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Chapter 1

Review of quantum electrodynamics

In this chapter we review the basic laws of electrodynamics and formulate them in
the Lagrangian formalism using Coulomb gauge. We aim at deriving the minimal
coupling Hamiltonian and performing quantization in the canonical manner. This ap-
proach establishes the ground to define atoms and to describe their interaction with
the electromagnetic radiation field in the next chapters.

1.1 The coupled system of electromagnetic fields and charges

In this section, starting from the fundamental Maxwell equations, we will identify the
independent degrees of freedom that are the real dynamical variables in the general
system of electromagnetic fields interacting with sources. It is very convenient to de-
scribe the independent degrees of freedom in terms of the vector and scalar potentials.

1.1.1 The Lorentz-Maxwell equations

The electromagnetic field is described in terms of the real electric E(r, t) and magnetic
B(r,t) vector fields. Their evolution is governed by coupled partial differential equa-
tions, i.e., the Maxwell equations,

VE(r, 1) = 6ip(].r,t) | (1.1a)
VB0 =0 (1.1b)
V x E(r,t) = —%B(r,t) | (1.10)
V x Blr,f) = %E(r,t) + eo%j(r,t) | (11d)

These equations contain source terms, that is, the electromagnetic field is generated by
charge and current densities, p(r,t) and j(r, t), respectively. If the material component
is a set of charges ¢, (v = 1,2,...) in the positions r, moving with velocities v, (¢) then

p(r.t) = q,0(r —1,(t)) (1.2a)
jrt) = gV —r,(t)) . (1.2b)
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Having separated the elements of a four-vector, with this definition of the densities the
formalism will not be relativistically covariant. Let us check that

0 .
& (I‘, t) = ; qu (—V(S(I‘ - rl/(t))) I',,(t) == ; quuvé(r - ru<t)> ) (13&)
Vi(r.t) =Y _qv,Vi(r —r1,(t)), (1.3b)

so that the continuity equation is obeyed,
O plr. 1)+ Vi) = 0. (130)

which, in general, expresses the conservation of charges. Moreover, in Eq. (1.2), the
charge and current density is defined by labeling given charges, hence the possibility
of pair creation is excluded. Therefore the theory deviates from the non-relativistic
quantum electrodynamics that is to be used for high energy physics.

Moving charges generate the electromagnetic field, at the same time, the charges
move under the effect of the force exerted by the electromagnetic field, i.e., the Lorentz

force,
2

m,,%r,,(t) = q, (E(r,,t) +v,(t) x B(r,,t)) . (1.4)
The theory of the coupled system of charges and the electromagnetic field is completely
given by the coupled Lorentz-Maxwell equations. The dynamical variables are the real
electric and magnetic fields (6 real vector components in each space point) and the
position and velocity vectors associated with the charges (six real numbers for each
charge particle ). One needs the initial conditions for the variables

{E(r7t0)7B<r7t0>7rl/(t0)7vu<t0)} . (15)

However, there are relations between these variables and the number of genuine de-
grees of freedom is less. This is what we are going to determine in the following.

1.1.2 The Maxwell equations in reciprocal space

Let us consider the vector fields in reciprocal-space, which is defined by the Fourier
transformation

E(k,t) = W / d*rE(r, t)e ™ (1.6)

The vector fields in reciprocal space are complex, however, the property that the fields
are real in real space implies

E*(k,t) =E(—k,t). (1.7)
Some transformation rules to be noted follows:
1 1 1
— 1.8

dmr (2m)3/2 k27 (1.82)

r 1 —1k

1.
473 (2m)3/2 k2 7 (1.8b)
1 .

dr—r,) < e~ kry (1.8¢)
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The main reason to transform the problem into reciprocal space is that the Maxwell
equations become local,

iKE (k1) — Elp(k, 0, (1.9)
KBk1) = 0 (1.9b)
ik x £(k, 1) —%B(k, 0 (1.90)
ik x Bk, 1) — %S(k £ + ij(k ’. (1.9d)

This is a very useful, pragmatic representation of the fields in free space which will
be the case for most of the systems to be studied in this course. When one considers
a problem in a finite volume enclosed by boundaries, e.g., cavity quantum electrody-
namics, the reciprocal space is not necessarily a suitable representation for the calcula-
tion. However, the Fourier transform approach makes electrodynamics conceptually
simple, in general.

1.1.2.1 Longitudinal and transverse vector fields

Any vector field V(r) can be composed of the sum of a longitudinal and a transverse
vector field, which are defined by

VXV”(I') =0 « kXVH :O, (1.10a)

VVi(r)=0 « kV, =0, (1.10b)

for all r and k. For example, for the electric field VE = ¢,6(r —r,), i.e., the divergence
vanishes except in the single point of the charge position, but the field is clearly not

transverse since k€ (k) x exp (—ikr,) # 0.
The decomposition can be made in reciprocal space,

Vy(k) = ﬁk (kV(K)) , (1.11a)
Vik) =V(k) -V k), (1.11b)

where it is a local relation. This is not the case in real space, for example,
Vi,(r Z / d*r's;(r — ) Vi(r') (112)

where the transverse Dirac-delta is obtained from the definition as

1 , kik; 1 0% 1
1 ) — 31, ikr oy — 5. -
57,] (r r ) (27.(.)3 /d ke (57&7 k2 ) 5'5‘75(1‘) + A ariarj r : (113)

1.1.2.2 Longitudinal and transverse electric and magnetic fields

From the Maxwell equation (1.9b) it follows immediately that the magnetic field is
purely transverse, i.e.,
B”(k, t) =0. (114&)



4 CHAPTER 1. REVIEW OF QUANTUM ELECTRODYNAMICS

For the longitudinal electric field the Eq. (1.9a) can be directly solved,
&k, t) = ! k(kf(k)) = —i k (k. 1) (1.14b)
I H = % RIS '

By performing the inverse Fourier transformation and using the rules (1.8), one gets
the electric field

1 r—r 1 r—r (t)
E(r,t) = d*r'p(r',t = v “F 114
1(r, 1) 47reo/ Tl >|r—r’|3 47T€ozq r—r, (1) 149

v

The longitudinal component of the electric field is the Coulomb field associated with

the distribution of charges at the same instant ¢. Since the longitudinal field can be ex-

pressed as a function of the position of charges r, (t), it is not a true dynamical variable.
The transverse fields are the real dynamical variables and obey

0

ik x €1 (k1) = — 2 Blk.1). (1.15a)
, 9, 1,
1k X B(k, t) = @EL(k, t) + E()?_]L(k, t) . (115b)

For the magnetic field we did not explicitly mark the transverse character here, as it
is always transverse. To summarize, the independent field variables are the altogether
four complex components of the transverse electric and magnetic field vectors in each
point of the positive half of the reciprocal space (k > 0, because £, (k) and &, (—k) are
not independent).

