re) = % /a0 where ag is the Bohr radius, demonstrate
ma

that the expected value of the Hamiltonian as a function of the variational
parameter ( is given by

wIR1e) = -2+ a0¢+ 5 ¢ B

where E; = —e?/2ag is the Hydrogen ground-state energy and k = 3/ay.

(b) Given the previous result, demonstrate that an estimate for the ground-state
energy of Helium is
- (Z) 22
He " \16) 1+4xk

(c) Treat the terms of the potential containing the parameter § as a perturba-
tion, and use time-independent perturbation theory to first order to calculate
the correction to the Helium energy (relative to the case where = k = 0).
Using this correction, show that the Helium ground-state energy obtained via
perturbation theory would be

27\ 2
ER, = <16> 2B (1 — 4k).

Discuss the compatibility of the expressions obtained in sections (b) and (c).

Hints: Reuse/adapt the calculations from the class manual for Helium as needed, with-
out repeating them. You may even reference equations from the manual by their number.
Remember that (1/r?) = 272 /a3 for the ground-state of hydrogen-like atoms.

Solution:
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(a) The Hamiltonian can be conveniently written as

Hz—h—Q(V§+V§)—e2 (C+C> +e? (g+ﬁ2>

2m Ty T 1 T3

1 is an eigenfunction of this part

+62<(<_2)+(<_2)+ 1 )=H0+€2(£+£>=H0+Hl.

T1 T2 r1 —ra| 1 2

The Hy term of the Hamiltonian H = Hg + H’ is identical to the one studied in the corre-
sponding section of the lecture notes, therefore when computing (¢ | H | ) = (Ho) + (H') we
can directly take the result

(Ho) = [242 —4C(C-2) - ic} By = [—24“2 + 2474 By,

and add the value of (H'). Using the relation (1/r?) = 222 /a3 for the ground-state hydrogen-
like wavefunctions, and replacing Z — (, this is

1= o] (- 3) ) -2

2

¢? 2
an = —8/€< El,
0

¢> =4¢%B

where the relation e? = —2F1ag and the notation k = 3/ay were used. Getting all the pieces

together,

(M) = {2(2 + 2474 Ey —8k(*Ey = [2(1 +4r)C + 2474 Ly

(b) Minimize (H) with respect to ¢ to obtain

d(H) a7
ac "0 T ST arany

Upon inserting this value of ¢ in the expression for (H) we get
me (27 2 op
He ™ \16) 144k

(¢) The energy correction at first order in perturbation theory is given by the value of (H’)
obtained in part (a), but setting ¢ to the value that takes when x = 0, which is ¢ = 27/16.
Therefore

/ 2 27 ’
AE = (H') = —8r(“Ey = -8k 16 E;.

The energy of the ground state when x = 0 is (27/16)?2E;. This must be added to AE to

obtain
27\ 2 27\ 2 27\ 2
E? == 2F; — — | Eiy=|— ) 2E{(1 —4k).

This proves that, in the x < 1 regime, the results for E}j, and Efj, are compatible.
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10. The attached figure shows (not to scale) two
excited configurations of magnesium (Z = 12),
along with their possible terms and levels. Re-
produce the diagram from the figure, and using
Hund’s rules, indicate the quantum numbers L, (3s)(4s) (35)(3p)
S, and J for each level (considering normal or
regular ordering). Include in the drawing all the
allowed (E1) transitions between the levels of the
(3s)(4s) configuration and those of the (3s)(3p)
configuration. Three of the emissions form a
triplet with wavelengths of 516.88, 517.41, and
518.50 nm. Mark those transitions in the dia-
gram and calculate the proportionality factor of
Landé’s interval rule for this triplet, giving your
result in eV. Also, calculate the value of ((«, L, S)
in 1/(J-s?). Data: h = 6.58 x 10716eV - s,

Solution:

The (3s)(4s) configuration has two inequivalent elec- (35)(45) (35)(3p)
trons, so all combinations of L and S are possible. 19

We have L = 0 and S = 0, 1, giving the levels 'Sy and 0
3S;. The (3s)(3p) configuration has also two inequiv- ’S1
alent electrons, but now with L =1 and S =0, 1, so

the possible terms and levels are 'P;, 3P, 3Py, and Py

3Py. To order energetically the levels in each config-

uration note that, according to Hund’s first rule, the 3p,

term with the highest total spin, S, has the lowest ggl
0

energy.
From this we see that F(1Sg) > F(3S;) in the (3s)(4s) configuration, and E(!P) > E(°P) in the
(35)(3p) configuration. To order the *P; levels we apply the third rule: since the shell is less than
half-full, E(3Py) > E(3P1) > E(3Pg). The figure above shows the quantum numbers of every level.

The rules for allowed (E1) transtions in LS coupling are AS =0, AL = 0,+1 (except 0 <> 0), and
parity change. The only four transitions verifying these conditions are shown in the figure. The
Landé interval rule states that

E(J)—E(J —1) = h*(a,L,S) J.
Since hc ~ 1240 eV - nm, emission wavelengths can be converted to eV through the relation £ =
he/X\ = 1240/ X eV, when A is expressed in nm. Two energy differences can be computed

he he 1240
3 — 3 = 2 = — = = = —21
E(°Psy) — E(°P1) = 2h°((a, 1,1) F174l  B18.50 — 2.46 x 10F eV =0.0050eV =8 x 107" J.

he _ he
516.88 517.41

From the first equation we obtain A2¢ = 0.0025 eV = 4 x 1072 J. The second equation gives also
the same value within uncertainties (not shown here). The value of ¢ can then be computed as

=0.0025eV =4 x 10721 J.

E(®Py) — E(*Py) = h*¢(a,1,1) =

0.0025 eV 0.0025 eV
1,1) = = =5.77 x 107
¢le1,1) 12 (6.58 x 10-16 oV - 5)2 e
577 x 1027 1 1
= =3.61 x 10% — .
T6x10-1 J. 2 o0 x 107 775

11. Neutrons with a kinetic energy of 50 MeV scatter elastically off a nucleus. The
measured phase shifts in this experiment are dp = 95°, 41 = 72°, do = 60°, d3 = 35°,
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04 = 18° e 05 = 5°. All other phase shifts are negligible, i.e., 0y ~ 0 para £ > 6.
With these data, calculate the total cross-section, expressing the result in fm? and
barn. Under the assumption that we are in a sufficiently high-energy case, estimate
the radius of the nucleus acting as the scattering center, providing the result in
fm. Use non-relativistic kinematics. Data: neutron mass m, = 939.57 MeV/c?
he = 197.33 MeV fm.

Solution: The total cross-section is given by

5
]?WZ (20 +1) sin 26,
£=0

4
(sm 8o + 3sin® 61 + 5sin? 9 + Tsin? d5 + 9sin? 6, + 11 sin? (55) LI 10.702.

T2 k2

To compute k we use the (non-relativistic) relation

2mE  2mEE 2 x 939.57 x 50

-2 —2
T (ho? = 197 332 fm™ =241fm™".

k2 =

The cross-section is then

o= % % 10.702 fm? = 55.80 fm? = 0.5580 barn.

To estimate the radius of the nucleus we could try to make the bold assumption that the maximum
value of orbital angular momentum contributing to the scattering process is fpnax = kR, where R
is the range of the nuclear potential, presumably similar to the nucleus radius. In this experiment
the contribution of partial waves with ¢ > 5 is negligible, therefore

bmas = Lfm 3.2fm.

k V241

Alternatively one can consider that for a hard sphere in the high energy limit the cross-section is
given by:

R~

o =2nR?.

| o /55.80
R= o = o fm =~ 3.0 fm,

Thus

which is a very similar result.

12. A Litium atom is in the excited configuration 1s*2p. Suppose the wave function of
the 2p orbital is given by

Uy, = Are_br/“Ylm(H, ©),

where a is the Bohr radius, b = 0.52, and A is a normalization constant. The 2p
electron feels a potential ¢(r) = eZeg /7 with Zeg(r) = 1 + 2e~4/%(1 4+ 2(r /a)).

a) Compute the value of the normalization constant A.

b) The spin-orbit interaction is given by Hso = {(r)LS. Find out £(r) and prove
that (£(r)) = 0.0324 €2 /(m?c?a?).

¢) Compute the energy splitting due to the spin-orbit interaction between the
states P35 and Py /.

Hint: [~ e *2"dz = n!/a™.

Solution:



Quantum Physics III. Monday 7" September, 2026, 11:08. 273

a) From the text it is easy to identify R,,(r) = Are*"/. The normalization constant can be
easily computed using the relation [~ e~**z" dz = nl/a™*!,

1= /oo A2p2em2br/ap2 g = A274! = A?= é(b/a)5
0 (2b/a) 3 '
b) The spin-orbit interaction is given by eq. (1.145) of the handouts
1d
Ho=——2 1909 c(mis.

C2m2e2 r dr
This hamiltonian is diagonal in the coupled basis and, therefore, the energy shift is given by
(20sgm|Hso|20sim) = (2¢sgm|E(r)LS|2¢sjm) = (2¢|£(r)|2¢) (Lsjm|LS|lsjm) .

Eq. (1.153) in the handouts gives

(€sjm|LS|lsjm) = % JE+1) —L(L+1)—s(s+1)].

While
£(r) = __e? 1d (1 +2e 1+ 27“/a)> _ @ 142071 t+dr/a+ 8(r/a)?)
2m2c2 r dr r 222 3 ,
and

(6(r)) = Enr = (2A[E(r)[20) = / TR ar,

where part of eq. (1.154) was used.
Using the result of a) for A we get:

(E(r) = / TR dr

_/ e? 1+26_4T/a(1+4r/a+8(r/a)2)é
Sy 2m2e? r3 3

(b/a)5r26_2bT/“r2 dr

— ﬂ /oo [r/a + 2e74/%(r Ja 4 4(r/a)? + 8(r/a)3)] e/ d(r /a)
3m2cad J,
2e2b°

=—— z+ 274 (x4 42? + 823)| e dx
sz ), | |

2P L Lo, 2 3!
~ 3m2c2a3 | (2b)2 (2b+4)2 ° (2b+4)3  (2b+4)4
2e2h° [ 1 2

- ((2b+4)* +8(2b +4) + 48)]

TRy T P CTy
e2b® 1 b +8b + 24 e?
_ O RR go3d—
3m?2c2a3 {21)2 * (b+2)4 ] 0.03 m2c2a?
¢) We can now get
(20sjm|Hso|20s5m) = (20|16(r)|20) (€sgm|LS|lsjm;)
e?h?
=0.0324 ——=—=< |7+ 1) — 1) — 1
0.03 DIy [[G+1)—£LL+1)—s(s+1)]
h? . e?

=0.032402 [j(j +1) — £(£ + 1) — s(s + 1)] Ry,
where the relations a = h/mea and €2 /2a = 1 Ry were used and also the result for (¢sjm|LS|¢sjm)
given in a).
The Py, level corresponds to the quantum numbers j = 3/2, £ = 1 and s = 1/2, whilst the
Py /5 level has quantum numbers j = 1/2, £ =1 and s = 1/2. Therefore

2 2\ 2
=0.0324023 Ry = 0.0972a° Ry = 5.18 x 107 *Ry = 7.97 x 107 ° eV = 0.56 cm !,

3 (3 1/1
Aso = <21%%‘Hso|21%%> - <21%%‘Hso|21%%> = 0.0324a2 [2 ( + 1) 5 < + 1>} Ry
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13. The atomic number of Cadmium is Z = 48, and the electronic configuration of its
fundamental state is [Kr]4d!®5s%. The 508.6 nm Cadmium emission line corresponds
to the 5s6s3S; — 5s5p 3Py transition and belongs to a triplet, with the remaining
two emission lines having wavelengths of 480.0 nm and 467.8 nm.

a) Work out wich atomic levels are in-
volved in the last two emission lines

mentioned above.

(5s)(6s) (5s)(5p)
b) Find the fine-structure splitting of

the Cadmin 5s5p®P term. Is this
splitting compatible with Landé in-
terval rule?

c¢) Give reasons why the observation of
this triplet in an absorption sepc-
trum would be highly improbable at
room temperature.

Solution:

a) We have an initial 5s6s configuration. The possi-

ble values of the total spin and orbital angular mo- (55)(65)
mentum are S = 0,1 and L = 0, respectively. For
the final configuration we have S = 0,1 and L = 1.
Since the initial level is 3S;, only transitions to final
states with § = 1 are allowed in LS coupling. These
would be the ones corresponding to the S = 1 and
L =1 3P term. Three J = 0,1,2 values are possi-
ble. If a normal ordering is assumed in the multiplet, 5Py
the levels involved in the three transitions are those
shown in the figure.

(55)(5p)

b) The longest wavelength corresponds to the transition from the 3S; level to the 3Py level:

he 1
E(S)) — E(3Py) = .
(51) = BECP2) = 5557 [nm]
Similarly
he 1 he 1
3 (3 _ L 3 (3 _
BECS1) = BCPY) = 7505 [nm]’ B(S1) = E(Po) = 753 [nm]’
Consequently:
1 1 1 1 1
E(Py) —E(CP1)=h — =12398( —— — —— ) [eV] =0.145 [eV
(P2) = ECPy) C<480.0 508.6) [nm] (480.0 508.6) [eV] [eV];
1 1 1 1 1
E(*Py) — E(*Po) =h — =12398( — — —— —0. ,
(P1) = E(CPo) c<467.8 480.0) o] 12398 (467.8 480.0) [eV] = 0.067 [eV]

The Landé interval rule states that
E(J)—E(J —1) =h*¢(a,L,S) J.

Therefore,

The rule is fulfilled if
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which is almost the case, since:

= 2.164.

c) In absorption spectra atoms are initially in their ground-state level (in this case, 5s%1Sy) at
room temperature, because kg7 =~ 0.026 ¢V at 300 K. This implies that we would only observe
transitions from the ground state to some of the excited states with significant probablity. However,
none of the quoted triplet lines fall into that category because they are associated to transitions
between excited states, hence these lines are not expected to be seen in absorption spectra.

Furthermore, transitions from the 'Sy ground-state level to any of the 5s5p 3P excited levels would
be highly suppressed because they imply a AS = 1 change, which violates the E1 selection rules.
Consequently, the triplet initial states in the transition would be in any case very poorly populated
for a significant absorption process to take place.

14. Neutrons of 170 MeV kinetic energy scatter elastically off a nucleus with radius
R = 1.05 fm. Under the hypthesis of high-energy scattering, make an estimation of
the maximum angular momentum value £, of the partial wave that significantly
contributes to the cross-section. Suppose the phase-shifts measured in this experi-
ment are given by the relation d, = 7/(¢£+2)?. Compute the cross-section due to the
{ = 0 partial wave, and call it og. Compute the total cross-section, o, and the ratio
oo/o¢. Use non-relativistic kinematics.

Solution: To estimate the value of £, we make the assumption that the maximum value of orbital
angular momentum contributing to the scattering process is iax &~ kR, where hk is the momentum
of the neutron. For neutrons with £ = 170 MeV the value of k2 is

2mE  2mc2E 2% 939.57 x 170

k2 = — - fm~? = 8.20 fm~?
2 (he)? 197.332 " o

Therefore
Pmax = kR = v/8.20 x 1.05 =~ 3.

The total cross-section and the s-wave cross-section are given by

4 & )
:—222£+1 sin? &y, 00 = 17 8T o = oo
=

The s-wave cross-section is then

oo = @ fm? = 0.77 fm? = 0.0077 barn?.

The total cross-section is

— % [sin2 (%) + 3sin? (g) + 5sin? (116) 4 Tsin? (275)} 4]1C L5 — 176 f

The s-wave cross-section is close to half of the total cross-section

70 _ .44
Ot

[15. A hydrogen atom, where the fine-structure is neglected, is placed under a perturba- ]
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.

tion given by

\% h?
V = —gzcy, Vo~ 107 2eV, ap = —-.
ag me

(a) Write V in terms of spherical harmonics and prove that the relations
Al=/f—V =0,£2and Am = m — m’ = +2 must hold for the matrix elements
(n,t,m|V |n',¢',m') to vanish.

(b) Compute the matrix elements of the perturbation V for the levels with prin-
cipal quantum numbers n = 1,2. Find the eigenvalues to first order and the
corresponding approximate eigenstates. You may need the following results

n2

(r*) ,=ag— [5n° +1—=30(+1)],

2
1 2 1
-1 2 -1

_ 12 1)\ _ [2
SV 00 0) Vi5

Solution:

(a)

In spherical coordinates,

Vi Vi Vi |
V= —g 72 sin? @ sin @ cos ¢ = 2—02 r?sin” f sin 2p = 2470 r2sin2 6 (e 20 6_129,;)

2
_ 27TV02 2
- Z\/15% (¥ =),
15

%o o 0
where V552 = \/ 335 sin 20 et2¢ are the spherical harmonics for £ = 2 and m = +2. The

angular part of the matrix elements can be obtained with Gaunt’s formula (B.192):

m [B (o2 N[t 2
(Em [V [0,m') = (-1) \/471—(2£+1)(2€l+1)(—m +2 m’><0 0 0)'

The selection rules derive from 3j properties summarised in eq. (B.182) of the handouts and
parity conservation. For the 3j-coefficients not to be null it has to be satisfied that the sum
of the elements of the second row cancel. For the first 3j in the previous equation this means
that —m 2 +m/ = 0 and, therefore: Am = m —m' = £2. Another thing that 3j coefficients
must fulfill to be different from zero is the triangular inequality of the elements of the first
row. In this case A(¢,2,¢), which translates into |¢ — ¢'| < 2. Parity conservation will also
make the 3j coefficient cancel if [¢ — ¢'| is odd. From these two last conditions it can be
concluded that Af = ¢ — ¢/ = £2

We are asked to obtain the matrix elements for the states with n = 1,2. Since this is a
perturbation we consider sets of states with the same energy without the perturbation. So,
we separately consider states with n = 1 and then later the states with n = 2.

For n = 1 we have a single state and a single element matrix for V', which gives us the energy
shift due to the perturbation. Also (1,0,0|V|1,0,0) = 0, because Am = 0. This means
that V creates no energy shift at first order in perturbation theory in the ground state of
hydrogen.