The longitudinal part of Eq. (1.9d), which we did not use so far, has a vanishing
left-hand-side and is equivalent with the continuity equation.

It follows from Eq. (1.14c) that the effect of any displacement of the charges is in-
stantaneously transmitted as a change of the field £ at remote positions. One can con-
clude then that the transverse field £, must also have an instantaneous term which
compensates the instantaneous effect of the longitudinal field so that the total electric
tield obeys causality. The instantaneous component of &/, and B, is generated by the
low frequency current j, in the limit 9/0t — iw — 0. The longitudinal and transverse
components of the field, separately, violate then the causality. Nevertheless, as we will
see later, this separation offers an approximately good physical interpretation of atoms
as being charge clusters held together by the longitudinal electric field.

1.1.3 Vector and scalar potentials

The electric and magnetic field vectors can be expressed in terms of the so-called vector
potential A(r,?) and the scalar potential U(r, ¢) fields,

E(r,t) = -VU(r,t) — %A(r,t) : (1.16a)

B(r,t) =V x A(r,t) . (1.16b)
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With this definition, the Maxwell equations (1.1b,c) are automatically satisfied, and the
other two equations lead to

AU(r,t) = —lp(r,t) - 2VA(r,t) : (1.17a)
€0 ot
1 02 1. 10

The physically relevant fields, E and B, are invariant under the gauge transformation
of the potentials associated with the scalar field F'(r,?),

U(r,t) - U(r,t) — %F(r7 t), (1.18a)

A(r,t) = A(r,t) + VF(r,t) . (1.18b)
In reciprocal space, the gauge transformation is

Uk,t) = Uk, t) — %}"(k, t), (1.19a)

Ak, t) = Ak, t) +ikF(k,t) . (1.19b)

It follows that an arbitrary function can be added to the longitudinal part of the vector
potential. We will use this freedom to choose F(k, ) such that the vector potential
becomes a pure transverse field,

Ak, 1) =0, Ak, t) = A, (k, 1) (1.20)

This is called the Coulomb gauge. Note that the transverse part of the vector potential
does not vary with the gauge transformation. This is in accordance with that A | deter-
mines the gauge-invariant magnetic field vector. To summarize, in the Coulomb gauge,
the longitudinal and transverse electric fields and the magnetic field are expressed as

E”(I', t) = —VU(I‘, t) y (121a)
E, (r,t) = —%A(r,t} , (1.21b)
B(r,t) =V x A(r,t), (1.21¢)

respectively. As we saw previously, the longitudinal vector field is not a true dynamical
variable. From the above equations it directly follows that the same holds for the scalar
potential, and it can be readily obtained as a function of the charge coordinates

1 oy 1 1 1
U(r,t) / dPr'p(r', 1) quh_— . (1.22)

" dre r—r| 4dre r, (1)

It is easy to check that the gradient of this scalar potential yields the longitudinal elec-
tric field given by Eq. (1.14c). The vector potential obeys the wave equation

1 02 1,
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which can be obtained from Eq. (1.15). This is a second order differential equation with
respect to the time, therefore the initial condition must contain the values A(r, ¢;) and
also their velocities, A(r,t;). The dynamical variables are then

{A(r,t),A(r,t),rl,(t),fl,(t)} , (1.24)

which amounts to four real field vector components in each point of the real space.

1.2 The Lagrangian of electrodynamics in the Coulomb gauge

Let us recall first the basic elements of the Lagrangian formalism. The Lagrangian is
a function of the coordinates z; in the configurational space (: = 1...N) and their
velocities @; such that its integral,

to
t1

called the action, has an extremum along the real path of the system z;(¢), given the ini-

tial and final points, z;(¢1) and z;(t2), respectively. This is the principle of least action.

Equations of motion can be derived from this principle by a variational method, which

leads to the Euler-Lagrange equations,

doL oL

(1.26)

When the system has a continuum of degrees of freedom, i.e., this is the case for a field
A(r), the Lagrangian is replaced by a Lagrangian density £,

to .
S = / /dgr[,(Ai(r), Ai(r), 8]A1<r))dt N Z,j = 1, 2, 3 s (127)
t1

which depends on the spatial derivatives of the field, too. The Euler-Lagrange equa-
tions derive from this density functional as

d oL oL o 0L
_—— = = . 1.2

Note that a full time derivative and a divergence can be added to the Lagrange
density,

L =L + %fo(Al(I‘), r, t) + Vf(Al(I'), r, t) s (129)

keeping the action S invariant. Therefore, the Lagrangian density £’ defines the same
dynamics as L.
The Lagrangian of electrodynamics in the Coulomb gauge is given by

1 | |
L= Z iml/r?/ - VCoul + /dg’rﬁF + Z q,,rl,A(r,,) , (130)
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where v labels the charges. The free field Lagrangian density reads

Lr=T (A2 0) = (VX AW 0)) = T (BL(r1) - BY(r.1) . (1.31)

Remarkably, it can be expressed in terms of the transverse electric and magnetic
fields, E(r,t) and B(r,t). The effect of the longitudinal electric field appears in the
Coulomb term which is composed of a self-interaction of charges and the instanta-
neous Coulomb interaction between different charges, that is,

1 '
’Teo » lr, —r,|

VCoul = E(Self) +

14

) (1.32)
il

where the Coulomb self-interaction of charges can be expressed in momentum space,

2
(self) __ 4, 3, 1
EZY = E —260(2@3 /d k_k:2 ) (1.33)

14

Without a momentum cutoff this integral is divergent. However, this term does not
imply any kind of coupling between the dynamical degrees of freedom, in fact, it can
be eliminated by renormalizing the rest mass of the charge carriers. The coupling of
sources to the radiation field is accounted for by the last term in (1.30). In a more
general form this coupling term can be written also as a spatial integral of a Lagrangian
density,

L. = /d?’rﬁc = /dSrj(r,t)A(r,t) : (1.34)

which, by using the definition (1.2b) of the current density, reduces to the form given in
(1.30). In any way, the coupling of currents and radiation demands the use of the vector
potential in order to describe the electrodynamics within the Lagrangian formalism.
Note that this Lagrangian form assumes that the Coulomb gauge is used and thus

VA(r,t)=0. (1.35)

The Lagrangian (1.30) can be verified by showing the equivalence of the corre-
sponding Euler-Lagrange equations with the Maxwell-Lorentz equations. In the first
step, let us derive the equation of motion for the motion of charges. The canonical
momentum associated with the position r, is defined by

oL
o,
One can show that the term in addition to the kinetic momentum m, r, is just the mo-

mentum associated with the longitudinal electric field generated by a charge ¢, in the
positionr,, i.e,,

P =myr, + qA(r,, 1) . (1.36)

eo/dg‘r E|(r,t) x B(r,t) = ¢, A(r,, 1) . (1.37)

Note that the canonical momentum differs from the kinetic momentum m,r, of the
particles. The total time derivative is

: . d :
By = iy + s Al 1) + (1Y) AR, 1) (138)
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which must equal to

8L 8 qu .
=¢@— |- g _— 4+ r1,A
or, qy o ( ) Imeo r#\ r, (ry,t)>

v

= —@,VU(r,) + ¢ (i, V)A(r,, 1) + quit, x (V x A)(r,, 1)), (1.39)

from which follows

muf'y = —qv (VU(rV) + %A<ru7t)) + QVI.‘V X (V X A(ruyt)) = qy<E + v, X B) ) (140)

that is, the Lorentz force acting on charges is recovered. In the second step, let’s de-
rive the wave equation for the vector potential. The canonically conjugate variable
associated with the vector potential components A;(r,t) is defined by

_OL
0A;

Hi = EOAi = EoEL . (141)

The right-hand side of the Euler-Lagrange equation (1.28) involves a differentiation
with respect to the spatial derivatives of the vector potential, which appear in the term

(V X A)2 = (82143 — 83142)2 + (83141 — 81A3)2 + (81A2 — 82A1>2 . (142)
It follows that
9L 94— oAy (1.43)
a(0;A;) T T '

On assembling the terms of the equation (1.28), one obtains
2
e0*’41' = ]z + % Z 8]2(8JA1 — @A]) = ]z + EQCQAAi s (144)
J
which gives the same wave equation for the vector potential as we got in Eq. (1.23).

1.2.1 Gauge transformations of the Lagrangian

Finally, for the sake of completeness, we present that gauge transformations of electro-
dynamics (1.18) can be translated into the transformation of the Lagrangian £ = L+ £,
with

Ly =j(r,t)VF(r,t)+ p(r,t) OFéz,t) : (1.45)
which is
Ly =V (j(r,t)F(r,t)) + % (p(r,t)F(r,t)) — (Vj(r,t) + w> F(r,t), (1.46)

the some of a full divergence and a time derivative since the last term vanishes by the
continuity equation.
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1.3 The minimal coupling Hamiltonian

The independent degrees of freedom cannot be readily seized in the previous picture
based on the Lagrangian in real space. The reason is the relation VA = 0 which leads
to a constraint among the components of the vector potential in adjacent positions.
One has to move into the reciprocal space where the Coulomb gauge condition is local,
kA = 0. The Fourier transform of the Lagrangian gives

L, 3. PP
L:le:gmyry—/k dke()?

—l—eo/ d°k [A* AR A -A} +/ Pk[A* - j+5 A . (147)
k>0 k>0

For each point k in the reciprocal space, there are two independent components A, (k)
of the vector potential A(k). The corresponding directions e, (k), being called the polar-
ization, are mutually orthogonal and both are perpendicular to the local vector k. With
each of the independent variables A, (k), where A\ = 1,2 and k is in the positive half
space, one can associate a canonical momentum

I, (k) = e Ax (k) - (1.48)

Going back to vector notation, II(k) = >, _, , ex(k)IIy(k).
Now, the Hamiltonian can be obtained by the Legendre transformation,

H=> p,i,+ / d’k [HA* + H*A} — L, (1.49)
» k>0

and by eliminating the velocities. This canonical method leads to the so-called minimal
coupling Hamiltonian,

1
H=Y ——[p,— A + Veou + Hr | (1.50a)

2m,,

where the radiation field Hamiltonian is

Hp = ¢ / d*k [@ + kA A} -l / &’r [E7(r)+2B*(r)] ,  (1.50b)
k>0 €0 2

and the Coulomb interaction is given by Eq. (1.32). This Hamiltonian, describing elec-

trodynamics in the presence of sources without approximations, is the main result of

this chapter.

The quantum theory can now be formulated by the canonical quantization proce-
dure which amounts to imposing the commutation relations on the canonically conju-
gate variable pairs,

[7%,71',]5,/7]'] = ih&,,,,,/ 5@']’ (151a)

and for the field

~

[AA(k),ﬂX(k’)} ~0, (1.51b)
[AA(k), M, (k')} — ihoy ok — k) . (1.51¢)
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1.4 QED with normal variables

In this last section we introduce the normal variables which allow for the most compact
description of the fields and for the most suitable representation for calculations.

The normal coordinates of the fields can be defined as a linear combination of the
canonically conjugate variables,

L [wAA(m + ink(m] | (152a)
€o

. 1

0310 = 5 [wAA(k) _ %HA(k)} | (1.52b)

where w = ck, and NV (k) is a normalization constant uninteresting at this stage. There
are two independent linear combinations of the two variables and, as one can check,
there is no complex conjugation relationship between «,(k) and «,(—k). Therefore,
the a, (k) are independent variables in the full reciprocal space. From the Hamiltonian
equations of motion for the variables A, (k) and II, (k), one can deduce the equation of
motion for the normal variable!

dn(k, 1) + iway (k, ) = erj(k,1) . (1.53)

i
2¢oNV (k)
This equation of motion reveals the significance of the normal variables of the radiation
tield: each of them corresponds to a harmonic oscillator with angular frequency w,
which is driven by the current.