According to our Am = +2 selection rule, the only non-zero matrix elements between the n =
2 states are (2,1,1|V|2,1,—1) and its complex conjugate, (2,1,—1|V|2,1,1). Therefore

,/%/ PR3 P dr [(1,1] Y2 ]1,-1) = (1,1] Y52 | 1,-1)]
2n 9
/erdr (1,115 ]1,-1).
C‘0

(2,1,1[V]2,1, -
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The last equality uses that <1, 1 | Y2_2 | 1, —1> = 0. Furthermore,

5 1 2 1 1 2 1
2 p— — E—
(L,1]Y5]1,-1) = \ 1 X33 ( 2 4 ) < 0 0 0)
) 1 /2 3
o E Ve
and, given eq. (1.132) of the handouts, for the hydrogen atom (r),, = @[5712 +1-30(41)],

/r2R§1 r2dr = <r2>21 =30 ag.

,V() 27T 2 3 .
2,1,1 2,1, -1y =1—514/— — = 16Vj.
(2,1,11V]2,1,-1) zag\/1530am/107T 16V,

The V matrix elements for the |2,0,0), |2,1,0), |2,1,1) and |2,1,—1) states, taken in this
order, is then

Therefore

0 0 0 0
0 0 0 0
0 0 0 16Vp
0 0 —i6Vp O

The secular equation for the lower-right 2 x 2 box is

=N -36Vi=0 = \=46V].

- 6V
—i6Vp  —A

The perturbation V' does not modify the energy of the states |2,0,0) and |2, 1,0), which we
may denote as Ey. To find the eigenstante corresponding to the eigenvalue 6V, we do

0 16V a '\ _ a _
(L ()0 (3) = oo

So the corresponding normalized eigenstate is

\}5[( é)—i( (1) )} :%(|2,1,1>—¢\2,1,—1>).

For the eigenvalue —6V} we have

0 16V) a '\ a .
(2, O (2)=on(8) = boia

The corresponding normalized eigenstate is

% [( (1) )—l—z( (1) )} :%(|2,171>+i\2,1,—1>).

In summary, after the perturbation the states |2,0,0) and |2,1,0) do not experience an
energy shift while the state % ( [2,1,1) —|2,1,—-1) ) energy is shifted +6Vj, and the state

% ( 12,1,1) +14]2,1, —1)) energy is shifted —6Vf from their unperturbed energy.

16.

A hydrogen atom in its first excited state, 2p, is placed inside a cavity in thermal
equilibrium with radiation of energy density p(w) per unit frequency. At what tem-
perature of the cavity are the transition probabilities for spontaneous and induced
emission equal? (the value of Boltzmann’s constant is kg = 8.62 x 1075 eV /K).
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Solution: The induced and spontaneous emission transition probabilities are, respectively (a sub-
index 2p — 1s is omitted in the probabilities, the Einstein coefficients and the photon frequencies):

23

Wi =B- p(UJ) = Hioo® Ap(w)v
W* =4,

where A and B are the Einstein coefficients, w is the frequency of the photon emitted in the 2p — 1s
transition,
1 1 3
hw=|=— = | Rg = - Ry,
(1 22> H= g
and p is the density of photons per unit frequency:
hw? 1
2.3 )
T exp (%) -1

where kg is the Boltzmann constant and T the temperature.

plw) =

These two transition probabilities are equal if

w23 w23 hw
T Ap(w) = 7 p(w) = exp (kBT> = 1

hw
k31H2.

Considering that kg = 8.62 x 107° eV /K and Ry = 13,6 eV:

3
1 x13.6

T = K=1.71x10°K.
8.62 x 10-°% x In2 110

17. In an experimental setup neutral pions, 7°, with kinetic energy T = 300 MeV, are
scattered off a heavy nuclei with radius 1.4 fm. It can be assumed that the nucleus
behaves as a completely absorbing sphere. Assuming also that we are working in a
high-energy regime,

(a) Find the maximum value of the incident 7° orbital angular momentum, £y,
that needs to be taken into account to compute the cross-section (use relativistic
kinematics).

(b) Compute the total elastic cross section and the total inelastic cross section.

(c) Comute the elastic scattering amplitude and verify the validity of the optical
theorem.

You may find useful the following Legendre polynomials: Py = 1, P, = z, P» =
$(32% — 1), P3 = 3(52% — 3z), P, = %(352% — 302% + 3), e que a masa do 7 é
myo = 134.98 MeV/c?.

.

Solution:

(a) To estimate the value of £, we make the assumption that the maximum value of orbital
angular momentum contributing to the scattering process is fpax ~ kR, where Ik is the
momentum of the pion. Pions with a kinetic energy of T'= 300 MeV are relativistic, so their
momentum is given by p?c? = E? — m%ct = (T + mc?)? — m?c* = 2mc®*T + T2, and the
corresponding value of k2 is

(ho? " (hoe ~

_2mcT 17 (2 x 135 x 300 3002

K2 = fm ™2 = 4.39 fm 2.
97332 " 197.332) o o

Therefore
Pmax ~ kR =+v4.39 x 1.4 ~ 3.



Quantum Physics III. Monday 7" September, 2026, 11:08. 279

(b)

Since we are assuming the target nuclei to be totally absorbing, incident pions with ¢ < 3
will be absorbed and the inelasticiy must be chosen to be 1, = 0 for ¢ < 3. On the other
hand, partial waves with ¢ > 3 do not contribute to the scattering. The total inelastic (or
absorption) cross-section is then

o) 3
bs T T 160 167 . 5
J?Ot—kfz_g 2£+1 ].—’l’]g ?e_g 2£+1 T 451f —lllfm
The total elastic cross-section is

Utot _ kl Z 26 +1 ’ 21Re(61z
£=0

3
- kiz (204 1) = 025 = 11.1 fm?.
£=0

The total cross-section is

327
Otot — U?Obts + U‘Sét = ? = 222fm2

The elastic scattering amplitude is given by

(20 + 1) Py(cos0)

?[\TJ“N‘
(-

~
I
o

fel k 0 ik i 20 + 1 |: QiRe(éﬂ.) — 1:| Pg(COS 9) =
(=0

i ) 9 7 3
=% [1+3cos€+2(3cos 0 1)+2(5cos 0 — 3cosb)
The optical theorem states

ot = %Im [ Fa(k,0 = 0)].

In this case, the forward elastic scattering amplitude is

5 7 8i
1 T5-3) =2
f(0) = % [ +3+ 2(3 1)+ 2(5 3)}
The previous result could be obtained a bit easier using the relation P;(1) = 1. Therefore
4dm 327
—Im [fel(k,e - 0)} = "5 = O,
which shows that the optical theorem is verified.
18. A sample of potassium atoms, 1K = [Ar]4s!, is irradiated with electromagnetic

radiation with energy between 2 and 3.3eV. The ionization energy of potassium is
4.34eV, the energy of the 4s — 4p transition is 13015 cm ™!, and the quantum defect
for £ = 21is §, = 0.14.

(a) Using the information provided, obtain the energies of the potassium or-
bitals and show that their ordering is (from lower to higher energy):
4s, 4p, 5s, 3d, bp, 4d.

(b) Indicate which orbitals can be excited by the incident radiation, and determine
the energies of the corresponding absorption lines.

(c¢) Indicate which transitions occur in the decay to the ground state and determine
the energies of the corresponding emission lines (neglect spin—orbit interaction).
Draw the transitions in a Grotrian diagram.

(d) When the sample is subjected to a weak constant magnetic field, it is observed
that the absorption line corresponding to the transition 451/, — 5P/ splits
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into several components. Knowing that the separation between the highest-
energy and lowest-energy lines is Apax = 0.1cm™!, calculate the strength of
the applied magnetic field.

Assume LS coupling and electric-dipole radiation absorption/emission.

Solution:

(a)

For alkali atoms the energies of the terms follow approximately the relation

Ry

Epy=—-—"—_.
! (n— 6,)2

This formula allows to compute the energies of s, p and d orbitals provided we know the
values of dg, 61 and d2. We are explicitly given only d; = 0.14, so we will have to deduce the
values of §p and §; using the remaining information. From the potassium ionization energy
we know that E4s = —4.34eV, therefore 5 and Es5s can be computed as

13.61 13.
So=4— ﬂ:z.z:a, Ess = — 3.6

e | .
134 *T (52237 TTeV

To find ; use the 4s — 4p transition energy,
Eap — Ege = 13015cm ™" = 13015 x 1.240 x 107*eV = 1.61 ¢V,
to compute Eyy, = (—4.34 4+ 1.61) eV = —2.73¢V, and

13.61 13.6
G =d— )220 =177 Bypy=———" = —1,30eV.
! 2.73 ’ T T (5 1.77)2 0 e

To get the energies of the 3d and 4d orbitals we can use directly the given value of d5 = 0.14

13.6 13.6
37 T3 0.14)2 ,66eV, e VI VIR e

The energy ordering of the orbitals is then
4s 4p 55 3d op 4d.

—4.34eV —2.73eV — 1.77eV — 1.66eV —1.30eV —0.91eV.

The ground-state configuration of potassium is [Ar]4st. The LS-coupling selection rules for
absorption of electric-dipole radiation require AS = 0 and AL = 1, therefore the transitions
must go from the 4s orbital to a np orbital: 4p, 5p, 6p etc. The energy of the incident
radiation is in the range 2 to 3.3 eV, while the energy differences between those orbitals and
the ground-state are

E4p — E4s =1.61 eV, E5p — E4S = (7130 + 434) eV =3.04 eV,
13.6
Egp — Egy = —————— eV + 4.34¢V = 3.58¢V.
(6 —1.77)

We conclude that only the 5p orbital can be excited with the incident radiation.

Once the 5p orbital is populated, the following electric-dipole emission transitions, satisfying
AS =0 and AL =1, can occur

5p — 4s 5p — bs 5p — 3d 5s — 4p 3d — 4p 4p — 4s.

3.04eV 0.47eV 0.36eV 0.96eV 1.07eV 1.61eV.

We can draw the transitions in the following Grotrian diagram (not to scale)
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4d

op

5s

4s

(d) The Zeeman energy shifts are given by

JG+1) +s(s+1)—£(+1)

UBsgsbmy, gs + 255G +1)

For S/, we have g; = 2, which leads to (AE)s,,, = 2ugB. For Py/; we have g; = 2/3 and
(AE)p,,, = 2upB/3. This means that the energy separation between the higher and lower
energy lines in the 45,5, — 5P /o transition is given by

Amax = <2 + ;) MBB

The value of the applied magnetic field is then

3Amax 3 x 0.1 x1.240 x 10~*eV
8up 8 x 5.788 x 10~-°MeV/T

19. Use the variational method with the trial function ¥ (r,,¢p) = Ae /B where S
is the variational parameter, to estimate the binding energy of the ground state
of hydrogen. Compare your result with the exact solution obtained by solving the
Schrédinger equation.

Solution: First of all, let’s normalize the trial function. Using the definite integral fooo rte” dr =
n!/a" 1, we get

1

A = 4=
4 w33

o0
1= / |¢]? r? sin @ dr df dp = 4n| A|? / r2e /B dr = 4n|A
0
The hydrogen energy as a function of the variational parameter is

> <¢ s w>.

Let’s compute first the kinetic-energy part. We can take A to be real, so ¥* = ¢ and

h2 h2
< ’v“‘ > = —%/wv?wd% = —%/wv%d?*r.

Since both v and its derivative go to zero at infinity, an integration by parts gives

[ovruds == [(vuvia r———/¢ ar

B(8) = (6 | 1| ) = <w\

where he have used the following relations

81/} 2 93, _
Vo= Gi——gui. (VO(VH = 5t [erdo
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We could also do the integral using the explicit form of the Laplace operator,

2, L O (200 1/(1 2
vwﬂar(r 8r)6<5 r)d}’

/¢V2¢d3r = %/w“‘d"*r— %/%de?’r

Therefore

The Coulomb-energy term is

o

Putting everything together,

62

el 2
w> = —47re2A2/ re /B dr = —me? A26? = —%.
0

h2 62
EpB) =——s-—-—.
(B)= 5z~ 5
Minimizing this relation with respect to 8 gives
dFE h? e2 h?
—_——— e 0 —— = —
B mp P b= e
Calling By = h?/(me?),
2,2 .4 4 4
E(ﬁo)zime_me __me
2m ht h2 2h2

This happens to be equal to the exact result obtained solving the Schrédinger equation because we
have started with a trial function that is identical to the hydrogen ground-state wavefunction. The
value of the variational parameter that minimizes the energy is also identical to the Bohr radius,

Bo = ao-
I e? me? K2
= —-—= a’O = —_—
2a0 2h2 7 me?

20. Calculate the scattering amplitude, in the first Born approximation, for a potential
well of the form V(r) = —Vj for 0 < r < rg and V(r) = 0 for » > ro. Show that, if
the radius of the well, rg, is much smaller than the wavelength associated with the
incident particle, the scattering amplitude is isotropic (i.e., it does not depend on
the angle).

Solution: For a spherically symmetric potential, the scattering amplitude in the first Born approx-
imation is -
2m
0) = ——— rV (r) sin(kr) dr,
10) =~ [ rv () sinGer)

where k =k’ — k and k = |k|. Therefore, in this case

_2m [T . _2mVj reos(kr)]™ 1 /TO
f(H)—hZH ; rVosin(kr) dr = o ( [ - L +n ; cos(kr) dr

_ 2mVy rocos(krg) | sin(krg))  2mVp
TRk + Z © R2g3

K P (Sin(/ﬂ”o) — KT cos(mo)).

Large wavelength compared to ry means that krg < 1 and krg < 1. In this case we may
approximate the sine and cosine functions by their first two power-expansion terms. A quick
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way to find the expansions is to remember that e =
. ~ 1
sin(kro) & KT — §

So(iz)"/n! and €' = cosx + isinz, so
(kr0)® and cos(krg) &~ 1 — £ (krg)?. Therefore, for kro < 1

2mVy 3 1 3 2mVord

10) ~ h2k3 </<;r0 a g(mo) ~ Aot i(mo) TS

This shows that that f(6) does not have an angular dependence.
Alternatively, one could take e

i®T ~ 1 for r < ry, which is valid in the low-energy limit, in the
general first Born approximation expression of the scattering amplitude,
m - m
0 =— TV () dPr A
flO.9)=—5 5 | ¢ (r)

. mVy o 2mVyrd
~— d’r = 4 2dr = 0
Sz | V) A= o /0 T T

Note that if you do the integral in the first version of the solution as

2mVy [T° 2mVy 1 [0 ) .
f(0) = Z;LHO/O rsin(kr)dr = ZZHOZ/O r(e“”"—e_”“”) dr,

you need the first-order term in the approximation of the exponentials to get a non-zero result for
the scattering amplitude, et ~ 1 + ST
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Appendix B

Appendix.

The values of the fundamental constants are taken from [I4]. A few of them are quoted with
the available experimental accuracy and the uncertainty is indicated by the digits in brackets,
but no attempt is made to properly propagate the uncertainties to other derived quantities.

B.1 Systems of Units.

B.1.1 Natural units.

Fundamental constants:
c=3x10%m- s} h=6.6x 1072 MeV -s, [c] = [L][T] 7, (7] = M][L)?[T]
Combined system of natural units and Heaviside-Lorentz units:

h=c=e=pu =1

Permeability® of free space, jo. Permittivity of free space, eg. Now [M], [L]~! and [T]~! have
equivalent dimensions. The fine-structure constant is a dimensionless parameter with a value

of?,
e2 e2 1

T Ameohe  4m  137.035999139(31)

After this units transformation all quantities are expressed in powers of GeV.

e>0

Energy GeV — GeV Time (GeV/h)™! — GeV~!
Momentum GeV/c — GeV Length (GeV/he)™' — GeV™!
Mass GeV/c? — GeV Area (GeV/hc)™® — GeV ™2

A useful relation for conversions is Aic = 197.327 MeV - fm (1 fm = 1071% m), therefore in natural
units we have,

=5 GeV L

lfmay —
™™ 500 MeV

In high-energy particle physics, masses, energies and momenta are typically expressed in MeV or
GeV. Cross sections are usually given in millibarns (mb) or microbarns (ub), where 1 mb = 1073! m?.

'The values for the permeability and permittivity of free space in SI units are:

1
po =1257 x 107" N- A2, € =

= @ =885 107" F/m.
0

2This is the value at Q% = 0. At higher energy scales the value increases. For example, at Q% ~ m¥, (squared
mass of the W gauge boson) a ~ 1/128. This running coupling constant behaviour is explained in the context of
relativistic quantum field theories.
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From the value of Ac is easy to get the relation 1 (GeV)~2 = 0.38939 mb. Typical hadronic cross
sections correspond to an area of about A2, where A, is the pion Compton wavelength,

h he 197.327 MeV - fm 1
Ay = = = = 1.41 fm, A2 = — ~ 20 mb.
MeC  MyC2 139.57 MeV m T m2 m

Electromagnetic cross sections are an order of magnitude smaller.

B.1.2 Atomic units.

In the formulas below m stands for electron mass. There are two slightly different systems of
atomic units.

Hartree units.

e In this system the fundamental constants i, e, m, and

are all taken to be unity by

TEY
definition.
h2
e Unit of length (Bohr radius), ag = —5———— = 5.29x 10~ 'm. Sometimes this is written
(e2/4meg)m
as G to indicate that we are taking the nucleus to have infinite mass compared to the
electron.
4 2,2 2
me a‘me e
The Hartree unit of ene is By = = = . This is twice the
° rtree uni nergy is Fy 1(dmeoh)? 1 pr—— is is twi
binding energy in the first Bohr orbit of hydrogen.
. . . 1o 1
e Hamiltonian in Hartree units: H = —§V - —.
r

e The unit of time is
20 =20 9419 x 107V,
vg  ac
which is the time required by an electron in the first Bohr orbit to travel one Bohr radius.
In this formula vg is the magnitude of the electron velocity in the first Bohr orbit, and is
taken to be the unit of velocity in atomic units. The kinetic energy of the electron must
be equal to the binding energy, therefore assuming that the electron in the Hydrogen atom
is very nearly non relativistic we may write %mv% = %moﬁc2 and deduce that vy = ac.
e The unit of velocity and momentum is vg = ac = 2.188 x 10 m-s~! and py = muy,
respectively.

e The unit of electric field strength is

e ah

C
= =5142x 10" V.-m™.
47r€0a% ea% -

This is the strength of the Coulomb field experienced by an electron in the first Bohr orbit
of atomic Hydrogen (with infinite nuclear mass).

e The unit of magnetic field strength is //(ea?) = 2.351 x 105 T.

Rydberg units.

2 2
e Rydberg constant, R = % <4e > .
mhic \ 4meg
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e In Ref. [I1] the Rydberg constant is used to define the Rydberg energy as
_ _ me? 1l _ _1
ER = hcRo = W = gmeca’ = 13.605693009(84) eV = 109737.31568 cm™ .
(B.1)
However, in Ref. [16] the Rydberg constant is defined in such a way that the energy in
Rydberg units is directly Er = E/R._,
1 e2\? 1
ot o2 L 2 2
R = 5me (hc) 5mea (B.2)
Note that Er = Ey/2.
4eoh?
e The unit of length is again the Bohr radius, ag = ZL.
e‘m

2
e Hamiltonian in Rydberg units: H = —V? — =,
T
e Energy differences between atomic states are usually reported by quoting the inverse wave-
length of the electromagnetic radiation emitted in transitions between the states. From

the relation between energy and wavelength, 1/\ = E/hec, we have, for E = 1eV.

1 E leV eV
— = = = 8065.544005 —. B.3
A 2whe 271 x 197.3269788(12) x 106eV x 10~ 13 cm cm (B3)

For 1 Rydberg we have,
1Ry ~ 109737.3157 cm ™. (B.4)

The equivalence for 1cm™! is

lem™t ~ 1.239841974 x 107%eV ~ 9.112670506 x 10~° Ry. (B.5)

1eV ~ 8065.544005 cm ™.

The spectroscopic usage of cm™! units to report energy differences is just a convention,
in the sense that authors choose to report the wavelength of the photon emitted instead
of its energy, because it is wavelengths (and not energy) what is really measured by the
spectroscopist. This should not be confused with the use of cm™! to measure energy in
the natural system of units. In this system the numerical values of i and ¢ are both unity,

1=he=19733MeV - fm = lcm ' =1.9733 x 107° V. (B.6)
Therefore, 1 cm™! in natural units does not correspond to the same amount of energy
as 1 ecm™! in the spectroscopic convention.

B.1.3 Gaussian units.

We follow Weissbluth in the choice of Gaussian units for most electromagnetic relations in this
text. For problems in mechanics, the differences between SI and Gaussian units are just trivial
numerical factors. The situation is more difficult when dealing with electromagnetism, where
charge, for example, actually has different dimensions for the two sets of units, as it will be
shown later in this section. In the following list of formulas, we write on the left the SI version
and on the right the Gaussian version. For detailed discussion you may see the appendix on
units and dimensions of [10].
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SI Gaussian
1 qg2. q192 ..
F= —= F=—"r B.

Ameg T2 £ 2 (B.7)

1
F=¢(E+v xB), F:q(E—I—va). (B.8)

c
U= 1/ eE? + 1g dr, U=t / (E* + B?) dr. (B.9)

2 MO 8

In the SI system the permittivity (€p) and permeability (ug) of vacuum are related through
copto = 1/c?. For comparison, Maxwell’s equations written in both the SI and the Gaussian
system of units are shown in the following table

SI Gaussian

VE = p/e VE = 47p

V xE=-0B/ot V xE=-10B/ot
VB =0 VB =0

V x B = 1oJ + poeodE/0t | V x B =473 + 19E /ot

The energy stored in the electromagnetic field is given by

1 1 1

SI: E=— /(50E2 + —B?)dr, Gaussian: FE = — /(E2 + B%)dr. (B.10)
2 1o 8

The electric (scalar) potential, ¢, and the magnetic (vector) potential, A, are combined to form

the electromagnetic four-potential A#. The next table displays the relation between E, B and

A* in the SI and Gaussian systems,

SI Gaussian
At = (¢/c,A) | A =(4,A)

5 )
E=-V¢-2% |E=-Vgp-—122
B=VxA B=VxA

Although in the previous tables we have used the same symbols (¢, E, B, A, etc.) for
the corresponding physical quantities in both the Gaussian and the SI systems of units, one
must be careful to note that conversions between quantities in Gaussian and SI units are not
direct numerical conversions, because the quantities themselves are defined differently in each
system and may have different dimensions. For example, in the Gaussian system the electric
and magnetic fields have the same dimensions and could be both measured in Gauss (but this
is not usually done in practice), whereas this is not the case in the SI system.

We can write in more detail Coulomb’s law in both systems of units as

1 (q1)si(@2)si . (q1)g(q2)g .
Fo= oo ptee Fy= R (B.11)

This tells us that the electric charge density, and electric charge, in SI and Gaussian units are

related through
Psi Esi

Pe = Ve %= Varey

The unit of charge in the Gaussian system is the statcoulomb (statC).? From Coulomb’s law
(B.11) for F we see that the base dimensions of a statC are purely mechanical

(B.12)

[statC] = (mass)™/?- (length)®? - (time)~' = M'Y/2.L3/2.T"1. (B.13)

30ther denominations are the Franklin (Fr) or the electrostatic unit of charge (esu).
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However, the SI system takes the unit of electric current as a base unit, the Ampere (A), defined
as evactly 1/(1.602176634 x 10~') times the elementary charge per second (the elementary
charge is that of the electron). This means that in the SI system the unit of charge has base
dimensions of

[C] = (current) - (time) = I-T. (B.14)

By quantifying the ampere in terms of the coulomb, the SI definition directly ties the ampere
to an exactly fixed constant of nature (the elementary electric charge) and to the second, which
is also exactly defined (in terms of the frequency of energy jumps in the cesium atom). The
numerical relation between statC and C is

g 2997924580 statC 3 10? statC
dsi N 1C - 1C

(B.15)

The relations between the magnetic flux densities, the electric field, the vector potential and
the electric potential are

[ o 1 Mo 1
EBg = Bsia 4req Eg = Esia EAg = Asi7 47T€0 gbg = ¢si- (B-16)

With all previous relations, it should be easy to convert any expression written in Gaussian
units to its equivalent in SI units. For example, in Gaussian units we have

 10A,
B, = — % — Vo, (B.17)

which translates to

1 [ir 9Ag
\/47T60Esi:—21/lu—7; o~ ViTe Vo (B.18)

Using the SI relation ¢ = 1/, /éopp, this equation reads

0Ag
ot

Let’s study in more detail the conversion between measurements of magnetic field expressed in
the Gauss and SI systems of units. From the first relation in (B.16) we see that the ratio Bg/Bsi

s not a dimensionless parameter,
B 4
- il (B.20)
Bsi Ho

It is useful to do a dimensional analysis of this equation in terms of base units of mass (M),
length (L), time (T), and current (I). First, note that*

Esi =

— V. (B.19)

G =MY2.L7V2. L [Tes) =M -T72.T°1, o] =M -L-T72.1°2,
1 4 12 2 2 2 (B'21)
[ =M. L73. 1% 2, H=M.-1L2.T2.1%
Therefore 1/ 12 .
G MY/2. o2 4dr
— | = =M V2. LY== B.22
[Tes} M-T-2.11 Lo (B-22)

So both sides of Eq. (B.20) have the same dimensions. Let’s now insert values in the expression
/4w /o Bsi to obtain the numerical conversion rule between Gauss and Tesla. We must take
into account that the base units of mass and length in the Gaussian system (gr and cm), are
related to those in the SI system (Kg and m) through

Mg = 10% My, Ls = 10° L. (B.23)

4To avoid confusion with the base dimension of time in the study below, in this section we abbreviate the unit
Tesla as Tes, instead of the most common use of T.
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The value of permeability of free space in SI units is po = 47 x 107" Hm ™!, where H is a Henry,
with dimensions [H] = M - L? - T2 .12, Therefore

1 4 T M - T2 I3
\/7 By| = o [Tes| = 107/? | —— | = 107/? Sy 2
1o 47 x 1077 [Hm™1] Hm—! (M - L - T5® - 1512

= 1072 MY LG TS = 10772 (10°M,) V2 - (10%Lg) V2 - T !
=10*My? L Y2 T, =101 [G]. (B.24)

The conversion rule between the quantity B, expressed in Gauss, and the quantity B, expressed
in Tesla, is then

[ A 10*°G
& wo 1Tes ° ( )
Consider now the Bohr magneton written in both systems of units as
egh esih
(e)g = 5, (Bs)si =5 (B.26)

To get the numerical value of (ug), we should express e, in statC. It is useful to remember that
the fine structure constant in Gaussian units is o« = e?g /he, so

eg = Vahe = ﬁ X (1.055 x 10=27erg - 8) X (2.9979 x 1010 cm - s~1)
=4.80 x 10719 statC. (B.27)
Therefore
() = egh (4.8 x 10710statC)(1.055 x 10727 erg - s)

2me 2 x (9.109 x 1028 gr)(2.9979 x 1010 cm - s—1)
=927 x10 2 erg- G711, (B.28)

The value of (ug)s is

esih (1.6 x 10719.C)(1.055 x 10734 J - §) o4 1
(pn)si = 5 == 7> (9100 x 10 Kg) =927 x 107 J - Tes L. (B.29)

Using the conversion rule e, = egi//4meg, we see that relation between (ug)s and (ug)si can be

expressed as
egh €si o esih Ho
= = =4/ =4/ i B.30
(11n)g 2me  /Are 4 2 47 (11m)s ( )

We can repeat the exercise of inserting numerical values in +/po/47 (pus)si and carefully check
the base dimensions

[\/E (:U’B)Si:|

A7 x 10" H[m! VHm L
= \/ X y ) .27 x 1072 [J - Tes™!] = 10-7/2 x 9.27 x 10-2 | VHm = =
7i9 €s

Ms; - Lgi ) T;z ) (Msi Ly - T;2k ) 152)1/2
M, - T 21!
=1077/? x 9.27 x 10~ Ml/2 L2 7!
= 10772 x 9.27 x 1072 (10°M,)"/2 - (10%Lg)*? - Tt = 9.27 x 1072 MY? - LY/ - T, !
=9.27x 107" [erg-G™']. (B.31)

— 1072 x 9.27 x 107
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B.2 Time-independent perturbation theory.

Consider an unperturbed Hamiltonian, Hg, with a set of orthonormal state vectors, ¢,, and
corresponding eigenvalues FE,,

H0¢a = Ea¢a; <¢a | (ba) = 5ab~ (B32)

Now we add a small term dH to the Hamiltonian, proportional to some small parameter . The
energy values will then change to E, + § E,, with corresponding state vectors ¢q + 0404, where
0F, and {¢, are presumably given by power series in ¢,

OFE, =01FE,+ 6oF, + ..., 6¢g = 6104 + 620 + . . ., (B33)

with d,,F, and d,¢, proportional to €”. The Schrodinger equation can be written as
(Mo + %) (6 + 660 ) = (Ba+0E,) (6 +660). (B.34)

HO(ba + H05¢a + 5H¢a + 5%5¢a = Ead)a + Ea5¢a + 5Ea¢a + 5Ea5¢a-

H05¢a + 5H¢a + 5H(5¢a = Ea(sd)a + 5Ea¢a + 5Ea5¢a' (B35)

B.2.1 First order.

To collect the terms of first order in € we should drop dHd¢p, and §E,d¢,, whose power series
start with terms of order ¢2. To first order in € we then have

H051¢a + 5H¢a = Ea51¢a + 51Ea¢a' (B36)
To find 01 F, we take the scalar product of the previous equation with ¢,,

<¢a ‘ H051¢a> + <¢a | 5H¢a> = Ea <¢a | 51¢a> + 51Ea <¢a ‘ ¢a> .

Since H is Hermitian, we have (¢, | Hod10a) = (Hoba | 010a) = Eq (Pa | 6104), which is cancelled
by the same term in the right hand side of the previous equation. So we finally arrive to the
result that, to first order, the shift in the energy of a bound state is the expectation value of the
perturbation dH in the unperturbed state,

nE, = <¢a | oH | ¢a> : (B'37)

However, this procedure is only applicable to non-degenerate spectra. To see why, let us
calculate the change in the state vector produced by the perturbation. To do that we take the
scalar product of equation (B.36) with a general unperturbed energy eigenvector ¢y,

<¢b ‘ H051¢a> + <¢b | 5H¢a> = Ea <¢b ’ 51¢a> + 51Ea <¢b ‘ ¢a> .

<¢b | oH | ¢a> = (Ea - Eb) <¢b | 61¢a> + 01Fa0ab (B38)
For a = b, this is the same as equation (B.37), so the new information is that

<¢b | oH | ¢a> = (Ea - Eb) <¢b | 51¢a> ) for a # b. (B.39)

The problem is now clear. If there are two states ¢p # ¢, for which E, = E,, then the previous
equation is inconsistent unless (¢ | H | ¢,) vanishes, which need not be the case.
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Non-degenerate case.

Let’s first assume the case of no degeneracy. In other words, the states whose energies and wave
functions we want to calculate do not have the same unperturbed energies as each other or any
other states. We are then allowed to write

<¢b | OH ‘ ¢a>

(Fa—Fy) for a # 0. (B.40)

<¢b ‘ 51¢a> =

What about the component of d;¢, along ¢,, given by (¢ | d1¢4)7 To find it we need to impose
the condition that ¢, + d1¢, is properly normalized, that is

1= <¢a + 61¢a | ¢a + 61¢a> =1+ <¢a | 51¢a> + <51¢a | ¢a> + 0(52)' (B'41)

So to order € we have the condition
Re( ($a| 61¢>a>) — 0. (B.42)

There is no requirement on the imaginary part of (¢, | J1¢4), and we are free to choose its value
since this just represents a choice of phase of the whole state vector. In particular, we can choose
(g | 01¢4) to be real, in which case the normalization condition becomes

<¢a ’ 61¢a> =0. (B.43)

Now we return to equation (B.40) and use the completeness relation of the H( eigenstates to
write the first order perturbation to ¢, as

by | M | Pa
5160 = 3 160} (60| 1) = 3 2oL OHLGa) 1y (B.44)

b b£a (Ea - Eb)
The first order perturbation to ¢, is then

(0| 0 | ¢a)
01¢q = - . B4
10 ; E B (B.45)

Degenerate case.
Suppose there are a number of states ¢q,, gy, - - -, Pa,, all with the same energy E,. Since éH

is Hermitian, the quantities (¢q, | H | ¢q,) form an Hermitian matrix, so according to a general
theorem of matrix algebra the vector space on which this matrix acts is spanned by a set of
orthonormal eigenvectors w1, us, .. ., u, of this matrix, such that

n

> (¢a, | 6H | fa,) tigr = Aqigs. (B.46)

r=1

Here A, are the eigenvalues and ug are the elements of the matrix whose columns are the

components of the orthonormal eigenvectors uy, us, ..., Uy.
Up U1 ... Upl
U2 U2 ... Up2 * —5
) UpsUms = Okm-
Ulp U2n .. Unpn

We can define new eigenstates of Hg with the same energy F,,

%m = Z Umy (bar (B47)
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for which, using the relation (B.46) and the orthonormality condition of the u eigenvectors,

(o | H | Ya,) = Z UpesUmr (Pay | OH | da,) = Z UgsUmsDm = Okm A (B.48)

We have therefore proved that it is always possible to perform suitable linear combinations of
the degenerate states ¢, to find a new set of sates 1, (also degenerate) for which the off-
diagonal matrix elements of the perturbation all vanish. The possible inconsistency problem
with equation (B.39) can then be avoided if we start with the ¢ states instead of ¢ states.
Namely, we can apply

<¢b ‘ oH ’ %> = (Ea - Eb) <wb ‘ (511/)a> y for all a, b, (B49)

because the matrix (i3, | 0H | 1,) is diagonal, so (Y | 0H | ¢,) = 0 for a # b always, including the
case when v, and v, are eigenstates with the same eigenvalue FE, = F}. In terms of the new
states, the first-order energy shift and the first-order correction to the unperturbed state are of
course still given by

hE, = <wa | oH ’ ¢a> : (B5O)
_ e W | 0H [Ya)
S1¢bq = #Za Emy) - (B.51)

If we are faced with a set of degenerate unperturbed states ¢,. for which the matrix
(Pa, | OH | ¢q,) is not diagonal, all we have to do is make it diagonal by finding its eigenval-
ues and eigenstates, 1,,.. The first-order energy correction to a given unperturbed state v,, is
its corresponding eigenvalue (¢, | 0H |1q,.).

When applying perturbation theory to specific problems it is often the case that one can
find an observable A which commutes with both the unperturbed Hamiltonian Hg and the
perturbation 4. This simplifies the problem, as it is easy to show that the perturbation has
already a diagonal form if we work with simultaneous eigenstates of Hy and A. The proof if this
handy result is the following;:

Let 14, and v,, be degenerate eigenstates of Hy which are also eigenstates of A with
different eigenvalues,

A |7/)a1> = Aal |¢a1> ) A |’9Z}a2> = Aaz |d)a2> ’ with Aa1 # AGQ' (B'52)

Since by assumption [A,0H] = 0, and A is Hermitian, we have

0= <¢a1 | [.A, 57—” |"7Z}a2> = <wa1 |A5H | ¢a2> - <wa1 |57_L’4 | ¢a2>
= Aa1 <71Z)a1 | oH | Q!)a2> - Aaz <¢a1 ’(;/H | ¢a2> = (Aal - Aaz) <wa1 | oH | QZ)az> . (B'53)

Therefore (g, | 0H |1a,) = 0 for e, # a,.

Now we compute the first-order perturbation to the state vectors ¢, when there is degen-
eracy. In this case case equation (B.39)

(00 [ 0H | da) = (Ea — Eb) (5| 016a) , for a # b,

does not give any information about the components of §1 ¢, along the unperturbed state vectors
¢p for which Ey = E,, and equation (B.40) only applies for F, # E,. Therefore, the sum in
equation (B.44) must now be split into two parts: one for states with different energy than E,
and other for states with the same energy as F,. Thus

C(SH a
Z (Pc|0H | ¢a)

(E, — E.) [6e) + D ) (06 ]010a).  (B.54)

b: Ey=E,

0160 = D |v) (dp]016a) =
b

c: E.#FE,
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We may impose on the perturbed states the condition that they should be orthonormal,

<¢b + d1¢p + 0(52) } ba + 0100 + 0(52)> = Oab for E, = Ey. (B.55)
(| da) + (P | 010a) + (5100 | da) + O(?) = Sap for E, = Ej. (B.56)
1)

So we have the condition

(Do | 01¢a) + (0160 | da) = 0 for E, = Ep. (B.57)

This means that the matrix (¢ | 61¢4) = Ap, is anti-Hermitian for £, = Ey, that is: Ay, = —A%,.
Apart from this condition, the matrix Ay, is undetermined at this point (for more details see
section 5.1 of [15]).