The normal variables of the corresponding quantum theory derive from Eq. (1.52)
by substituting the vector potential and its canonical momentum by the respective

operators,
d)\<k) = “ % {wfl,\(k) + Z—Oﬂ)\(k)} s (154a)
i1 = [ [wAL00 - L1l (1.54b)

which is the pair of bosonic annihilation and creation operators associated with each
of the normal mode harmonic oscillators. The normalization was set, for later conve-

N (k) = \/2@60 . (1.55)

which leads to a simple commutation relation between the quantized normal variables.

nience, as

'The derivation requires the quantity A (r,)/0.A} (k), which can be read out from the expansion

k>0

1 ikry, * —ikry,
A(r,) = WA;:A/ d’k (Ax(k)ek + A5 (K)e * ) ,

and j(k) = 1/(27)%/% g, &, e~ *rv,
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From the canonical commutation relation Egs. (1.51b) follows that

[ax(k), ax (K')] =0, (1.56a)
(), af, ()] =0, (1.56b)
[dx(k), a§,<k/)] = ik —K). (1.56¢)

The inverse of Eq. (Eq. (1.52)) can be carried out and then the Fourier transform
leads to the vector potential in real space,

A _ 1 3 h ~ ikr ~ T —ikr
Al ) = W/d kAZM,/QWeA (a0 +al e e™) . (157)

1.4.1 Discretization of the space

Instead of using a continuum of modes, it is convenient to introduce a fictitious bound-
ary box with finite volume (L?) and impose periodic boundary conditions on the mode
functions so that to discretize the Fourier expansion. Physically, this construction does
not lead to any noticeable modification of the results provided the minimum frequency
Wmin = 2mc/ L is much smaller than the resolution of the detectors in the actual physical
setup under consideration. Then we can introduce a discrete set of normal variables

27 3/2
ier = (f> a(k, \) . (1.58)

The discretized bosonic annihilation and creation operators ay » and &L ,, obey the
commutation relations

|:dk,/\a &L,,\/} = Ok Ox N (1.59a)

[&k,/\v dk’,)\/] = [&L)\, dl]L(’,)\’:| =0. (159b)

The quantized vector potential, electric and magnetic fields read

~ h ~ ikr A~ —ikr
A(I‘,t) = Z A/ me)\ (ak7)\(t)€ k + aL/\(t)e k ) s (160a)
KA\ 0
" . hw ~ ikr ~ —ikr
E,(r,t) =1 Z \/ 2 3% (ak,\(t)e ke _ aLA(t)e k > : (1.60b)
KA 0
N . hw  k - tkr A~ —tkr
B(r,t) = ZZ \/ 25 o <& <ak,,\(t)e kr _ aL)\(t)e k > : (1.60c¢)
KA\ 0

The energy associated with the transverse field Eq. (1.50b) can be expressed as

! ot ot U
He = 5 ; hw (ak,AaLA + aLAak,A) = ; hw (aLAak,A + 5) . (1.61)
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The 1/2 is the zero-point energy and is an uninteresting shift of the energy in the forth-
coming theory. One can check that the Heisenberg equation of motion for the field
amplitude operator Gy ) renders the free evolution part of Eq. (1.53),

d.

L. o
Eak,,\ = ;L”L [ak7)\,HF] = —zwak,A . (162)



Chapter 2

Atom model and dipole interaction
with the field

In the previous chapter the canonical quantization procedure has been performed, and
we arrived at the minimal coupling Hamiltonian without any approximation (apart
from the labeling of charges which is not appropriate in general for quantum fields
representing the charge carriers).

2.1 Dipole approximation

By “atom” we will mean a cluster of charges kept together by the Coulomb attraction
between the nucleus and the electrons. To label the charges, in the following, we will
split the index v to two parts: v — A,i4, where (i) A labels which atom the charge
belongs to, and (ii) ¢4 labels the charge within the atom A. Then, we will assume that
the size of the atom (being in the range of the Bohr radius, 0.5 A) is much smaller than
the characteristic length scale on which the vector potential varies noticeably, i.e., is
much smaller than the typical wavelength of the excited normal modes (the radiation
wavelength, 100 nm. .. 1um in optics). Therefore, in each clusters, the vector potential
will be considered in the position of the atom r,, (center-of-mass position of the charges
in the cluster). This is the dipole approximation. The minimal coupling Hamiltonian is
approximated by

pl 1 Gis9j S
H = Z {Z QmjA Z;e: 8meg |riAA_j;jA| " ZZA: Eijlf}

TAFTA

S {S ea +22%AA2@A>}

94455
H 2.1
DI, mom — -+ Hy, (21)

r
A#Bia,jB ]B|

where the field Hamiltonian is

o 1
Hy = hw (aLAak,)\ + 5) : (2.2)

k,\

13
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and the vector potential is

~ h ~ ikr ~ —ikr
Aat) =Y, /meA (ak,,\(t)e kea ol (f)e A) . (2.3)
k,\

The expression in the first line seems to properly define an atomic Hamiltonian. How-
ever, there are several problems with this approach. First, when separating the canon-
ical momentum associated with the center-of-mass position 4, one gets the canonical
momentum instead of the kinetic one which is the observable quantity in the labora-
tory. Moreover, there is a potential acting on the center-of-mass motion represented by
the second term of the second line, which exhibits a weird behaviour: its mean value
does not vanish in vacuum, it is even divergent without a cutoff in momentum space.
Finally, the last line contains the scalar potential which amounts to an instantaneous
dipole-dipole-type Coulomb interaction between remote atoms.

2.1.1 Unitary transformation into the length gauge

In order to properly define the atomic part of the Hamiltonian, we will transform into a
gauge other than the Coulomb gauge. This is the electric dipole gauge (sometimes called
the “length gauge”), which is connected to the Coulomb gauge and to the minimal
coupling Hamiltonian by the unitary transformation

l N .
T = exp {—ﬁ > dAA(I“A)} = exp {Z > Biaabior — 5k,)\,AaL)\} , (24
A

A kA

where we have introduced the atomic dipole moment operator

da=> ai,bi,(t), (2.5)
TA
and the shorthands
Braa = i— 221 i cand B = > Brra - (2.6)
A Yeohioon L3 S Tl

All operators O associated with a physical quantity have to be transformed as
O' = TOT' and, simultaneously, the states |1/) of the system have to be transformed
as T'|1), then we get an equivalent formulation of the problem giving the same mea-
surable quantities. Let us survey how the physical quantities relevant to the electrody-
namics problem transform. With regards to the charged particles, note that 7" contains
only position operators r;,, therefore it commutes with all the positions and r;, = r;,.
The same applies for the transform of the vector potential, A’(r) = A(r), since A(r)
commutes with A(r4) everywhere in the real space.