B.2.2 Second order.

We will compute now the change in energies due to a perturbation dH, to second order in
whatever small parameter € appears in the perturbed Hamiltonian. Second-order perturbations
are of special importance when the first-order perturbation vanishes, as it happens for the Stark
shift of atomic energy levels in an electric field for the 1s; /5, 2p3 /s, etc., states of hydrogen and
almost all states of other atoms.

We could compute second-order corrections due only to a perturbation proportional to ¢,
which can be denoted as §;H. However, with very little extra effort we can be more general
and, besides d1H, include also in the Hamiltonian a possible term doH which is itself of second
order in €. Thus 0H = §1H + doH, and

H=Ho+nH+hH. (B.58)
Going back to the Schrédinger equation (B.35),
Hod¢a + 0Hoa + 0Mopa = Eadda + 0Eada + 0 Eadda,
and equating the terms of second order in € on both sides, we get

H0(52¢a + 52H¢a + 517'[61¢a = Ea(s?(ba + 52Ea¢a + 61Ea51¢a‘ (B59)

Non-degenerate case

Let’s first consider the non-degenerate case, where none of the states we are interested in have
the same unperturbed energies. To find the second-order energy shift we need to take the scalar
product of the previous equation with the state ¢y,

<¢a | HO ’52¢a> + <¢a | 527'[ ’ ¢a> + <¢a | 51H ’ 61¢a> = Ea (Qba | 52¢a> + 52Ea + 51Ea <¢a | 51¢a> .

Since Ho is Hermitian, the term (¢q | Ho | 020a) = Eq (Pa | d2¢a) cancels with the corresponding
term in the right-hand side and we are left with

<¢a | doH ‘ ¢a> + <¢a | nH ‘ 61¢a> = 01E, <¢a | 51¢a> + 62 Eq. (B60)

We choose the phase normalization of the perturbed state vector so that (¢, |d1¢4) = 0 as
before, so this term can be dropped and the last equation becomes

52Ea = <¢a | 527—[ ’ ¢a> + <¢a | 517'[ ’ 51¢a> . (B'61)

The second matrix element of the right-hand side can be computed using the first order result

_ (&0 | 61H | pa)
01pq = b#za “(E.—F,) bv) (B.62)



Quantum Physics III. Monday 7" September, 2026, 11:08. 295

to get
_ N (@ [01H | da) _ o Lo |01 ] 6a) 2
(G | 01H | 6100a) = ; (B, ) \eloitlon) = ; B (B.63)
Therefore the second-order energy shift is
| (| 01H | pa) I?
0B, = al o a) - B.64
D e e AL L (B.64

When one says that an energy shift is produced by the emission and reabsorption of some
virtual particle, as for instance the Lamb shift is produced by the emission and reabsorption of
a virtual photon by the electron in the hydrogen atom, what is meant is that d2 E, (or a higher-
order correction) receives an important contribution from a state ¢, containing that particle.
Note that, if ¢, is the state of lowest energy of the system, then (in the absence of dyH) the
second-order energy shift of its energy is always negative, because all other states have Ej, > FE,.

To calculate the second-order shift do¢, in the state vectors we need to take the scalar
product of (B.59) with ¢, for b # a, and then impose the condition that ¢q + 0104 + d2¢a + . . .
has unit norm to find the value of (¢q | d2¢4), which cannot be chosen to be zero now. We do
not go into this procedure here since the second-order shift in the state vectors will not be used
in this course.

Degenerate case

In the degenerate case some of the states which we are interested in have the same unperturbed
energies. The calculation of the second-order energy shift follows the same steps as before until
we get again equation (B.60),

(a | 02H | da) + (¢ | 011 [01¢a) = 61Ea (¢a | 610a) + 62Ea. (B.60)

The orthonormality condition (B.41), (¢q + 0104 | 9o + 010a) = 1, tells us that (P, | 01¢4) is
imaginary, so it can again be made to vanish by a suitable choice of phase of ¢, + d1¢,. We can
use Eq. (B.54)
c nH a
51¢a — Z <¢ | 1 ’¢ >

F By 9T D 100 (ds]aida), (B.54)

¢: Be#E, b: By=E,

for 01¢, in the second term (¢, | 01H | 01¢4) on the left of Eq. (B.60). Since the unperturbed
states have been chosen so that (¢ |01 | $p) vanishes for E, = E, but b # a, and we have
chosen the phase of ¢4 + d1¢, so that (¢, |d1¢4) also vanishes, the second term in Eq. (B.54),
which involves unknown matrix elements, does not contribute to the second term on the left of
Eq. (B.60),

<¢c | 51H ‘ ¢a>
(Ga|61H [ 61¢4) = 7 (a1 H | Pe) + (D6 | 010a) (Da | 1H | D0) -
c: ECZ;éEa (Ea N EC) b: EZ,Z:EQ T
Therefore we arrive at
2
B, = S Wl T 50016, (8.65)

¢: Bt Eq (Ba — Ec)

This is the same result as in the non-degenerate case (B.64), except that here we have to specify
not only that the intermediate states ¢, have ¢ # a, but also that they have E, # E,.
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B.3 Time-dependent perturbation theory and Fermi’s golden
rule.

Let ¢r(x,t) be the normalised solutions to the Schrodinger equation for the unperturbed time—
independent Hamiltonian Hg. We have then

Hoor = Erdr, (¢j | D) = Sji- (B.66)

Let V(x,t) be an interaction Hamiltonian which will be treated as a small perturbation to
Ho. We will see that V' is going to induce transitions between the sates. The time-dependent
Schrodinger equation is

dy

dt
We assume the ¢ states to be also a complete set of the perturbed system, so that a generic
state ¥ (x,t) can be written as

Y(x,t) =D cr(t)dr(x)e N, (B.68)

k

=l = [Ho + V(x, )] 9. (B.67)

Note that the coefficients c(t) have a time—dependence. This will lead to the possibility of
transitions between states to occur. Inserting (B.68) into (B.67) we get a set of differential
equations for ¢ (1),

4 . : A , A
th [ v ;Ekck%e_mkt/h] = aHodre PN Vepgre PN, (B.69)
k k

mz de pe BRI = 57 Vo () e BRI, (B.70)
k

Take the system to be at ¢t = 0 in the initial state |i) = ¢;. The coefficients at ¢ = 0 are
then ¢, (0) = ;. We assume the perturbing Hamiltonian to be sufficiently small so that the
coefficients satisfy at all times, as a first approximation, the relations ¢;(t) = 1 and cx(t) ~ 0.
Therefore equation (B.70) can be written as

d .
th Ck e Bt/ V(;Sie*lEit/h- (B.71)

We are interested in finding the transition probability from the initial state |i) to a particular
final state |f) = ¢7. This is related to the coefficient c¢(¢). Multiplying both sides of (B.71) on
the left by gb’} and integrating we get

th dey, o~ i(Ex—Ey t/h/qs o d3x = ¢ i(Bi Ef)t/f/¢ Vo dx, (B.72)
dey i N (B BNt _ Y (B E)t/h
3w = pfIVide = —3Trie : (B.73)

where the orthogonality relation (f|k) = ¢ has been used. Note that the transition matrix
element

Ty = (f1V]i) = /qﬁ}‘cV@ d’x, (B.74)

has dimensions of energy because both ¢; and ¢ are normalized by a volume integral. According
to the differential equation for ¢y (B.73), at time ¢ = T" the amplitude for transitions to the state
|f) is given by
. T
e (T) = 7% Ty €/ (Er—Et/h gt (B.75)
0



Quantum Physics III. Monday 7" September, 2026, 11:08. 297

To first order, the transition matrix element is T¢; = (f | V' |i). It was derived assuming the
perturbing Hamiltonian to be sufficiently small so that the coefficients satisfy at all times the
relations ¢;(t) = 1 and c¢j;(t) = 0. The second-order approximation can be obtained by taking

again ¢;(t) ~ 1 and substituting the expression c(T) = —+ fOT Tyi e Es=Edt/h Q¢ for c4i(t) into
(B.70).

. t ) , d
Ck(t)—_;/o T BB /B gy mz% o—iBxt/h _ ZVCk Ve BRI,
k

: t
k2i -0

Setting now ¢;(t) ~ 1 and taking the inner product with a particular final state ¢(x) we get
mz deg (bp | ) e ~i(By—Eyg)t/h _ (b |V | di)e —i(E;—E)t/h

— = Z [/ T ei(Ek—Ez')t'/ﬁ dt’] <¢f ‘ Vv ’ ¢k> e_i(Ek_Ef)t/h.
k;ﬁz

de ? (BB,
i ALk

dt
-\ 2
() 2 71V 1o BB [ tontvion eteraina

Assuming that the perturbation V' is not present at ¢ = 0 and that for ¢ > 0 is constant, the
integral in the previous equation can be written as

(B —Ei)t/h

/ (e |V |g0) EEMAY = {on |V | 60) m—F 7

The improved differential equation for the c¢(t) coefficient is then

dey i , (D |V Idw) Bk IV 1) | it,—Eitn
=7 <¢f|V|¢Z>+§i (B~ B) ¢!(Ps : (B.76)

By comparing with equation (B.73) we can see that, to second order, the transition matrix
element is given by

Tpi = (5| Vi) + > (@] V(yg:l(qggv [90), (B.77)
ki v

It is important to note that the second order term is obtained by summing the amplitudes of the
transitions occurring via all possible intermediate states |¢x). The full perturbation expansion
can be obtained by successive substitutions.

B.3.1 Constant perturbation.

If the perturbation is nearly constant,

0 fort <0
V=9 T (B.78)
V, (independent of ¢t) fort >0,
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the matrix element T'; = (f |V | i) can be pulled out of the integral. Then
i T
er(T) = =3 Ti / e Es—Et/h qt, (B.79)
0

The probability for a transition to the state |f) is

Py = c3(T)ep(T) =

Tyil> [T [T e B iE B Iy g

e W R e BRIV qE At (B.80)
2 Jo Jo
The double integral has the straightforward result

T T 2 .
/ / e—i(Ef—Ei)t/he-i-i(Ef—Ei)t,/h dt dt/ — 4h Sin2 (Ef - E’L)T )
o Jo (Ey — Ei)? 2h

Therefore

Py =

4|Tfi|2')2 . [(Ef - Ei)T} . (B.81)

(Ey—E; 2h
A more meaningful quantity is the transition rate or probability per unit time I'y; from the
initial state |i) to the single final state |f), defined as I'y; = dPy;/dT’, so

ATy|* (By—E) . [(Bf—E)T (Ef — E)T
Ty = 9 (Ey — E)T
T E—E)2 20 T 2n R Y
2 |12 _ .
h(Ef — E;) h

We are interested in what happens at large T'. Using the properties of the Dirac delta function
we have®

L A il AL
2|T;|? 27| Tt |?
= 2t ,;;' h §(Ey — Ei) = ”',;" 5(Ey — ).

This is the Fermi golden rule for the transition rate from an initial state |i) to a final state |f),
2T 9
Iy = - |Tri|*6(Ey — E). (B.82)

We can also express the Fermi golden rule in terms of the energy density of final states. In fact,
to compute the total transition rate we need to sum (integrate) over all possible final states.
Denoting by p(Ey) the energy density of final states, meaning that p(E;) dEy is the number of
final states with energy between Ey and Ey + dEy, the total transition rate is given by

27
L= [ Tpip(Bg aBy =5 [ 1237 88 ~ B) o) dy. (B.83)
Therefore
2m 9
I = %|sz‘| p(Ei). (B.84)
+oo 3
®Remember that §(z) = %/ et dt, and tlim W = §(z). Also, é(az) = ﬁé(w).
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B.3.2 Monochromatic perturbation.

If, instead of being nearly constant, we have a weak perturbation that oscillates at a single
frequency w/2m and energy F, = hw, as could be the case when an atom is subjected to
radiation of a given wavelength, we can write

V(t) =Ue ™ + Ulet™ = V(t) = Ue Bet/l e tiBut/h, (B.85)

Now we should return to equation (B.75) and perform the integration

I -
cr(T) = _;/0 Ty N Er=Et/h 34 — _;/0 (f1V]4) e Er—Eit/h g4

_ _Z-/T {<fyU\i) i(Bj—Bi=Bu)t/h | <f ‘ Ut ‘ Z> ei(Ef—Ei—i-Ew)t/h} dt
0

. T
- / [Uys M Er BB |yt (BB gy
h 0

-
_ _% [Uﬁ B =Ei=Eu)t/h | U ei(Ef—Ei—l-Ew)t/h} di
0

. T T
_ _%Uﬁ / B BBt 4 / GiBy— Bt Bu)t/h gy
0 0

Here Uy; denotes the matrix element (f |U |¢) and, from the definition of Hermitian conjugate
or adjoint, we have

vl = (r|ut|d) = wrioia = Glup = Glon = oy

The integrations are again straightforward. Using the relation ¢ — 1 = 2i /2 sin(x/2), we
have

ei(Ef*Eij:Ew)t/ﬁ

i(E; — E; £ E,,)/h

B ci(Ef—Ei+E,)T/h _ 1
. - i(Ef— E; £ E,)/h

T
/ G B~ EEEL)/h gy
0

sin [(Ef B+ EW)T/%}

i(Ey — E; £ B,)T]  sin (QxT) .
(E; — B + Ey)/2h 7 [ oh ] 0, o T,
where
0, _ Er—Ei£E,
= 2h '
Therefore

. sin (Q4.7)

, QT
cy(T) = . [Uﬁsm() exp (i2-T) + U Q. exp (iQ24T)

h Q_

The function sin(Q7) /€ has a prominent maximum at 2 = 0 and a series of decreasing secondary
maxima located at points 2 # 0. At large times it becomes proportional to the Dirac delta
distribution,
sin (QT
lim y =mo(Q). (B.86)
T—o0 Q

Thus, at large times the probability for a transition to the state |f) is given by

9 sin? (Q_T)

9 sin? (Q+T)
02 '

. 1 1
Pri=c(T)cy(T) =~ ﬁ|Ufi| + ﬁ\Uz‘H o7 (B.87)
+
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The approximation made here is to neglect the cross terms in the product ¢}(T")cy(T'), because
at large T' the function sin(Q_7")/Q_ vanishes everywhere except at points very near to F,, =
E;—E;, while sin(Q4.7") /Q vanishes everywhere except at points very near to E,, = —(E¢—E;),
leading to essentially no overlap. The terms in equation (B.87) may describe, for example, the
emission (for Ey < E;) or absorption (for Ey > E;) of photons by the system.

Let us assume we are dealing with the absorption of radiation by the system. Then we take
the frequency of the perturbation to be close to (E; — E;)/h. In other words, E,, ~ Ef — E; and
only the first term of equation (B.87) contributes, leading to

sin? (B — E; — EM)T/%}
(Ef — E; — E,)2/4R2

1 sin? (Q_T) 1
Pfi:ﬁ‘Ufz‘Png_ = ﬁWfi

‘ 2

The transition rate is given by I'y; = dPy;(T')/dT. Denoting now the time by t, instead of T,
we have then

dP; 1
Pri=—g = 2|Usi

2 sin (Q,t) cos (Q,t) 5 sin (2(2,25)

1
2 Up::
| Q- Ul

sin [(Ef B — B)t/h
(Ef - FE; — Ew)/h

2
= ﬁwﬁ’Q

Taking the limit for large ¢,

sin [(Ey — E; — Ew)t/h}
lim
t—o0 (Ef—EZ—Ew)/h

= 70((Ey — Bi — Eu)/h) = nhd(Ey — Ei - Ey).
So finally we get to the Fermi golden rule for the absorption of energy,
Iy = 2%|Uﬂ|25(Ef ~E;, - E,). (B.88)
In the case of stimulated emission of energy, where E,, = hw is close to E; — E¢, we have instead
i = XU 6(B: — By — B, (B.89)

Note how the Dirac delta function enforces the conservation of energy.

We have computed the transition rate I'y; from an initial state |i) to a given final state |f),
but we may also compute the total transition rate by summing (integrating) over all possible
final states. Denoting by p(Ey) the energy density of final states, meaning that p(Ey) dEy is
the number of final states with energy between Ey and Ef + dEy, the total transition rate is
given by

2
r; = /Ffi p(Ef)dEy = - / Usi?6(Ef — E; — E,,) p(Ey) dEy. (B.90)

Therefore 9
T
I = fyUfin(Ei + E,). (B.91)

B.4 Variational methods.

Let’s see how the Schriodinger equation can be derived using a variational principle. To that
end, we will find the extrema of the functional I = (¢)|H|¢)) under the condition (¢|¢)) = 1. In
other words, we want to find the Euler-Lagrange equation which v must satisfy for I to have a
stationary value (61 = 0) as v is varied arbitrarily. This can be done by requiring that

S| (DIH[Y) = A(g[) | =0, (B.92)
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where A is a Lagrange multiplier. We can write this as

5[ (IHIw) = X (wlw) | = 6 (@I = Nlw) | = @ulH = M) + WI(H = N]ov) = 0. (B.93)

Although [d7)) and (41| are not independent, it can be shown that we must require both terms
in the previous equation to vanish. Indeed, let’s write the variation on 1 as 01 = du + idv,
where du and dv are two real independent variations. Then we have

(OY[(H = M) + (WI(H = A)[d)
= (Oul(H = N)|) + (i6v[(H = M) + (DI(H = M[duw) + ($|(H = M]idv)
= (Oul(H = N)[¥) + QI(H = M)[ou)” + (i00](H — N)|ih) + (i6v](H — A)|)”
= (6ul(H = AP +9%) — i (dv](H = N[) + i (00| (H = A)[$")
= (6ul(H = N[ + %) =i (dv](H = M| = ¢") =0, (B.94)

for all independent variations du and dv. Therefore the Euler-Lagrange equations for this vari-
ational problem are

(H =N [y +v7) =0, (H =AY —v7) =0, (B.95)

or

(H =X [P) + (H =N [¢") =0, (H =N [P) = (H=A)[p") =0. (B.96)

Adding and subtracting the two equations we obtain
(H=A) ) =0, (M=) [¢%) = @[(H-A)=0. (B.97)

These two are equivalent forms of the Schrodinger equation (H — E) |[¢)) = 0, where the Lagrange
multiplier gets to be interpreted as an eigenvalue of the Hamiltonian. Thus any function v for
which the functional I = (p|H|v) is stationary is an eigenfunction of H with eigenvalue E.
Conversely, if 1 is an eigenfunction of H and F the corresponding energy, the functional is
stationary.

The variational method is very useful to find approximate solutions to the Schrodinger equa-
tion. The method needs to be provided with a first trial function v intended to serve as an
approximate solution. We define an energy E as

(M)
E= . B.98
i) (B9%)
Let 1, be an eigenstate of H with eigenvalue Ej. Then

g WHIY) o WIHEY) — W) By (W(H — E)lY) B.99
(Whyy () Why (B:99)

We will assume that ¢ and ¢ differ by a small variation,
VY =y + 01, with (Yr]0p) = 0. (B.100)

Taking into account this orthogonality relation and the Hermitian property of H, we have

(Y1, + 6Y|(H — Ex)|tbx + 09)

([e)
(V| (H — E) [¥r) + Wkl (H — Ex)[09) + (6¢|(H — Ex)[vx) + (00[(H — Ey)|0%)
(P[)

E—E =

_ (oI Bl

(¥l)
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This tells us that the difference between E and the true eigenvalue E} when the trial function
1 differs from the true eigenstate 1 by v, varies quadratically with §¢. The lowest non-
vanishing order of the variation in E is of second order and therefore the first-order variation
in F must vanish, 0 ¥ = 0. This is the so-called variational principle, which says that the best
approximation to the eigenvalue Ej} is obtained by varying v, or the parameters on which it
may depend, so that the condition §F = 0 is satisfied.

Let ¢ be a complete orthonormal set of eigenstates with eigenvalues Ej. Then we may
write

Hipy = By, (Vr|ve) = ke, = apy. (B.102)
k
We will assume ) is already normalized, so
E = (Y[H[y) =Y apar (Yl Hlvbe) = aracEy (Yelte) = laxl* B, (B.103)
ke kL k
(W) =) arae (Welbe) =) aradee =Y lax> = 1. (B.104)
ke Kt k

Now let Ey be the ground state, that is, Fy < Ej for all k. Then

E=) |ax’Er > Eo Y |ax|* = Eo. (B.105)
k k

What we have obtained is the very sensible result that the energy E associated to the trial
function ¢ can never be below the ground state. The closer 1) is to the ground state, the smaller
the difference F — Fy will be. The typical procedure when trying to find the ground state energy
of a system using the variational method is to optimize a trial function with respect to one
or several parameters. Of course, one needs some physical insight into the problem to choose
an appropriate trial function in the first place. It should also be noted that the trial function
optimized with respect to the total energy is not necessarily the best function with which to
calculate properties other than the energy.

Let’s apply the variational method to a specific form of trial function, which we write as a
linear combination of some other set of functions which are not themselves necessarily orthogonal,

=Y ai, where (9ilds) = Sij (B.106)

is known as the overlap integral. Now we have

(WIHNY)  OoiwdilHID D a505) X2 aiai(dilHIds) X2, aiaHi

5 _ _ | _ ’ . (B.107)
() (>iaidil 32, a;8;) > i @i a;Sij i 07 ajSi
where H; j = (¢i|H|¢;). When both sides of the equation
FE Z aifajSij == Z CL?CLJ’/HiJ (B.108)
1,3 0,3

are differentiated with respect to one of the coefficients, for example ay, one obtains
oF .
o Zai ajSij —i—EZajSkj = Zaijj. (B.109)
k7 i j j

From this, a stationary value for the energy can be found by setting 0F/0Oaj, = 0, which leads
to

> aj(My; — ESi;) = 0. (B.110)
J
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This procedure has to be repeated for the rest of the coefficients, obtaining additional equations
of the same type. We’ll have as many conditions as the number of functions ¢;, forming a
system of homogeneous equations which can be solved when the following determinant (secular
equation) vanishes,

Hi1 — ES11 Hiz — ESio

H21 — ESQl 7'[22 — ESQQ o | =0. (B.lll)

The solution to the secular equation provides a set of energies, the lowest one being an upper
bound to the true ground state energy. The remaining energies are often interpreted as approxi-
mations to the energies of the excited states, although this has to be done with care and with the
necessary attention to the fact that states associated to different energies must be orthogonal.

B.5 Rotations, spin and angular momentum.

The laws of nature should not depend on how we may care to orient our laboratory. It is
then expected for our fundamental theories to be rotational invariant. It will be shown that this
invariance leads to the existence of a conserved angular momentum three—vector J. A rotation in
the ordinary three—dimensional space is a linear transformation z, = j R;jz; of the Cartesian
coordinates x; that leaves invariant the scalar product xy = >, x;y;.

Zfﬁ; i = Z ZRijl“j (Z Riwk) = Z (Z Rinik> TjT = ijxj. (B.112)
i J k J

i gk i
This implies
> RijRi = 6k, or RTR =1, (B.113)
%

where RT denotes the transpose of a matrix, [RT];; = [R];;, and 1 stands for the unit matrix,
[1]jx = 6;k. Since det(AB) = det(A) det(B), and det(AT) = det(A), we see that [det(R)]? = 1,
so det(R) = £1. Every matrix with non-zero determinant has an inverse, and multiplying the
relation RT R = 1 on the right by R~ tells us that R = R~!. This inverse is also an orthogonal
matrix, because (R~HTR™! = (RT)TRT = RRT = 1. Note also that (AB)T = BT AT, which
implies that the product of any two orthogonal matrices is also an orthogonal matrix:

(ABYYAB =BTATAB =BTB =1. (B.114)

The set of all real orthogonal 3 x 3 matrices forms the group known as O(3).

Space inversions, x — —x, satisfy also the relation RT R = 1. To restrict our attention only
to rotations we need to demand the determinant of R to be +1, det(R) = +1. The rotations
form a group of O(3), known as the special orthogonal group in three dimensions SO(3). In N
dimensions, the special orthogonal group is denoted as SO(N).

Of course, the operator R acts on the ordinary three-dimensional space, not on the Hilbert
space. Nevertheless, a rotation induces a unitary transformation on the Hilbert space of physical
states, ¥/ = U(R)W. It is clear that the following relation should hold,

U(R2)U(Ry) = U(R2Ry). (B.115)
On any operator V representing a vector observable, U(R) must induce the following rotation®

U R)VU(R) = > Ri;V;. (B.116)

5This could be taken as the definition of a vector operator. That is, a vector operator is one that transforms
under a rotation as shown in equation (B.116). Alternatively, as we will see in a moment, a vector operator can
be defined through its commutation relations with the generators of rotations.
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An infinitesimal rotation can be written as
Rij = 6ij + wij + O(w?), R=1I1+4w+ O(w?). (B.117)
The second relation is written in matrix notation. The condition RTR = 1 gives
(I+wl +0WH))1 + w4+ 0wW?) =1+w! +w+0wW?), (B.118)
so we must have w = —w”, which means
Wij = —Wji. (B.119)

The most general unitary operator U(R) for such infinitesimal rotations is written as a power
series in the w parameters. The first non-trivial term must be a linear combination formed by
products of the w;; parameters and a set of operators .J;; on the Hilbert space. Thus”

)
U(l—i—w) =1I- ﬁzwi]’(}ij —|—O(w2). (B.120)

v

The factor 1/h is inserted in order to give J;; the dimensions of h, the same as distance times
momentum. It can be easily checked that with this definition J;; is a set of Hermitian operators.
Indeed, write the relation UTU =1 as

J gt i _ i i 4
I+2h%:uhjjij I—%%:WMJM —I—%%:WMJM%—%%:MJJU

(3
=1- %ww (e=Jf) =1 = Jee=Jf (B121)

It can be seen that the commutators of the components of a vector operator with the J;; are

‘
h

The commutation rule for the J;; themselves is

[Vk, Jij] = lkVJ — (SJkVZ (B.122)
8

‘
h

So far, all this could be applied to rotationally invariant theories in spaces of any dimensionality.’
In three dimensions it is very convenient to express J;; in terms of a three-component operator

J, defined by

[Jijs e} = —0ieTrj + OinJej — Oje ik (B.123)

Jl = J23, J2 = J31, J3 = J12. (B124)

“Some authors write equation (B.120) with a plus sign, which leads to write the unitary operator for finite
rotations as U(R) = exp(iJw/h). This corresponds to the passive point of view for rotations, where the reference
frame itself is rotated and the physical system is kept fixed. That is the convention adopted, for example, in
Weinberg’s book [15]. We are using here the active point of view for rotations, where the physical system is
rotated and the reference frame is kept fixed. This is the convention adopted in Sakurai-Napolitano’s book [13],
and leads to U(R) = exp(—iJw/h), as shown below.

8 Although this is not difficult to prove, we skip the derivation here. For more details the reader is referred to
chapter 4 of [15].

9The rotation group in N dimensions, SO(N), formed by the group of N x N orthogonal matrices with
determinant +1, has N(N — 1)/2 generators. It is useful to note that, in N dimensions, a simple rotation
is performed in a plane, not around an axis as we are used to think in 3D, so the generators correspond to
independent planes of rotations. In more than 3 dimensions there are several different base vectors orthogonal to
a given plane defined by any two base vectors, therefore it is impossible to define rotation axes. The number of
independent planes you can choose from N dimensions is the number of ways to pick 2 directions out of V:

(N) N(N —1)

2 )= 2

This gives the number of generators. For N = 3 we have 3 generators, for N = 4 we have 6 etc.
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In a more compact way,

1
Ji = B Zeiijij, Jij = Zk:Giijka (B.125)
ij

where €5, is the usual totally antisymmetric Levi-Civita tensor, whose only non-vanishing
components are €193 = €231 = €319 = +1 and €213 = €391 = €130 = —1. The unitary operator for
infinitesimal rotations takes now the form

Ul +w)=1— %w-J+O(w2), (B.126)
where )
W = 5 Z €ijkWij- (B127)

ij
The rotation here is by an infinitesimal angle |w| around an axis in the direction of w. The
three—vector operator J is the generator of spatial rotations. This can be taken as the definition
of angular momentum in quantum mechanics. The unitary operator for an arbitrary rotation,
not necessarily infinitesimal, is given by

U(R) = exp <—;J . w> . (B.128)

It can be seen that the commutation relations between the components of the three—vector
operator J and any other three—vector operator V are

[Ji, Vil = ihz €ijk V- (B.129)
k

In fact, a vector operator can be defined as one that verifies the previous commutation relations
with the generators of spatial rotations. A scalar operator commutes with those generators,
[Ji,S] = 0. Also, as appropriate for a vector operator, the commutation relations between the
components of J itself are

[ i T = ik > eijudi. (B.130)

k

Using just the these commutation relations it is possible to work out the eigenvalues of J? and
J3, and the action of J on a multiplet of eigenvectors of these operators. It is found that the
common eigenstates of J? and J3 can be labelled with two numbers, j and m, with j integer
or half integer and m running by unit steps from —j to +j. Denoting the eigenstates by [jm),
the eigenvalue equations are

J3 |jm) = hm|jm) I2|jm) = B*j(j + 1) |jm) , m=—j,—j+1...4+j (B.131)

We have also

(Ji £ido) |jm) = h/§(j + 1) —m(m £ 1) |jm £1). (B.132)

By carefully studying how the unitary operator U(R) acts on the wave functions in the
coordinate representation, ¥(X), it can be seen that the total angular momentum operator J
acts on ¥(X) as

JU(X) = —ih(X x V)T (X). (B.133)

Defining the orbital angular momentum operator as'® L = X x P, the previous relation becomes

JU(X) = LU(X). (B.134)

'"“Note that Weissbluth uses a slightly different definition: L = +X x P.
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This says that J acts on ¥(X) like the L operator, but it does not say that J = L. As we will
see in a momment, J may have a term which does not act on space wave functions, like

JU(X) = (L +S) ¥(X) = LE(X). (B.135)

But we did not define S yet. By direct computation it is easy to see that L satisfies the same
commutation relations as J,

[Li, Lj] = ik €iji L. (B.136)
k

However, the true generator of rotations is J, not L, and since L is a vector it must satisfy the
same commutation relations with J as any other vector (equation B.129). Therefore

[Ji, L] = ih ) €ijuLi. (B.137)
k

If we now define an operator S = J — L, so that
J=L+S8, (B.138)

then by subtracting (B.136) from (B.137) we find
[Ji,Lj] — [Li, Lj] = ihzeijkLk‘ — ’LFLZ EijkLk: = 0.
k k

But
[Ji, Lj] = [Li, Lj] = [L; + Si, L] — [Li, Lj] = [Ls, Lj] + [Si, L] — [Ls, Lj] = [Si, Lj].

Therefore
[Si, Lj] = 0. (B.139)

From equations (B.139), (B.138), (B.136) and (B.130) it is possible to infer that

i, S;] thewkSk (B.140)

The operator S acts as a new kind of angular momentum, and may be thought of as an internal
property of the particle, called the spin. The spin operator is not constructed from the particle’s
position and momentum operators, and commutes with them. Direct calculation gives

[Li, X;] = ihz €k X, [L;, P;] ZhZGUkPk (B.141)
k

On the other hand, as every vector operator, X and P must satisfy

i, Xj] = iR eiju X, [Ji, Pj] = ih) _ €ijxPi. (B.142)
k k

The difference between equations (B.141) and (B.142) gives
[Si, X;] = [Si, P;] = 0. (B.143)

The ladder operators, defined as Jy = (Jy £ iJo), satisfy

Ji |jm) = 1/j(j +1) =m(m £ 1) |j, (m £ 1)), (B.144)

1 1
J = §(J++J,), J2 = 2*Z~(J+*J*)' (B'145)
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It is usual to define, by analogy with the spherical harmonics Y{"(6, ), the spherical components
of a general angular momentum J as

1 , 1 ,
Jy1 = —E(Jz +iJy), Jo = Jz, Jo1= E(Jx —iJy). (B.146)
1 1
Jo = _E(J-H —J-1), Jz = Jo, Jy = E(Jﬂ +J-1). (B.147)
The following relations are verified,
[Jo, Ja1] = £Jx1, [y, Jal=—do, JP=Ji+Jp+ T2 (B.148)

J=—Jpd o+ g =T adp =) (-1
q
=-2JJ 1+ JQ(J() — 1) =-2J1J+ Jo(Jo + 1) (B.149)

J? commutes with all the rectangular and spherical components of J, [J2, Ju] = 0. The action
of the Jy; operators on the angular momentum eigenstates is

Ji1|jm) = :Fh\/% i(G+1)—m(m=£1)] [j,(m=£1)). (B.150)

We have written before the decomposition of the angular momentum operator in terms of its
spherical components. This can be done for any other vector (or tensor) operator. For example,
if A = (A1, A, A3) = (As, Ay, A,) are the cartesian components of an arbitrary vector operator,
its spherical components are given by

+1 1 . 0 -1 1
Al = *E(Az + ZAy), Al = AZ) Al == ﬁ
They are the components of the vector A when it is expanded in the basis of spherical vectors,
which are

(Ap —iAy). (B.151)

1 1 0 1 1
— —_——_— 1 5 = O 5 1 = —= —1 . B152
&1 7 Z) o X §1 7 OZ ( )

B.5.1 Angular momentum operators for j =1/2, j =1 and j = 3/2.

The spin-j representation matrix elements of the angular momentum operators can be computed
using the following relations,

<jm' Jéj) ’jm> = :Jéj):m/m = mhdmm,- (B.153)
:Jl(j):m,m - % ([J‘j)]mm + [J@}m,m> . (B.154)
;Jéj);m/m - 2% ([Jf)}m,m - [J@}m/m) . (B.155)
_Jf)_ = GG ) = mm 1) S (B.156)
Y = wGG D = m(m =1 St (B.157)

The spin-j representation of the angular momentum operators for j = 1/2 is

12 _h(1 0 a2 _h(01 a2 _h(0 —i
I3 _2<0—1>’ S T 2\1 0 )" & T2\ i 0 )7 (B.158)
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h h h
J1(1/2) = 9% Jg(l/z) = -02 J§1/2) = 503, (B.159)

where o1, 09 and o3 are the Pauli matrices

01 0 —i 10
O‘1—<1 0), G2_<i O), 0‘3—(0 _1>. (B.160)

The basis states are

11/2,1/2) = ( (1) ) 1/2,~1/2) = ( ; ) (B.161)
The spin-j representation of the angular momentum operators for j =1 is
1 0 0 5 010 i 0 -1 0
JV=nloo of, JW="H|101], JP=2"2|1 0 -1
0 0 -1 V2 010 V2 0 1 0
(B.162)
The basis states are
1 0 0
L,H=101], [L,0)={ 1], |1,-1) 0 (B.163)
0 0 1
The spin-j representation of the angular momentum operators for j = 3/2 is
3/2 0 0 0 v3 0 0
(3/2) _ 0 1/2 0 702 _ _ Rl V3 0 2 0
Syt =h 0 0 —1/2 0 2 0 2 0 V3]’ (B.164)
0 0 0 -3/2 0 0 V3 0
0 V3 0 0
(3/2) _ -v3 0 2 0
Jy 0 9 0 v3 | (B.165)
0 0 -3 0
The basis states are
1 0 0 0
33\ (o] 3y ) ppoay o) sosy o
2’2/ | 0 | 2’2/ | 0 |’ 272/ | 1]’ 272/ | O
0 0 0 1
(B.166)

Note that the previous representation matrices are written in the Js-eigenstate basis, there-
fore the J3 matrix is always diagonal. However, the matrix representations (B.268) and (B.270)
for j = 1 are written in the Cartesian basis. The relation between the cartesian components
and the spherical components of a vector can be seen in equation (B.151).!!