For the momentum operators, the effect of the similarity transformation is a dis-
placement, i.e.,

IA);A — e—%infiAA(rA)f)Z,Ae%inmAA(rA) =pi, + inA(rA) . (2.7)
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The velocities transform as

. . 1 . P
vV, =TV, T" = mMT [Di, — @i, Alrg)] TT = m; , (2.8)

that is, the canonical momentum p,, coincides with the kinetic momentum in the
length gauge.
The bosonic operators are also displaced,

ay \ = T ax\ Tt = k) + Bra (2.9)
afl,=Tal T =al, + 5L, . (2.10)

where Sk » = >, fxra. As we mentioned the vector potential is invariant, so is the
magnetic field because

B'(r,t) =V x A'(r,t) =V x A(r,t) = B(r,t) . (2.11)

On the other hand, the transverse electric field vector transforms non-trivially,

=iy

= EL ZZ Ovek)‘<ek )\dA) |: ik(r—r4) +e —ik(r— TA):|
A kA

V kok 1
—E.i(rt) — P (1- 22X
1(r,1) (2#)3/ < k? > 2¢V

=E,(r,t)— —Z(n r—r (t)dat), (2.12)

€0 n

Vek,A |:(dk,A + 51(7,\)6““ _ (&L/\ + ﬁL)\)e—ikr]

Z dy(t)e krallehkr ¢ e

where we used the definition in Eq. (1.13). The physical meaning of the transformed
transverse electric field can be revealed by introducing the charge density in the dipole
approximation. The charge density, starting from its definition, can be approximated
as

Z Z qZA rlA —TIa (t))
A=Y g, (VO —ra(t) = =V ) dad(r —ra(t)), (2.13)
A ia A

where we assumed that the coordinates r;, are taken with respect to the origin defined
by the center-of-mass coordinate r and are thus small. The above approximation can
be performed, for example, in the reciprocal space,

1 3 zk(ri +ra)
p(k,t) = (2m)3/2 /d rp(r ZZQM 3/2 AT

~ 1 ; —ikr 1 —ikr
NZZ%WQ—ZkrM)e A= —ZA: Grrikdac M 2149
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One can thus introduce the polarization density within the dipole approximation of
atoms,

ZdA S(r—ra(t)), (2.15)
or its Fourier transform
]‘ —ikr
Pk,t) =) WdA(t)e kra(t) (2.16)
A

The charge density fixes only the longitudinal part of the polarization field, however,
with this choice the last expression in Eq. (2.12) can be recognized being equal to

E| (r,t) =E,(r,t) — %PL(r,t) : (2.17)

With this result, one can find the transform of the displacement field,

D (r,t)=TD,(r,t)T" = ¢,TE,(r, )TT+TPL —E,(r,t)

= Z \/ 26Ovek,\ Q, \e'kr — alt Ae_““r , (2.18)

that is, in the electric dipole gauge the dlsplacement field is the canonical conjugate
momentum to the vector potential. The displacement vector is a purely transverse

vector field
VD(r,t) = V(eE(r,t) + P(r,t)) = p(r,t) — p(r,t) =0, (2.19)

i.e., there are no free charges other than those composing the atoms.

2.1.2 The dipole Hamiltonian

After having calculated the unitary transform of the relevant physical quantities, now
we can find the Hamiltonian in the new gauge, and express it in terms of the same
variables {CALK X dL yoTig, Piy } The Hamiltonian transforms differently from the other
physical quantities, H' = THT' + ih%-T", so that the Schrédinger equation remains
invariant in the new picture. However, the unitary transformation 7" in Eq. (2.4) does
not depend explicitly on the time, so this last term vanishes.

As we saw previously, the kinetic energy term of the Hamiltonian transforms as

L (b~ gy A(ra))? — P
2m pZA qZA A QmiA .

The Coulomb interaction, depending only on the position of charges, is invariant. The
radiation field Hamiltonian, on the other hand, transforms essentially:

(2.20)

1A

Hy=THpT" = ka{(akx"‘BkA)(akk"‘ﬁkk) ﬂ

= Z huw (ak )\Clk)\ + ) Z Z A/ 260Vek AdA Clk AelkrA dL NG —ikra

* Z Z hwkﬁlt,xﬂk,,\ . (221)

AA" kA
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The first term counts the photons of the radiation field, the second term describes the
interaction between the atomic dipoles and the radiation field, and it can be written in
terms of physical quantities as

Hap = daD' (ra,t) . (2.22)
A

The last term, when A = A’, gives rise to a dipole self-energy of the atoms, analogously
the Coulomb self-energy of charges. The remaining summation over the pairs A # A’
can be further transformed as

Z h ek /\dA ek /\dA/) eik(rA—I‘A/)
2€0hka

1
260(271’ / (Z QZArZA> (
'k[(rAJ"riA)_(rA"i_riA/ )]

1 1 e
= e gy | dada d0ra —ra) - ZZ%%// =

(P

1A Ty
1 1 ION,
——>dada d(ra —Ta 4 2.23
" 2 (2m)3/2 404 (ra —ra) ZZ dmeg [(ra+1i,) — (ta +15,,)| (2.23)
i iy

On passing from the second to the third line, we made use of the neutrality of atoms,
> i, @is = 0. Inthe final result, the second term cancels the part of the Coulomb interac-
tion Vo which describes the instantaneous Coulomb interaction between charges in
different clusters. Therefore, the only remaining interaction between remote atoms
is the one mediated by the transverse displacement field which coincides with the
transverse electric field outside the charge clusters. Therefore, the interaction be-
tween atoms in this new picture manifestly obeys the causality. The first term is non-
vanishing only if the atoms overlap, and it is called the contact interaction between
atoms.
In summary, the dipole Hamiltonian in the length gauge is obtained,

P; qi 4 If self
H A AdJA Ese +
S|t ¥ e Y

1a<ja
+Zh¢u<ak/\akA+ )+ZdADJ_ ra,t) +

The argument of the first summation is what we call “the atom”. We will not need
the detailed description of it since, in the following, we will use only a phenomeno-
logical description of the atom based on obeservables quantities, such as the resonance
frequencies, the linewidths, etc.

1
> PRCmE /ZdAdA, S(ra—ra). (2.24)
A<A

2.2 Two-level atom

Let us assume that only two energy eigenstates are relevant in the system. The internal
dynamics of the atom can be restricted to the subspace spanned by the ‘ground’ state
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|g) and the excited state |e). These energy levels are separated by the energy E, — E, =
hw 4. The internal structure of the atom appears in the coupling to the electromagnetic
field via the dipole moment which is projected onto the reduced electronic space as
follows,

d = (l9) (gl + [e) (el) d (|9) {g] + le) (e])
= (gl d g} |g) (g + (el d e} [e) (e] + (g| d e} g} (e] + (el d|g) |e) (9] (2.25)

The matrix elements can be evaluated in coordinate representation,

dy = (i|d|j) = —e / dr (0)r () (2.26)

where, for simplicity, we considered a single electron atom. Since the inversion is
a symmetry of the atomic Hamiltonian, the energy eigenfunctions have either even
parity, ¢;(r) = ¢;(—r), or odd parity, ¢;(r) = —¢;(—r). In either case they obey
|0i(r)|* = |wi(—r)]?. Therefore, for the diagonal elements i = j, changing the inte-
gral variable r to —r in Eq. (2.26) leads to a change of the sign of the integral. This is a
volume integral which must be independent of such a change of the variable, that is,
the integral is zero. Dipole transition can exist only between states with different parity. The
corresponding matrix element, the induced or transition dipole moment, d,, = (e|d |g),
describes the transition strength, and can be derived from the theoretical energy eigen-
states of the atom, according to Eq. (2.26). It can be chosen real, i.e., d., = dg, by
properly adjusting the phase of one of the electronic states. Later we will express the
transition dipole moment in terms of the natural linewidth of the given transition,
which is an experimentally observable quantity.

2.2.1 Pauli spin operators

There are four operators forming a closed algebra in the space of the atomic internal
degree of freedom: |g) (gl, |e) (e|, |g) (e|, and |e) (g|. Note that |g) (g| + |e) (¢| = 1, ex-
pressing that we consider only the two-level subspace. It is convenient to introduce
the Pauli operators,

o =|g) el ,
ot = le) ol
7. = 5 ) (el = lo) ) 2.27)

which obey the commutation relations,

[0, O'q = —20, (2.28a)
l0,0.] =0 (2.28b)
[UT,UZ} = —of (2.28¢)

This is the same algebra as that of a spin-1 particle. The operator o is referred to as
the polarization, and o as the population inversion, or briefly, as the population. The
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Hamiltonian associated with the internal degree of freedom of the atom is given by

hew a

Ha = hwao, = hwao'o — - (2.29)
where the last constant can be safely neglected.
Dipole coupling
The dipole moment operator can be expressed as
d=d. (c+0') . (2.30)

The dipole interaction term of the Hamiltonian takes on the simple form

Hin = 0D g (alop ™ = arpe ™84 (o + 1) (2.31)
kA

| w
gk’)\ = me)\deg . (232)

The free field mode and the free atom evolves at a frequency w and w,, respectively.
The coupling is significant if these frequencies are nearly resonant. That is, both fre-
quencies fall in the optical range of the electromagnetic spectrum, w ~ 27 10* s~!. By
contrast, their interaction yields the atom-field coupling strength gi » which is typically

with the coupling constant

around 10° s™!, much less than the optical frequencies. Two of the terms in Eq. (??) os-
cillate with angular frequency w — w4, the other two oscillate with w + w,4. While the
former can be comparable with the frequency characteristic of the atom-field coupling,
the latter is definitely many orders of magnitude larger. The corresponding counter-
rotating terms, aTdL , and oay )y, strongly oscillate during the period of time needed for
the atom-field coupling to result in a noticeable evolution, and averages out. Neglect-
ing these terms oscillating with the double of the optical frequency is the rotating wave
approximation (RWA). The final form of the interaction Hamiltonian is then

B = i3 gion (afy0e R — ol R (2.33)

int
k,\

The physical meaning of the two terms is obvious: the first term describes the emission
of a photon while the atom jumps from the state |e) to the state |¢); and the second term
corresponds to the absorption of a photon while the atom jumps up from |g) to |e). One
can check that the dipole potential in Eq. (??) leads to the same interaction Hamiltonian
as in Eq. (2.33) in the rotating wave approximation.

One might think that the fast counter-rotating terms express unphysical processes,
such as the atom emits a photon while stepping from the ground to the excited state,
and reversely. These processes, though strongly suppressed by the large energy mis-
match, are real and manifest themselves in observable effects, such as the van der
Waals interaction between two ground state atoms. It is a fourth-order process in-
volving two times co-rotating and two-times counter-rotating interaction terms.



Chapter 3

Spontaneous emission

In this chapter we will discuss the interaction of a two-level atom with the entire set of
electromagnetic radiation modes being in vacuum state. This interaction is fundamen-
tal and cannot be eliminated from the system. In principle, the vacuum state should
be replaced by the thermal state, however, at room temperature the population in the
modes with optical frequency is practically zero: kpT/hw =~ 1072

The atom will be assumed immobile, and due to the translational symmetry of the
system, its position can be assumed the origin, R4 = 0. The Hamiltonian of the system
is

H = hwpo, + Z hwk)\aL/\ak,)\ + iﬁz g\ <GL/\U — aTak,,\> . (3.1)
kA k\

Let us go into interaction picture with respect to the free atom and free field Hamil-

tonians H 4 and H;,qs, respectively. The fast oscillation is separated,

CLkA(t) = CNLk,)\ (t)e_iwk’)‘t

ot) =(t)e ",
and o, is the same in both pictures. In the following we will drop the subscript of wy »

and we will tacitly mean by w the angular frequency derived from usual dispersion
relation w = c|k|. The Hamiltonian in interaction picture

Hi =iy gon (a;@ei(w—wﬁ — 5l Ae—“W—wW) . (3.2)
KA

The equations of motion for the system variables derive from

fo- Lo |

and read
%dk)\ = gk,A&ei(wfwA)t ; (3.3a)
d )
- ~ —i(w—wa)t
dta = ; gk7,\20'zak7)\€ A s (33b)
d . .
0= ; gir (@l p e 4 Flag e ilemant) (3.3¢)

20
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The equation for 61 is obviously the Hermitian adjoint of that of the operator . This is
a set of coupled, nonlinear equations which cannot be directly solved.

3.1 Free field and source term in normal order

The first equation of Eq. (3.3) can formally be integrated,

t
e\ (1) = e (To) +/ gk,,\(}(t/)ei(w_“/*)t'dt/

to

t—to )
= Elk7)\<t0) + / gk7>\c~7(t — T)@Z(W_WA)(t_T)dT . (34)
0

The first term is the solution for the free radiation field, the second one corresponds
to the field radiated by the atomic dipole. Note that, although dy () commutes with
the operators o, the above terms, separately, do not. One must be very careful with
operator ordering when the above formal solution is substituted into ax (¢). In the
following we will chose the so-called normal ordering, in which creation operators (o,
a') stand on the far most left, and annihilation operators (o, a) stand on the far most
right. This is a good choice since the field state is in vacuum, and the effect of the
operator day () on the state |0) can evaluated: it gives zero. Similarly, (0| CNLL L (to) = 0.