Rotations of 27 for integer and half-integer spin systems.

From the previous matrix representations it is easy to see that a rotation of a |j, m) state by an
angle 6 about the z-axis can be written as

) 1 ) —ibm 1 -
Us(8) |, m) = exp (—hwg) Gym) = e |j,m) (B.167)

"Using the J, matrix representation given by expression (B.268), check that the state vectors &1, £ and £€_1
given in (B.152) are in fact J, eigenstates.
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This tells us that a # = 27 rotation of a half-integer spin system (m half-integer) does not return
the same state, because we get an extra minus sign. Indeed,

Us(2m) [jym) = e ™ |jym) = 7' [jym) = —|j,m). (B.168)
To recover the exact original state we need to perform a 4 rotation

Us(4m) [jym) = e ™™™ [jm) = e7P7 [j,m) = +|j,m). (B.169)
However, for integer spin systems (m integer) a 27 rotation does return the original state,

Us(27) |j,m) = e ™ [j,m) = e " |j,m) = +|[j,m). (B.170)

A mathematical object that picks up a minus sign after a 27 rotation wouldn’t be admissible
in classical mechanics. However, remember that observable magnitudes in quantum mechanics
are quadratic in the wavefunctions, therefore the minus sign is completely acceptable in this
case. It turns out that Nature fully exploits the mathematics of rotations and there are plenty
of half-integer spin systems. In fact, as far as we know, all elementary matter particles (quarks
and leptons) are spin-1/2 systems.

B.5.2 Representations of the rotation operator: rotation matrices.

Consider a system described by a set of vector states |j,m) with definite value of angular
momentum j and 3-component m. We want to find the matrix elements of the unitary operator
U(R) that implements spatial rotations on this system. Remember that the operator U(R) is
given by

U(R) = exp <—;J . w) . (B.171)

The rotation is performed around the direction of the vector w by an angle of |w| radians.
[J2,J;] = 0, so [U(R), J?] = 0 and the matrix elements of U(R) must be diagonal in j,

(4',m'|U(R)

Jymy o< 8jij. (B.172)

For a given j, the U(R) operator can be represented by a (2j + 1) x (2 + 1) matrix, denoted
by Dg)m (R), whose elements are

DY) (R) = (j,m' |U(R)

m'm

jymy . (B.173)
These are called rotation matrices or Wigner matrices. A rotated vector state can be written as

This tells us directly how to obtain |j,m)p in terms of the rotation matrix elements

1, m Z DY) (R)|j.m'). (B.175)

As an example let’s quote the rotation matrix for a system of j = 1/2,

—i9/2 s 0 _o—i9/2 gipy O
(1/2) _ (e ¥ Tcos; —e sin 3
D (0, 4,0) ( ¢ie/2 sin g ¢i2/2 cos g > , (B.176)

where 6 and ¢ are the usual polar and azimuth angular variables of the spherical coordinates.
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J J
Note: A square-root sign is to be understood over every coefficient, e.g., for —8/15 read —/8/15.  Notation: M
1 3 my;  m,
V2x1/72) 15— VP =4/ 4 cost 2x1/2[572 m m, (.
lx172+1/72] 1] 0o o +5/2) 5/2 372 1 My | Coefficients
172 —1/72[172 172| 1 vio _ |3 gnpeio 212l 1]:3/2+3/2 o
~1/2 +1/2|[l7257el -1 L= 7 7€ +2-1/2] 1/5 4/5[ 572 3/2
[-172-172] 1 = o 1 +1+1/2| 4/5-1/5+1/2 +172
y20:1/_(_60529,_> +1-1/2| 275 3/5| 5/2 372
1x1/2 [372 4mw \2 2 0+1/2| 3/5-2/5|-1/2-172
x +3/2| 372 1/2 15 . 0-1/2| 3/5 2/5| 5/2 3/2
72 /2«12 Yi=— - sin 0 cos 6 ¢'¢ ~1+1/2| 2/5-3/5|-3/2 -3/2
T
2 —1-1/2] 4/5 1/5| 5/2
+1-1/211/3 2/3| 3/2 1/2 1 5 . 3/2x1/2 |55 |_2+1/‘2 o2 e I
0+1/2| 2/3-1/3|-1/72-172 9 2, 2ip
Yy = —4/ 5= sin fe [+372 +1/72] 1] +1 +1 |_2 ~1/2 1
0-1/2] 2/3 1/3] 372 4
141721 7323|372 +3/2 172|174 3/4] 2 1
2% 13 — +1/2+1/2[3/4-1/4] 0 0
a7 = 3/2x1 +§g 575 372 +172-172172 12l 2
[r2+1] 1]+2 +2 Bzl 1|+3/2 372 -1/2+1/2]11/2-1/2] -1 -1
+2 0|1/3 2/3 3 2 1 +3/2 0l 2/5 3/5) 572 3/2 172 -1/2-1/2| 3/4 1/4| 2
+1 +112/3 -1/3| +1  +1 +1 +1/2 +1| 3/5 =2/5|+1/2 +1/2 +1/2 -3/2+1/2| 1/4-3/4|-2
+2-111/15 1/3 3/5 +3/2-1|1/10  2/5 1/2 |=372-1/2] 1
1x1] 2 +1 0[8/15 1/6-3/10 3 2 1 +1/2 0| 3/5 1/15 -1/3| 5/2 372 172
: 1+12 12 1 0+1] 2/5-1/2 1710 0 0 0 ~1/2+1(3/10-8/15  1/6|-1/2 -1/2 -1/2
[+1+ o+ +1-1[1/5 1/2 3/10 +1/2-1]3/10 8/15 1/6
+1 00172 12f 2 1 0 0035 0-2/5 3 2 1 -1/2 0| 3/5-1/15 -1/3| 5/2 3/2
o+10172-1/2| 0 o o -1+1|1/5-1/2 3/10] -1 -1 -1 -3/241[1/10 -2/5 1/2|-3/2 -3/2
+1-1[1/6 1/2 1/3 0-1 2/5 1/2 1/10 |—1/2—1 3/5 2/5| 5/2
0 0/23 o0-113] 2 1 -1 o|8/15-1/6-3/10] 3 2 -3/2 0| 2/5 -3/5}-5/2
-1 +101/6-1/2 1/3|-1 -1 -2 +101/15-1/3 3/5| -2 -2 [Z372-1] 1
—m _ myms | 0-1)172 1/72] 2 “1-1\2/3 1/3| 3 — —
Y= 0™ ohziz)-2 i -2 0|1/3-2/3|-3 {d1j2mima|j1jaJ M)
[ -1 1 dfn’oz,/—%_HYeme"W [F2=1] 1 = (1) 791792 (jo 1 mama | a1 JM)

Figure B.1: Clebsch-Gordan coefficients for a few angular momentum couplings. Taken from
the Review of Particle Physics [11].

B.5.3 Clebsch-Gordan coefficients, 3j-symbols and 6j-symbols.

Two systems with angular momentum J; and Jo can be considered together as a global system
with total angular momentum J3 = J; 4+ Jo. Two different basis states of this third system
can be written as |jijejsms) and |jijemime). Using the completeness relation of the states
|71j2m1ms) we may write

jrjedsms) = > |jrjamams) (jijamima | jijzjama) . (B.177)

miy,m2 cG

The special matrix elements (j1jomima | j1j2jzms) are called Clebsch-Gordan coefficients. They
can be all chosen to be real, so we can also write

rjadsma) = > (jijajamaljijamims) [jijzmima) (B.178)
mi,ma2
with the inverse relations
Jrjamima) = > (jijajsmaljijamima) |1 jajams) . (B.179)
J3,ms3
An alternative notation is,

ms3 _ L - . mimsa
U =Y Cjygy (amay mama) U2,
mi,ma

mimz __ L. - . ms3
Wi = o (ama; mums) W73

J3,ms3

(B.180)

Figure (B.1) shows CG coefficients for a number of angular momentum configurations. As an
example of how to use it, consider the table corresponding to the 1 ® 1 coupling. Since in



Quantum Physics III. Monday 7" September, 2026, 11:08. 311

that table j; and jo are fixed (to 1), we can shorten the notation and write |my, ms) instead of
|71, J2, m1, ma), and |j3,m3) = |J, M) instead of |j1j2j3m3). Thus

Im1,ma) = (ma,malJ, M) |.J,M). (B.181)
J,M

From the middle portion of the 1 ® 1 table is now very easy to read the following relations

+1,-1) = /5200 +4/31L0) + /50,0
0,00 = /220 ~/310.0) (B.182)
~L41) = /i12,00 —/31L0) +/310,0)

Written in full detail, |jijomime) = Zj?”m?) (J1j2mimalj1jaizms) |j1j273ms), they are

LL+L-1) = EL1,2,0) +4/511,1,0) +4/5[1,1,0,0)

1,1,0,0) = \/§|1,1,2,o> _ \/§|1,1,o,o> (B.183)

1,1, -1, 41) = \/g|1,1,2,0) —\/gyl,l,l,o) +\/§11,1,0,0)

Instead of using the Clebsch-Gordan coefficients to construct states of total angular mo-
mentum Jg from states with individual angular momenta J; and Jg, it is possible to use these
coefficients to construct a state ¥ of total angular momentum zero from states W72 with
three individual angular momenta:

— jl j2 j3
V= Z < mip My M3 > Vg (B.184)
mi,m2,ms3

m3mimsa

The coefficients multiplying the states W Jajrje | are called 35 symbols, and are related to the

CG coefficients by
( 1 jo 73 ) _ (_1)j1—j2—m3
mp Mmgz mg3 V253 +1

Because of the symmetric way in which the three angular momenta appear in the coupling, the
3j symbols are symmetric under even permutations of columns,

(J1gemama | j1j2js — ms) (B.185)

JuoJ2 g3 \_( Je J3 g \_( J3 g1 J2 (B.186)
mi1 Mmoo ms mo M3 Mq ms mip M2 ' ’
Under odd permutations of columns they are related by a factor (—1)71+72+J3 thus
JuoJ2 g\ _ (—1)drHiztis J2 g1 73 (B.187)
mi1 Mo M3 mg m1 m3 )’ .

Furthermore,

JuoJ2 g3 \_( Je J3 v \_ [ J3 g1 J2 (B.188)
mi1 Mo M3 ms3 mip Mo mo M3 My ) ’

T J1tJ2—17s
(T]nl 713 {313 ):07 unless mi+ma+mg=0 and j1—ja+js >0 (B.189)
B S+ g+ ds
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The last condition is usually denoted as A(j1j2j3). A useful recursion relation for the CG
coefficients is

Vil +1) = m(m = 1) (jujamama)|jijaj(m — 1))
=711+ 1) = mi(mq + 1) (Gija(my + 1)ma|jijajm)
+ V72 (j2 + 1) — ma(ma + 1) (j1jami (ma + 1)|jijajm)  (B.190)

Note that all three coefficients in this formula vanish unless mi + mg = m — 1.
When coupling three angular momenta it is common practice to introduce the so called 67
symbols. They are denoted as
JioJ2 J3
by by U3

and are defined for integers and half-integers j1, j2, J3, ¢1, {2, {3 whose triads (j1, j2, J3), (j1, €2, ¢3),
(01, j2,03), and (¢1, 49, j3) satisfy the following conditions:

1. Each triad satisfies the triangular inequalities.'?

2. The sum of the elements of each triad is an integer. Therefore, the members of each triad
are either all integers or contain two half-integers and one integer.

If these conditions are not satisfied the 65 is zero. The 65 symbols are invariant under permu-
tation of their columns, e.g.,

Ju g2 g\ _ ) Jd2 a1 73
{ by Aty L3 }{ by U1 (L3 }’ (B-191)
and under exchange of two corresponding elements between rows, e.g.,
Ji J2 3 bl g3
= S . B.192
{ by Aty A3 } { J1 o J2 A3 } ( )

The 65 symbols can be computed using the following relation,

{ E ﬁ 2 } = (=) A (G jogs) A(llajs) A(lrjals) A(jilals)

(=151 + jo + 01 + o + 1 — k)]
% zk:k!(

- - - - - - B.193
J1+Je— g3 —E)(lr+ by —j3 — k) (j1 + Lo — L3 —K)!(b1 +jo — L3 — k) a B8 ( )

where the sum must be taken over all integer values of k£ so that the arguments of the factorials
are not negative, the last two coefficients in the denominator are given by

a=(—j1—l+j3+l+k), B=(—jo— L2+ j3+Ll3+k) (B.194)

and the triangle relations are defined by

Alabe) \/(a +b— c)(!((la+—bl>++cc4)_! (1;!a +b+c¢)! (B.195)

2The triangular inequality for the (j1, jo,js) triad is |j1 — j2| < js < g1 + jo-
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B.5.4 Spherical harmonics.

The spherical harmomics, Y;™(0,¢), are eigenfunctions of the orbital angular momentum and
satisfy the following differential equation,

1 0 B 1 o2
26 \"%96 ) * wzga) DY = 0. B.1
[Sin&&& <Sm939>+sin29&p2] A+ )Y =0 (B.196)

They are given explicitly by

m m 2€+1(€_m)' 12 m im
and satisfy the orthogonality relation
2 ™ ,
/ / (Y, ") (0, 0) Yy (0, ) sin@df dp = 0y O (B.198)
=0.J6=0

We will need to use the integral of the product of three spherical harmonics, which is given by
the so-called Gaunt formula

(e |2 ) = [0 (0.00Y2(0,0)Y7"(6. ) O

s 2
- /0 Sin 6 do /O do (Vi) (6, 0)YM (6, )Y (6, )

:(_1)m/\/417r(2e'+1)(2L+1)(2€+1)<{n, ]@ é)(ﬁ g é) (B.199)

From the properties of the 3j-symbols it can be seen that this integral, or matrix element, is
zero unless —m’ + M +m = 0, the sum ¢/ + L + ¢ is an even integer, and the relation A(¢'LY) is
satisfied. It is easier to remember these rules by realizing that they follow from the requirement
that the angular momentum quantum numbers ¢, m’ must arise from the angular momentum
addition rules aplied to L, M and ¢, m, which are

O =|L—4,|L—0+1,...,L+/¢ and m' =M + m.

This will become clearer after reading the next section about the Wigner-Eckart theorem since,
in fact, the Gaunt formula is a special case of the theorem.

B.5.5 The Wigner-Eckart theorem.

The angular momentum eigenstates |jm) can depend on any number of other dynamical variables
which are invariant under the action of the symmetry generators J;. In the following it will be
convenient to include possible additional quantum numbers in the labelling of the eigenstates,
such as [®jm) or, in an even better notation, |®7"). Using this notation we can write

(Ji +iJ2) | @) = 7/j(j + 1) —m(m + 1) <I>9”“>

(i —iJ2) | @) = h/j(j + 1) —m(m — 1) ‘1)3-”_1>

(1 F i) |@F) =m0+ 1) = mm F 1) |@7F!)

(1 — i) ]@;ﬂ+l> — GG+ 1) — (m+ D)(m+1—1) [&7)
=h/j(j+1) —m(m+1) |®7)
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(J1 +iJ2) \<I>T*1> — /GG +1) = (m—1D)(m—1+1) [27)
= /(i +1) = m(m —1) ")
(J1 FiJ2) ‘@;ﬂi1> =h/ji(G+1) —(m+1)(mE£1T1) ‘(I);.”ilj”>

= h/j(j +1) —m(m £1) |®]")
As an application of these relations we can obtain a handy result that we will use to prove
the Wigner-Eckart theorem. Let |¥jm) = |¥7") be another multiplet of states which are also
eigenstates of angular momentum with the same eigenvalues. Then we have

VGG 1)~ m(m 1) (@ | wrt = (| (i) v

= ((hFis)op=! ] i) = /G + 1) = mlm 1) (O | 7"). (B.200)

Therefore
+1 +1
(ot | wrsth = (@ | wy). (B.201)
This shows that the quantity <<I>§” ‘ \II§”> is independent of m. We consider only the matrix

elements in which both state vectors have equal values of j and m, because both are eigenstates
of the Hermitian operators J? and J3, so the matrix element would vanish unless they both had
the same eigenvalues (remember that eigenvectors with different eigenvalues are orthogonal),

For a general operator, O, we would not expect its matrix elements between angular momen-

\II?Z2> =0, unless jo =33 and my = mg3. (B.202)

tum eigenstates, ( ®7* | O ‘ \IJ?;2>, to vanish or to be independent of the 3-components m3 and
ms. However, there is a special type of operators, called irreducible tensor operators, whose
matrix elements have a very simple dependence on the angular momentum 3-components: this
dependence is entirely contained in a Clebsch-Gordan coefficient.

An irreducible tensor operator of rank j is a set of 25 + 1 operators o7 (a tensor of 25 + 1
components), with m = —j, —j+1,...,+7, such that the commutators of the rotation generators
with these operators are

[J3, OF"] = hm OF". (B.203)

[Ty £ iJy, 07" = /5 (j + 1) — m(m £ 1) O+, (B.204)
It is also said the the operators Oj" have spin j. Examples of irreducible tensor operators are the
spherical harmonics. Section B.6 contains a short introduction to irreducible tensor operators.
The previous commutation relations can also be written as

7.0y =3[0 o,

- m/'m

m

with ¢ = 1,2,3. These three relations are written in a compact way as

3,07 =% [J(j)]

m/

oy, (B.205)

m/

where [J (j)]m,m is a matrix element of the spin-j representation of the angular momentum
0perators,13

[J?Ej)} = Wby, (B.206)

m’'m

[ij)]m/m 4 [JQ(”} =G H 1) = m(mE D) b (B.207)

131n section B.5.1 you can see the explicit representations for j = 1/2, j = 1 and j = 3/2.
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A scalar operator, for example, is one that commutes with all components of J, which trivially
agrees with the relations (B.203) and (B.204) if we set j = m = 0, for which Jgf}m = 0. These
relations are also consistent with our previous definition of a vector operator V as one that
satisfies the commutation relations

[T, V] = ih ) €ijiVi (B.129)
k
Indeed, since the spherical components of this vector are
1 1
V2 V2

from the previous commutation relations it is easy to find
[J3, V™ = mh V™, [J1 £iVa, V™| = h/2 — m(m £ 1) VL (B.209)

This shows that the V'™ components form a set of 2j + 1 operators V|, with j = 1.
The Wigner-Eckart theorem states that

Vil= ——(Vi+iVs), V7! (Vi —ith), V0=V, (B.208)

1
ma\ _ - o
‘1’j22> T 2t 1 (Jrjzmama | j1jagams) (@ O | ¥) (B.210)

me m
<(I)j35 03’11

where (j1jomimea | j1j2jzms) is the Clebsch-Gordan coefficient associated with the coupling of
two angular momenta J; and Jo to give J3, and (® || O || ¥) is the so-called reduced matrix ele-
ment, which is independent of the angular momentum orientation. It can depend on everything
except the 3-components m1, ms and mg. The Clebsch-Gordan coefficients are chosen to be all
real, so we can as well write (jija2jsms|jijomims) or, Cj j,(jsms; mima), giving these other
two equivalent expressions of the theorem,

(o3
(5] 05| W32) = g Chalamaimima) (21011 9). (B.212)
In some sense, the Wigner—Eckart theorem states that operating with an irreducible tensor
operator of rank j; on the angular momentum eigenstate \IJ?;Q is like adding a state with angular
momentum j; to it. The matrix element for the spherical tensor operator is proportional to the
Clebsch—Gordan coefficient which arises when adding the two angular momenta.