3.2 Markov-approximation

Let us use the formal solution in Eq. (3.4) to rewrite the equations of motion for the
atomic operators:

t—t
0

d 0 ,
E& = E 912<,>\/ A7 20, (t)5(t — 1) e~ Wmwal
I\

+ ) g 20- (B a(to)e @4 (3.5a)
k,\

to

d t- | |
—0: == > gin / dr (51 (1)5(t — 7) e =T L 51 (1 — 7)5 (1) eilmwT)
k) 0

=) gk (67 (B)alto) e 4 al (tg)a () €))L (3.5b)
k,A

In both equations, the first line expresses the effect of the electromagnetic field radiated
by the dipole back on itself. We will invoke the Markov approximation to simplify these
terms. In the second lines the terms have a zero mean, since the operator ay »(Zp) on
the far most right, or the operator dL’ ,(to) on the far most left, acts on the vacuum state.
These are quantum noise terms

() = ng,A 20, () (to)e ") (3.6a)

k,\
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ng (51 (#)alto) e @ 1 Gl (ty)5(t) ei@a)t) | (3.6b)

originating from the vacuum field surrounding the atom, and their properties will be
discussed below.
For calculating the first terms, it is convenient to replace the summation by an inte-

gral
S (B) Jwg () [ [ s

Kk
ng,\ 167r3eoc3h3/ dww? / dgb/ d@smez e,\deg , (3.7)

where 0 and ¢ are the usual Euler angles of the wave vector k. The sum over the
polarization can be eliminated by using the relation

A2, = (eadey)’ + (kdeg)? /k* =) (exde,)” = dZ, (1 — cos® ) . (3.8)
A A

Note that if the argument in the summation a function depending only on the modulus
of k, i.e., |k| = cw, but not on its direction, the angular integrals can also be evaluated,
which results in

2 fe'e)
S f) = fomsits [ et 39)
e 1673egc3h3 Jy

Now we can see that the first terms in Eq. (3.5) contain an integral over the field
mode frequency w, and a temporal integral accounting for the dipole polarization in
times prior to the actual time ¢. On changing the order of the integrals, one gets a
broadband frequency integral,

/ dww? X7 ~ 0 foranyr #0 . (3.10)
0

More precisely, one can introduce the notion of reservoir bandwidth ) into the integral,

3 .
6) sin Q71 (3.11)

Q
/_Q dw’ (wa +w')3 et =20 ( wa — ZE -
which has a finite support of the size 7. & Q~'. Since the reservoir bandwidth is far
larger than any other dynamical frequencies of the system in interaction picture, 7.
amounts to a too short time scale for the system variables to noticeably change. There-
fore, the double integral has contribution only from a very small vicinity of 7 ~ 0.
The Markov approximation consists in neglecting the variation of the system variables
o(t), o.(t) in this short period of time around ¢, and replacing the upper bound of the
integral, t — ¢y by oo. Then the system variables can be taken out of the integrand, and

—O’—ngAQUZ ) (t /dTe“MA +£(1) (3.12a)
0
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d o0 ' o ‘
Eaz = — kz)\gi/\ (5T(t)5'(t) (/O dTel(wwA)T> + 5’T(t)5'(t) </0 dTez(wwA)T)>
- (02(” + %) > gia ( / ) dre“‘“’/*’f) +E(t). (3.12b)
kA -

o0

In these equations the system variables occur only at the actual time ¢, i.e., there is
no memory effect, and this is why the name ‘Markov’ approximation. In fact, the
radiation field modes store the history of the evolution for an extremely short time,
which is called the reservoir correlation time scale (7.).

The 7 integral can be carried out by using the identity for distributions:

/ dre e = P
0
1

o—o; denotes the principal value integral.
In the Markov approximation, the equations of motion for the atomic operators can
tinally be expressed as

+ mé(w —wa) , (3.13)

W — WA

where P

0= (~iA = 7)5 + €, (3.14a)
P A (3.14b)
dto—z - 7 O-Z 2 zZ M
where
=7 gead(w—wa), (3.15a)
kA
92
A=PY —2 (3.15b)
Ky T WA

the natural linewidth (half width at half of the maximum) and the vacuum-induced
light shift, respectively. This latter is an uninteresting shift of the frequency since the
physically observable frequency of an atomic transition already contains the vacuum
shift. That is, the bare atom frequency w4 should be renormalized so that it incorpo-
rates A and provides the real, measurable frequency'.

3.3 Spontaneous emission rate

The parameter +, besides expressing the natural linewidth, gives the rate of sponta-
neous emission of an excited atom into the vacuum. On taking the quantum mechani-
cal average of Eq. (3.14b),

d 1
pr (0,) = —2v <<Uz> + 5) , (3.16)

'The vacuum induced light shift is manifested in the atomic spectrum when considering the difference in the
shifts of different excited states. For example, the lift of the degeneracy of the 2s and 2p states in hydrogen, the
Lamb-shift, is an important QED effect.
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and considering an excited atom as the initial condition, (o,(ty)) = 1/2, the solution is

1
(o:(1)) = —5 + e 07, (3.17)
which is an exponential decay to the ground state (0,(c0)) = —1/2. The decay rate v,

defined in Eq. (3.15), can be evaluated by using the integral form in Eq. (3.7),

UJAd 2m
vy=m 167r3(—:oc3h3/ dww/ dgb/ dfsin (1 — cos? 0)6(w — wy) (3.18)
which leads to
3 72
_ Wl (3.19)
6rcdegh

This is one of the fundamental results of quantum electrodynamics. Note that this
expression permits us to express the transition dipole moment d., in terms of the ex-
perimentally observable natural linewidth .

3.4 Quantum noise correlation

The operator equations in Eq. (3.14) include dissipation, i.e., the terms associated with
spontaneous emission, and quantum fluctuations. These latter can be characterized by
the two-time correlation functions (£(¢1)¢7(t)). We can directly calculate them from
the definition,

(E(t)EN (L)) = Z Z Gragio e T WD (6 (¢ )\ (to)al (o) o (t2))

kA kN

= > g g ()0 (1)
kA

+ Z Z Gupgi e et @ ey (1))al, | (to)dwa(to) o (L))
kA k/,\

= 47(0:(t1)0:(t2))0 (11 — t2)
+ Z Z gk,Agk/,Nefi(wwA)tl6i(wl7m)t24< [Uz(tl), &L,,v (to)] [ax\(fo), 0-(t2)])  (3.20)

k) kN

The evaluation of the commutators in the last line is not trivial because the operators
are taken at different times. We can express ax \(to) in terms of the field amplitude at
time ¢, by using the formal result Eq. (3.4) ‘backward”:

3" gre @ [y (t), 0 (12)] =

k,\

. ta—to .
e (R A A e
k) 0

(3.21)
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The first, equal-time commutator vanishes, the second term leads to

to—to )
=D gia / ellemellamti=n) 5ty — 1), 0. (t2)] d7 =
K\ 0
This result can be inserted into the correlation function above,
(E(t1)E (t2)) = ¥6(tr — t2) + 77O (ta — 11)O(tr — ta) . (3.23)

The second term is negligible since the support of the J-function is the reservoir corre-
lation time, 7., and 1/7. > 7.