As an example of the usefullness of this theorem suppose we want to compute, in the dipole
approximation, the transition probability of an electron from a 4d to a 2p orbital in a hydrogen
atom. This involves calculating matrix elements of the form (2p, mg | r; | 4d, mo), where r; is any
of the z, y, z components of the position operator, and mz = (—1,0,1), mg = (—=2,—1,0,1,2) are
the magnetic quantum numbers of the 2p and 4d orbitals. In principle there are 3 x 5 x 3 =45
integrals to do, but the Wigner-Eckart theorem allows us to compute just one of them and infer
the remaining with the help of a CG table. From a qualitative point of view, this is due to the
fact that all these 45 calculations are all related to each other by rotations. If an electron is in
one of the three 2p orbitals, rotating the system is equivalent to moving the electron to a different
2p orbital (in general it will be a quantum superposition of the 3 basis states, ms3 = —1,0, +1).
Analogous statements apply for the five 4d orbitals and the three r; operator components. The
Wigner-Eckart theorem factorises out the angular dependence, which is encoded in the CG
coefficients.

To prove the theorem, let’s consider a general operator O;;“ of spin j; and let it act on \I/ZLQ
to get

mi
Ojl

1
ma\ __ .. ..
‘llj22> - 25 + 1 <]1]2]3m3 |jljzm1m2> <(I) || O ” \IJ> . (B.Qll)

1

mi
Ojl

oz = i, (B.213)



316

When multiplied with the angular momentum generators this state vector becomes

J,Qmme — . 097111 \Ilgzz - J; 0;1111 \1;;?;2 — O;’:l J; \I/’]?;Z + O;’fl Ji \I/;?;Jz

" (B.214)
= [ o] wie o giwye,

The state J; \If;';2 can be written as

DY "I’§§3> (wys | o) = ﬁz E ”)]mm p, (B.215)
m3

Furthermore, according to (B.205),

[JZ-, O;’jl] =y [J}j“]msml O gz, (B.216)
ms
Therefore
JGT =h [Ji(jl)}mm s w4+ O Ky [J}”’]mm v, (B.217)
ms
s =n S [] e 4 a3 ], an (B.218)
m3

The last expression shows that J; acts on Q;rll;;m just as if this were a state vector for a system

consisting of two particles with spins j; and jo, and 3—components m and mo. Therefore, using
the CG coefficients, the state 271" can be written as the linear combination

J1J2
Qe — QTN = N (1 jomama | jij2jams) Q3
Jij2 J1 J13233
oms . - (B.219)
Jjams

where 2 jlj’2 j, are state vectors of angular momentum j3 with 3—component ms. Thus

(op

m1
Ojl

\1{;';2> = <‘1’}7§3 > Chijp (§'m s mama) Q?szj'>

jlm/

=Y Cjujp(§'m’s mymy) <‘1>§§3

j/m/

Q;T;JQJ > = Cj,j,(jams; mima) <<I>;-23

Qms > (B.220)

J1J273

In the last step we have used the fact that <<I>;7;3 Qg’f o > is zero unless j' = j3 and m’' = mg.

Now, equation (B.201) applied to the state vectors ® and {2 means that

<(I)m3:t1 ‘ Qm3:|:1> <(I)m3
J3

J132J3 J3 J1J2J3

Qms > . (B.221)

As a consequence, the matrix element <f1>;7;”3

Qe 3> does not depend on the 3—component ms

value and we may write

(o

This completes the proof of the theorem. The 1/(2j3 + 1) factor is just chosen for convenience,
but there are other conventions.

1 .
\If;;2> = ijlh(]gm;ﬁ,; mlmg) <<I) H 0O H \I’> . (B222)

mi
Oj1
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Using this result it is easy to see that the matrix elements of all vector operators for state
vectors of definite angular momentum are parallel. Indeed, let A and B be any pair of vectors.
Applying the Wigner—Eckart theorem we have

1 ,
<(I);7;3 ATl \1’22> = mCm (33m3; mlmg) <¢) H A ” \If> . (B223)
m m ma \ __ . (4 .
<<1>j33 Bm™ qf]> = 57 O Usmsi mims) (® B ¥). (B.224)

Therefore, as long as (¢ || B || ¥) does not vanish,
f DA W) .
s q;m2> _elaly) <q>ms
< ’ (@B W)
Since this is true for the spherical components of the vectors, it is also true for the Cartesian

components of the operators, A; and B;,

@AY g
)= @B

mi mi
Al Bl

q/;?;2> . (B.225)

(@p

A;

B;

" > : (B.226)

We could as well write the previous equation in vector notation, with the understanding that
stands for three equations, one for each component

QA W)
7 | A ’ \1/m2> _(@lAly) <c1>m3 B ) \I/m2>. B.227
(o @B \%s (B.227)
In particular, since J is itself a vector operator,
DI A W)
7 | A ‘ \I/m2> _(@]Aaly) <q>m3 J ‘ xpm2>. B.228
(o @3] w) \ %% (B.228)

Note that we have written this result only for the case jo = j3 because, since J commutes
with J2, the matrix elements U | ‘ \11222> would vanish if ® and ¥ had different angular

momenta, jo # j3. However, the third components ms and ms3 don’t need to be equal because
Jr and Jy, are expressed in terms of the ladder operators, which change the values of the
third components. It is important to point out that this is a general rule only for the angular
momentum operator. Other operators may have non-vanishing matrix elements between states
of different total angular momentum.

The Wigner-Eckart theorem can be expressed using the 3j-symbols as

m3

<(I)j3

By using this theorem we can separate those features of a physical process which depend on
geometry or symmetry properties (contained in the coupling coefficients) from those which de-

pend on the detailed physical interactions (contained in the reduced matrix elements). From
the properties of the coupling coefficients we can deduce the following selection rules,

m1
Ojl

wpy =i (B Yoy (e

—m3 mip Mm2

<<1>;?;3 om \pg2>:0 unless  mz = my +my and A(j1jags)- (B.230)
The 3j-symbols are real, so
* is— J3 g1 J2 x
<<1>;;3 om \1/;.;2> — (—1)fs—ms ( o m2><q>uoux1/> , (B.231)

and since the reduced matrix elements are independent of the projection quantum numbers, we
have

> (e |op

ma2ms3 ma2ms3

m3 mip M2

vy =itonwe S (B BV )
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Now we can use the orthogonality condition of the 3j-symbols

Z < o J2 3 >< 1 J2 g3 >: 5(]3,j§)5(m3,m§)7 (B.233)

!/ .
mima M M2 M3 myomg g (253 +1)
to write ) ,
: 2
> [(ege]oge || = g @Ol m. (B.231)
maoms

Since the right hand side of this formula is independent of m; and there are just 2j; + 1 values
of my, we can perform also the sumation over m; to get

> |(op

mi1mams3

‘I’§'52>‘2 =[(@[lo] ). (B.235)

my
Oj1

The Landé formula.

Let’s return to equation (B.228). Setting jo = j, mg = m, my = m’ and the ratio of reduced
matrix elements to C, we could rewrite that equation as

<<1>;?”L ‘ A ‘ xlf;.“’> —C <<1>;” ) J ‘ \If§”> (B.236)
To evaluate the constant C' we can do
(@ | A-afwry =3 (@ | alwy) (v 3w, (B.237)

and use the proportionality condition to write

oo |afuy) oyt |afur) =0 X0 op |afwy) Qo 3] )
=C(Q7|I*|V]") = Cj(j+ 1> (B.238)
Therefore < ‘ ‘ >
o | A g
C = Jj(j ) L (B.239)
and

, w}A-J pr ,
<¢T‘A‘\IIT>:< jj(j+1)L2j> <q>;"’.]‘q;;n> (B.240)

This special form of the Wigner—Eckart theorem is known as the Landé formula.

B.6 Irreducible tensor operators.

We give here another definition of irreducible tensor operators. An irreducible tensor operator
T*) of rank k is an object with 2k + 1 components which, under a coordinate rotation r’ = Rr,
satisfy

PRI PRt =3 T DY)(R), ¢.d = —k,~k+1,... k—1k (B.241)
q/

where D(% (R) are the matrix elements associated with the irreducible representation'* D*) of
the rotation group SO(3). An example of irreducible tensor operators is the set of spherical

1See section B.5.2 for a brief introduction to the rotation matrices D;Ifg (R). Without going into a very precise
mathematical definition, let’s just say that in an irreducible representation the corresponding matrices cannot be
brought into a block-diagonal form by performing a similarity transformation.
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harmonics. When a rotation operator acts on an spherical harmonic eigenstate, |jm), the result
can be generally written as a linear combination of states with the same value of j and all
possible different values of m:

Pg|jm) = Zygm y DY) (R), DY) (R) = (jm'| Pg|jm). (B.242)

So doing 7 — k, m — q and m' — ¢’ we have
(k) _
DW(R) = (kq'| Pr | ka). (B.243)

Let us now see how the definition of irreducible tensor operators given in the previous section
is related to the one given here. Remember that infinitesimal rotation by an angle 6 about the
z axis can be written to first order as Pg(06, z) = 1 4 i060.J,. Therefore, to first order

Pr(58,2)TM P (66, 2) = (1 +i60..)TH) (1 — i66.7,) = T + 66 [Jz, T;H] (B.244)

(k) _ :
Dq,q(dﬁ, z) = <kq’ ‘ 14 1466J, | kq> (B.245)
Inserting (B.244) and (B.245) in (B.241), and using the relations (kq'|kq) = d,4 and J, |kq) =
q |kq) we obtain

79 450 [JZ, Té’“)} =T (kg | 1+ 660, | ka) = 3" T (kq'|ka) +i60 > TS (k| J.|kaq) -
! ! q/

(B.246)
Therefore
[JZ, T } ZTk) (kq'| . | kq) = qT») (B.247)
In a similar way we can obtain
[, T = ZT (kq'| T | k), (B.248)
k
[Jy, Tq<k>] =1 (ke | T, | ka).- (B.249)
q/
Using
J L, +ig,), and J (Jo— i),
=——(Jp +1iJy), n 1=—=(Jp —1
+1 \/5 Y 1= \f
with the inverse relations
1 i
Jp=——7=J1—J-1), and J,=-—(J41+J-1),
\/i( +1 1) y \/5( +1 1)
the two previous expressions can be combined into a single one
[Jil, Tq(k)] =31 (kg | T2 | ka). (B.250)
q/
Remembering that
(k' Tsa k) = F/3 k(k +1) — alg £ 1)] 611 (B.251)

we can write all the commutators between the components of J and the components of T*) in
the following way

[Jﬂ, } /3 k(k+ 1) —g(g £ D] T, [JO, Tq(’ﬂ = qT®). (B.252)
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It can be shown that the transformation law (B.241) follows from the commutation relations
(B.252), so they can be considered as an alternative definition of an irreducible tensor. Note
that they are the same as the commutation relations (B.205).

The scalar product of two irreducible tensor operators is defined as

T® . U® =3 (1) TP, (B.253)
q

The tensor product of two irreducible tensor operators with components Tq(k) and Uy ) is defined
as the irreducible tensor operator with the following components,

(K) _ / -k (B KK (k) ;7K
V5 ZT ) (kK qd |kK KQ) = \/2k+1§( 1) ( . & -0 TFU,.
(B.254)

The values of K and @) are restricted to

=|k—FK|,....,k+F, Q=q+q¢d=-K,....+K. (B.255)

From the commutation relations of T®) and U*") it can be shown that the components of V&)
satisfy the following commutation relations,

[T, V] = FAK(K +1) - Q= 1)U, 7o, VO = @vf0. (B250)

So, indeed, VU is an irreducible tensor operator.

B.7 Vector fields and multipole expansions.

B.7.1 Rotational properties of a vector field.

Let V(r) be a vector field in 3D-space and let R be a general proper rotation (a member of
the SO(3) group, sometimes also called O"(3) group). Consider the following transformations
under the R operator,

r — ¢ = Rr, V(r) — V') = R(V(R_lr)). (B.257)

Think of R as a (rotation) matrix operating on a three dimensional vector. To know how
V(r) transforms under a rotation we need to apply the unrotated field V to the unrotated
vector R™!r, and then rotate the whole result according to R. That’s what the expression

R(V (R_lr)) means.'!® We now want to find an operator Pg such that

P (V(r)) - R(V(R’lr)). (B.258)
Consider first an infinitesimal rotation about the z axis by an angle dfl. This is given by
1 4660 0
R(00,z)=| —60 1 0 |. (B.259)
0 0 1
1 =60 0 x T — yof
R71(660,2)r = | 66 10 y | =\ z0+y |, (B.260)
0 01 z z

15To know the value of the field on a rotated vector r (that is, on a vector expressed in the new reference frame),
we have to apply the specific functional expression of V on the vector before it is rotated R™'r (that is, expressed
in the old reference frame), and then rotate the result back to the new reference frame. Note that, in general, the
functional form of V is itself modified by the rotation operation, V. — RV = V’.
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Ve(R'r)
V (R7(80,2)1) = ( V,(R™'r) ) , (B.261)
V.(R™1r)
Pr(dd), 2) (V( V(R™ 11«) R(50, 2) (V (R71(60, 2) r))
1 59 0 V(R Vo(R™1r) + 00V, (R 1)
= ( - 10 ) Vy(R ) = ( —00V,(R™r) + V(R 'r) )
0 1 V.(R V.(R™'r)

OVy(x — yob, 200 + vy, z) + Vy(z — yd0, 260 + y, 2)

Vi(z —yo0, 200 + y, z) + 60V, (x — yob, 200 + y, z)
-5 (B.262)
V.(x — yd0, 260 + y, z)

Calling PrV,(r) the first component of the previous vector,

[PR(dG, 2) (V(r))} = PRrVi(r) = Vi(a — yd8, 260 + y, 2) + 00V, (x — yo8, 200 + y, 2), (B.263)

T

and writing to first order

oVy oV, oV,

P T = Vz s B.264
=V (1) V(r)+8xd$+ aydy—l— 8zdz (B.264)
we can deduce comparing'® both expressions that
oV oV
PrV,(r) = Vy(r) T (—y80) + (xd8) + 60V,
Ox dy
0 0 i
=V le——y— | Vo +V,00 =1+ —-00L, |V, +0V,, (B.265
)+ 60 (0~ ) Vet Vbt = (14 001 ) Vi 4000, (B.265)
where L, = —ih(x0y —y0,) is the third component of the orbital angular momentum. Similarly,
PrV,(r) = (1 + ;(MLZ) V, — 60V, PrV.(r) = (1 + ;59Lz> V.. (B.266)
The three expressions can be combined into this one
; 010 Va(r)
Pr(df,z)V(r) = (1 + h(SQLz) V()+d0| —1 0 0 Vy(r) |, (B.267)
0 00 V.(r)
Defining
0 —i 0
S.=h| ¢« 0 0 |, (B.268)
0 00
and J, = L, + 5,, we have
Pr(df, 2)V(r) = <1 + ;MJZ) V(r). (B.269)

Considering also infinitesimal rotations about the x and y axis would lead us to

00 0 00
Se=h| 00 —i |, S,=h| 0 0 . (B.270)
0 i 0 —i 0

%From f(z + Az) = f(x) + Aa: at first order, you get Vi (z — yd0) = Va(z) + G2 (—ydh), also at first order.

S O .
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It can be recognised that S, Sy, S, are in fact the matrix representation of the spin 1 quantum
mechanical operators, S = (53,5, 5S;). The eigenvalues of S, are A = —1,0,+1. The normalized
eigenvectors for each one of these eigenvalues are

8 ! 1 8 8 6 — 2 lz' (B.271)
+ = = ) 0 — P - = = - ) .
\/5 0 (A=+1) 1 (A=0) \/E 0 (A=-1)

which are just the unit vectors in the spherical basis. In an alternative notation, we can also

write
I1,1) = &+
|SMs) = |10) = &g . (B.272)
1—1)=é_

We have found that the transformation properties of a vector field are governed by an orbital
angular momentum operator L, a spin angular momentum operator S, and that the two opera-
tors are coupled according to the relation J = L + S. Given the specific form of the S operator
found, we conclude that a vector field has spin S = 1. Since the transformation of a scalar
field is describable entirely on the basis of an orbital angular momentum operator, the spin of a
scalar field is zero.

B.7.2 Multipole expansion of the electric and magnetic fields.

The Maxwell equations in empty space are

1 0E 10B
VB =0, VE =0, VxB=—-——, VXE=———, (B.273)
c Ot c Ot
with LA
B = A = ——— B.274
VA, e (3.274)

where A is the vector potential. If we take the time-dependence of the field vectors to be of the
form e~ and set k = w/c, the equations become

VB =0, VE =0, V x B = —ikE, V x E = ikB, (B.275)

B=VxA, E = ikA. (B.276)
Working in the Coulomb gauge (VA = 0), and using the vector identity V x (V x E) =
V(VE)—V2E, we can deduce from the previous equations the following set of vector Helmholtz
equations.

(V2 +k%)B(r) =0, (V2 + E2)E(r) = 0, (V24 k2)A(r) = 0. (B.277)
A solution to (V2 + k2)B(r) = 0 can be written as
(V24 k?)Bg(4,m,r) = 0, (B.278)
with

BE(f, m, I') =/ f(f + 1)fg(k"l“)Yggm, (B.279)

where fy(kr) are spherical Bessel functions and Yy, are vector spherical harmonics given by

1
Y :7(—L_Ymé + LoY™&y + L Y’”é_>
m E(f-l—l) Y/ + 0Ly 0 +4y
Lym
DL Y e g = ——. (B.280)

1
N zq:(_ +1)
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1 1
é—i— = _7(éaz + iéy), €y = €y, € = _7(ex - léy) (B281)

V2

Note that Yz, is orthogonal to the radius vector r because

Y, Y,
£ r-L=—t—r(rxp)=0. (B.282)

o ) 00+ 1)

The corresponding electric field is, according to the Maxwell equations,

r-Y

Ep(l,m,r) = %V « Br(l,m,r). (B.283)
The orthogonality relation r - Yy, = 0 implies that
r-Bg(¢,m,r) =0, (B.284)

therefore an electromagnetic field characterized by Bg(¢, m,r) and Eg(¢,m,r) is known as a
transverse magnetic (TM) field of order ¢. The transversality condition does not apply to Eg,
which may have non-vanishing radial components. Such a field is therefore also designated as
an electric multipole of order /.

Of course, fi(kr)Y e also satisfies the Helmholtz equation (V2 + k2)E(r) = 0, therefore we
have the following new pair of solutions,

EM(E, m, I‘) =/ E(ﬁ + 1)fg(k’r‘)Yum, (B.285)

B (l,m, 1) = —%V x Exi(f,m,r), (B.286)
r-Ey(4,m,r) =0. (B.287)

Such a radiation field is known as a magnetic multipole or a transverse electric (TE) field of
order £. In this case By may have radial components.

The general solution to the vector Helmholtz equations for the electromagnetic field can be
expressed as a linear combination of electric and magnetic multipoles of all orders,

B(r) = Z [aE(E, m)Bg (¢, m,r) + an (¢, m)B (2, m,r)}, (B.288)
lm

E(r) = Z [aE(ﬂ, m)Eg(¢,m,r) + an (¢, m)En (€, m, r)], (B.289)
lm

where the coefficients depend on the sources and the boundary conditions. Since the parity of
the vector spherical harmonic Yz, is (—1), the parities of Bg(¢, m,r) and Ey (£, m, 1) are also
both (—1)*. The electric field Eg(¢,m, ) is proportional to V x Bg(¢,m, r), therefore its parity
must be opposite to that of By (£, m,r), that is (—1)“*!, because the curl operation transforms
a polar vector into an axial vector and vice versa. The same argument applies to By(¢, m,r),
which must then have parity (—1)¢T!. Also, since A is proportional to E, both have the same
parity. We have then the following parity relations,

7[Bg(l,m,r)] = 7[Em(¢, m,r)] = 7 [Am (L, m, )] = (-1)¢, (B.290)
7[Eg(¢,m,r)] = 7[Bm(l,m,r)] = n[Ag(l,m,r)] = (—1)¢L (B.291)

There are no multipoles of order zero because Yy, = 0 for £ = 0. The following conventions
and notations are often used,

e The parity of an electromagnetic field is defined as the parity of B, Ty, = m(B).
e The polarization of an electromagnetic field is defined as the direction of E.

e The multipoles are named according to the values of 2¢: dipole (¢ = 1, 2¢ = 2), quadrupole
(¢ =2, 2 = 4), octapole (¢ = 3, 2¢ = 8), etc. Additional designations are E¢ for electric
multipole of order ¢ and M/ for magnetic multipole of order £. Therefore E1, E2 are electric
dipole and electric quadrupole, and M1, M2 are magnetic dipole and magnetic quadrupole.
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B.8 Multipole expansion of the electromagnetic scalar and vec-
tor potentials.

We provide here a brief reminder of multipole expansions for the scalar and vector potential.
For more details please see for example [10] or [6]. In this section we use the SI system of units.
The electric potential created by point-like charge ¢ at a distance r is ¢ = 47T€0 Z, but the
spatial dependence of the potential created by an arbitrary distribution of charge will be more
complicated than just 1/r. At large distances from the source any potential can be conveniently
written as an expansion in powers of 1/r, called multipole expansion. For large values of r the
series will be dominated by multipoles of low order and the higher terms can be ignored.
Consider a localized distribution of charge described by a charge density p(r,) centered
around the origin of coordinates. The potential created by this distribution at large distances

can be written as an expansion in spherical harmonics,

[e'S) 0
1 4 Y0, )
= E E . B.292
o dmeo {5 =, 20+ 1 2m (B.292)

This is called a multipole expansion. The £ = 0 term is the monopole term, £ = 1 are dipole
terms etc. The constants g, depend on the specific form of the charge distribution p(r,), and
can be determined taking into account that the potential is also given by

d’r B.293
47r60/\r—rp\ R4 ( )

and the expansion of 1/|r — r,| given by

I'—I'p| Z Z 2€+1 g+1 n ) (9p790p)yfm(9780)7 (B294)

where the notation 7~ means the greater of the two distances (r,rp), and 7« means the smaller.
Since we want to find the potential in a point outside the charge distribution, we take r- =1,
and r~ = r. We have

¢(r) = 47['6()/[ Z Z 254_174(4_1 (Y (epﬂpp)y}fm(ea‘ﬁ)] p(rp) dgrp

0 m=—/¢

Ym0, ¢)

m* A )

=LY s |0 G e | L. 0
l,m

The coefficients are then given by

Qem = /(Yzm)*(ezw ©p) 7’5 p(rp) d3rp. (B.296)

These coefficients are called multipole moments. 1t is instructive to write a few of them in
Cartesian coordinates to better exhibit their physical interpretation,

1

qoo = \/11? /p(rp) dr, = Eq (B.297)
3 ) 3 .
q11 = —\/;/(.7} - Zy)p(rp) drp = - g(px - Zpy)» (B.298)

/3 /3
q10 = 47r/zl)(r10) drp, = Epz



Quantum Physics III. Monday 7" September, 2026, 11:08. 325

G22 = \/>/ (x — iy)?p(ry) dr), = 5 \/»(Qn —2iQ12 — Q22),
421 = \/>/ z(x — iy)p(rp) drp = —\/>(Q13 —iQ23), (B.299)
qo0 = \/7/ 322 — r?)p(rp) drp = \/76233

We have written only the moments with m > 0, since for a real charge density the moments with
negative m are related by qs —n, = (—1)"¢qj, .. In the previous equations ¢ is the total charge, or
monopole moment, p is the electric dipole moment,

p= / rp, p(rp) dry, (B.300)

and @;; is the traceless quadrupole moment tensor,

Qi = / [3(xi)p(xj)p —rgaij} plr,) dr,. (B.301)

The ¢th multipole coefficients (2¢ + 1 of them in number) are linear combinations of the corre-
sponding multipoles expressed in rectangular coordinates. The expansion of ¢(r) in rectangular
coordinates can be derived by a direct Taylor series expansion of 1/|r —rp|,

4dmeg

1 q pr 1 TiTj
o(r) = ?*ﬁ*iz@j7+“' (B.302)
27]

The monopole and dipole terms are

1 pr 1 pr
= —. B.303
dmeg 3 4dmeg r? ( )

1 q
dmeg 1’

quon ( )

¢dip(r) =

The vector potential created by a current of intensity I circulating through a closed loop of
arbitrary shape is given by the following line integral around the loop

MOI
- %‘P_r ‘ (B.304)
p

Expanding 1/|r —r,| as

LI ! - Z (Tp> (cos O, ), (B.305)

r—r 2 2
| »l \/ r%+ 1, + 2rrpcos Qm,

we obtain a multipole expansion for A(r),

I 1 1 3 1
A(r) = 'Ljﬁr [r %drp + = %rp cos Oy, drp + 3 j{rz (2 cos? Orr, — 2> dr, + .. ] . (B.306)

The monopole term (which goes like 1/r) is always zero because the integral is just the total
vector displacement around a closed loop, ¢ dr, = 0. This, of course, is in agreement with

VB = 0. The dipole term is

ol pol [ .
Agip(r) = T2 7{ 7p €08 Oy, drp = ) y{(rrp) dr,. (B.307)

This expression can be written in a different way using the identity

]{ (frp) dr, = —F x / da, (B.308)
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where a,, is the vector area of the loop. If the loop is flat, then the magnitude of a, is the area
enclosed, with the direction assigned by the usual right hand rule (fingers in the direction of the
current). We can then write

_po B XTE g puXxr 1 pXr

Ag; = = —
aip(r) dr 12 47 13 dmegc? 13

, (B.309)

where we have replaced g by ¢ using the relation pgeg = 1/c?, and p is the magnetic dipole
moment

u= I/dap = Ia, (B.310)

According to Egs. (B.16) and (B.30), a vector potential and a magnetic dipole moment can
be converted between the Gaussian and SI systems of units using the relations

Ho [Am
Ag =/ —A,, i = A/ — Mg B.311
Ar 8 H Ho He ( )

a7 AT po P X T o Mgy XT Mg XT
A, — AL = si _ si _ s ) B.312
€ Vo ™ Vopodr 3 47 73 r3 ( )

The vector potential generated by a magnetic dipole moment can then be written in both systems

Therefore,

of units as

_ Mo pg X _ Mg Xr
A= P Ay =tg—. (B.313)

B.9 Dirac equation up to order v?/c?.

Following the notation in Chapter 1, we start from the Dirac equation written in the form

1
(El — PPy = %(UW)K(OWT) Yu, (B.314)
where )
2me
K= . B.315
E' +2mc? — q¢ ( )
Now we approximate K as
1 B —q¢
K=——+—~1- . B.316
m E' —q¢ 2mc? ( )
2mc?
Inserting this in equation (B.314) we get
1 E' —
(B~ 49) b = 5 | (07)? — (om) 5 22(om)| . (B.317)
To proceed simplifying this equation it is convenient to define the operator
2
Q=1+ 5(5;22 (B.318)
To order v?/c? we have
2
N ity B.31
8m2c? (B.319)

We define ¢ = Q¢),, and multiply (B.317) on the left by Q~!. Taking into account that
Py = Q1Y we get

QNE - ) Q= -0 (o) — (om) 12

o 53 (om)| Q1. (B.320)
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Let’s inspect one by one the different terms of the previous equation only to order v?/c2.

2 2
OE 00 & (o) — T goyy — (B - q0) T
1 1 2 1 2
B G I P
1 1
= o (omPu - s (om)ty
1 "'—qo _ 1 E' —q¢ E' —q¢
5 om) T oM Y & (o) P (om) Y = (om) T (om) Y
Putting everything together:
2 2
(B —40)v ~ T g0y~ ( —q0) T
1 1 E —
= s (onP b (o)t — (om) D P em . (B321)
2 4 2 E _ 2
(E'—q¢) ¢ = (‘;:3 - é:;; + ;:;ZQ (E' —q¢) — (a’ﬂ')WQqu(aﬂ') + (F —q¢)§;22] .
(B.322)

The following relations are useful to further simplify this equation.

(om)(E" — q¢) — (E' — q¢)(o7) = E'(o7) — q(om)p — E'(o7) + qp(o)
=q¢(om) —q(om)p = qpo (p —qA) —qo (p —qA) ¢
= qd(op) — ¢*p(0A) — q(op)¢ + ¢*(0A)p = qd(op) — q(op)p. (B.323)

But, remembering that the operator p acts on everything that stands to its right,

[¢(op) — (o)) ¥ = ¢(op)Y — [(ap)d] ¥ — ¢ [(oP)¥] = — [(oP)¢] ¥, (B.324)
which means that
¢(ap) — (op)é = il (V9). (B.325)
Therefore
(om)(E' —q¢) — (E' — q¢)(om) = ihgo (V). (B.326)

We need also to use the following relations,

(7 (Vo) = (Vo)m]y =[(p—qA) (V)Y — [(Ve) (p—qA)lY
=PV Y+ (Vo) (pY) —qA (V)Y — (Vo) (pY) + ¢ (V¢) Ay = (p V) .
This means that
[ (V) — (Vo) 7] = —ihV (V). (B.327)
Also, using!” p x V¢ = —ih (V x V¢) — (V¢ x p), and V x V¢ = 0, we have

[T x (V@) = (Vo) x 7] = (p — qA) x (V¢) — (V) x (p —qA)
= px (V) —qA % (Vg)— (Vo) xp+q(Ve) x A
= px(Vg)— (Vo) xp+2¢(Vg) x A
= —ihV x (V) —2(Ve) x p+2¢(Ve) x A = —2(V¢) x (p — qA).

"The term p x (V¢) is worked out in the same way we have obtained p x A = —ili(V x A) — A x p, and
using the fact that V x (V¢) = 0.
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So
[t x (V)] — (Vo) x ] = =2 (V¢) x . (B.328)
Using the previous two results and the relation (oa)(ob) = ab + io(a x b), we find
(o7) (V) — (6V9) (om) =7 (Vo) +io 7 x (V)| = (Vo) 7 —io [(Ve) x ]
=7 (Vo) — (Vo) + i | [m x (V)] - (Vo) x ]
= —ihV (V) — 2i0 (Vo) x m = —ihV (V) + 2i(om) x (V). (B.329)

Collecting everything together,

(o) (E' = q¢) + (E' = qo)(om)* = (o) | (om) (' = q¢) — (E' - q@)(om)|
~ [(em)(E' — 4) — (B - g0)(@m)| (o) + 2(om)(E' - g)(om)
= (o) [ihgo (Vo) | ~ [ihao (V) | (o) + 2(om)(E' — 4é)(om)

— ihg| (o) (096) — (aV9) (o) | +2(om)(E' — 46)(om)
= ihq| = ihV (V§) +2i(om) x (V6)| +2(om)(E' - qé)(om)
— 12qV (V6) — 2hg(0m) x (Vo) +2(om)(E' — q6)(om). (B.330)
Now we insert this into equation (B.322),

, B (om)?  (om)? h2q 2hq
(B —q0)p = |G T LV (V) - s (om) x (V)

(@B~ 40)(om) ~ s (om) (B~ a0)(om)| v

8m2c2

oT 2 gTt 4 2
(B = q0)v = |25 T iV (V6 - o (om) x (Vo) v (Bas)

Following equation (1.82) we have

Furthermore, to order v?/c? we can write

o= Lo 1))~ b

Q

Clzp x (Vo)

7 x (Vo) =5 (- 14) x (v9)
= —C%hV x (V) — Z—Q(V@ Xp = —C%(V@ * P

c2

Therefore we finally arrive at

/ 1 a,\> g
(E"—qd)v = [Qm(p—cA> — 5,20 (VxA)

4 2
P h*q hq
— V (V V . (B.332
8m3c2  8m2c2 (Vo) + 4m2c20[( ¢) % p] Y. (B.332)
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B.10 Entropy, temperature and the Boltzmann factor.

This is a very terse summary of fundamental concepts. For more details and a full treatment
the reader is referred to the standard textbooks on the subject, for example Thermal Physics,
C. Kittel and H. Kroemer, 1980.

Thermal physics can be developed following a logical structure where the main concepts
are entropy, temperature, the Boltzmann factor, the chemical potential, the Gibbs factor, and
the distribution functions. The fundamental logical assumption of the theory is that a closed
system can be in any of its accessible quantum states with equal probability. Quantum states
are either accessible or inaccessible to the system, and the system is equally likely to be in any
one accessible state as in any other accessible state. The entropy is a measure of the number of
quantum states accessible to a system. For a system with n allowed quantum states the entropy
is defined as the natural logarithm of n,

o = log(n). (B.333)

The entropy is a function of the energy U, the number of particles N, and the volume V of the
system, because these parameters enter in the determination of n (other parameters may enter
as well). The definition o = log(n) is more convenient than ¢ = n, since it is much easier (and
natural) to deal with the combined entropy of two systems as o1 + o9 rather than nino.

When two systems are brought into thermal contact they will transfer energy into one another
while keeping the total energy constant. The initial number of combined states before contact,
nins, may increase after contact due to the flow of energy between the systems in one or other
direction. The fundamental assumption favours the energy sharing between the two systems
that maximizes the number of accessible states of the combined system. This statement is the
kernel of the law of increase of entropy (second law of thermodynamics). After thermal contact,
the combined system evolves until the maximum value for the number of accessible quantum
states is reached. It can be shown that this maximum is attained when the value of (0o /0U) N v
for one system is equal to the value of the same quantity for the second system,

0o > <802 >
— = — . (B.334)
<8U1 N1,Vq Uy N3, Vs

The partial derivatives here are evaluated keeping the number of particles and volume, N; and V;,
fixed. This equality property for two systems in thermal contact is just the property we expect
of the temperature. Accordingly, the fundamental temperature 7 is defined by the relation

1 Oo
1 _ (99 , B.
= (o) ®.355)

The use of 1/7 ensures that the energy flows from high 7 to low 7. The Kelvin temperature
T is proportional to 7, with 7 = kg7, where kg is the Boltzmann constant. The conventional
entropy S is given by S = kgo, so

S = kglog(n). (B.336)

Consider now a small system with only two states, one at energy 0 and one at energy e,
that is placed in thermal contact with a large system called reservoir. The total energy of the
combined two systems is Uy. When the small system is in the state of energy 0, the reservoir
will have Uy energy and n(Up) states available to it. When the small system is in the state
of energy &, the reservoir will have Uy — ¢ energy and n(Uy — ¢) states available to it. By the
fundamental assumption, the ratio of the probability of finding the small system with energy &
to the probability of finding it with energy 0 is given by

P(e) n(Up—¢) explo(Up—e¢)]

PO)  n(lo) explo(Uo)] = exp [o(Up — &) — o(U)]- (B.337)
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By expanding the reservoir entropy ¢ in a Taylor series and using the definition of fundamental
temperature we arrive, neglecting terms of higher order, at

o(Uy—¢) ~ o(Uy) —e (;‘;)U = o(Up) — ; (B.338)
Therefore o(Uy — €) — o(Up) = —¢/7 and
PE)
P0) = ° /T (B.339)

This is Boltzmann’s result.
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