Chapter 4

Dipole radiation

In the previous chapter we discussed the back action of the field radiated by the atomic
dipole on the evolution of the dipole itself. This effect was incorporated in a simple
decay process within the Markov approximation, which leads to a differential equation
for the atomic operators that are independent of the electric field. In the following,
we will calculate the radiated electric field and how this field interacts with an other
dipole.

4.1 Electric field of a dipole source

From Eq. (1.60), the quantized electric field is

. , [ hw ) .
EL(R7 t) =1 Z 260L3 (SHY (ak7,\(t)e kR _ H. C.) , (41)
k,\

which can be separated to free field and dipole radiated field components, according
to Eq. (3.4). The dipole radiated field mode amplitudes are

. . t . ’
aey) = e g / dr'5(t')e' a0 (42)
0

where we transformed back from interaction to normal (Heisenberg) picture, and the
time origin is ¢, = 0 for simplicity. The positive frequency part of the dipole radiated
electric field is

R - —itwat [e%} k o k ) t ] ,
E(+) R.1) = Le / d 3 / do (1= de sz/ dv'& (¢ t(wa—w)(t—t")
dlp( ) ) 260(277'6)3 0 ww k2 g€ 0 U( )6 )
(4.3)
where the summation over the polarization is performed by means of the identity

kok
Zek,,\(ek,\u) = Z(ek,\ oeg)u = <1 - > u, (4.4)
)

A

for arbitrary vector u. Fixing the 2 axis into the direction of the position R, and using
the usual Euler angles 6, ¢ for the wave vector k, the above projector can be written

26
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into the matrix form in cartesian basis

Kok 1 —sin®fcos?¢p —sin®fcospsing —sinfcosb cos @
1— =il B sin?fcospsing 1 —sin?fsin®?¢p  —sinfcosfsin ¢ (4.5)
—sinfcosfcos¢p  sinfcosfsin @ 1 — cos?0

The angular integral fo% d¢ diminishes all the matrix elements containing cos ¢ and
sin ¢ in the first power. Only the diagonal elements survive, however, the matrix is not
isotrope. The 2z element can be picked with the operator R o R, where R. is the unit
vector in the direction of R. Similarly, the zx and yy elements are taken out by the
operator (1 — R o R). Thus, one obtains

(1) i e wat > 5 1
Edip (R, t) = W /0 dww /_ d(COS 0)

1

Lo (1 1 A . ¢
[(1 —RoR) <§ + 5 cos” 0) +RoR (1 - cos® 8)} degeZchose/ de'(...)
0
Z'efiwAt 0o 1
=— dww?® [ d(cos®
Teo(20)208 /0 Www /1 (cosf)
t
[(1 + cos® §) + RoR (1 —3cos? 9)} s / de'(...)
0
,l'e—iwAt 00
= dw w?
deo(2)2C /0 v

82 R R 82 ez’sz _ efikR t .
X [(1+a(sz)2)+ROR(1_3W>:| degT/Odt(),
(4.6)

where the differentiation with respect to ik R appeared to substitute cos § in the poly-

nomials. The broadband frequency integral includes an exponential function,
/ dwwel@a— =R/ o 5t — ' + R/e) (4.7)
0

in accordance with Eq. (3.10). Since ¢’ < ¢, only the — sign gives non-zero contribution.
The differentiation is performed as

D? e e® 2 2
R I 4.8

o2z «x ( z " x2> ’ (4.8)
with z = ik R. Continuing the above transformations,

—twat 0

. 2 2
EVRt)=— [ dow?|1+ (14—
aip (R:1) 4eo(2m)2c2R ), v [ * ikR N (1tkR)?

A 2 2
RoR(1-3(1l-——=++——= }de
Fhe ( 3( Z-kakR)z)) ‘

t
X/ dt/&(t/)ez’(wA—w)(t—t’—R/c)eiwAR/c

0

e—iwA (t—R/c)

a 2¢0(2m)%22R

1 1 N 3 3
[(1_@+W)—ROR(1—E+W)}C1W (49)

/000 dww? 5(t — R/c)2m(wa — w)



28 CHAPTER 4. DIPOLE RADIATION

In this step we have used the Markov approximation to evaluate the double integral
fooo dw f(f dt’. According to Eq. (4.7), the variation of 7 in the time integral can be ne-
glected. &(t — R/c) can be taken out of the time integral and the remaining integral
can be carried out. Because of the retardation, the relevant time ' = t — R/c is now
well within the integral range [0, t]. Therefore, dislike Eq. (3.13) no imaginary part ap-
pears and the real part, the Dirac-delta, is doubled. Note that (¢ — R/c)e"“a(t=F/e) =
o(t—R/c), i.e., the exponential factor just transforms back into normal picture from the
interaction one.

The final result for the positive frequency part of the electric field (the total field is
twice the real part of this)

. 1
ESV(R,t) = —G(R,0,)P™M(0,t — R/c) (4.10a)

dip €o

where P4 (r,t) = d.,0o(t) is the atomic dipole at the position r, being the source of
radiation, and the Green-function was obtained as

kieikAR o 1 1 A 1 1
= 1— 1—— RoR(— — ——
G(R0.0) = = | (1-RoR) (1- 57+ aer ) TR R T R ) |
4.10b)

where k4 = wy/c. The first term in the square bracket presents the tangentially po-
larised part of the field (it is in the xy plane, perpendicular to the axis of propagation),
and the second term gives the radially polarised part of the field. This latter is purely
a near-field decaying fast with the distance kR. The tangential part also has near-field
components present in a few-wavelength vicinity of the dipole source. The propagat-
ing field is a purely transverse spherical wave, and the <1 ~“Ro R) d., leads to the
well-known sin? § pattern of the dipole radiation field in the far-field limit.

The Green-function has an 1/ R? singularity in the origin. Its volume integral in the
full space, however, can be calculated provided the angular part is integrated first,

2
/ dR*G(R,0) = i"—A / dR Re*att

™

(4 am me) 75 (4 )|

2 (e%e] ) 2 ] ) 1 (1+ie)oo )
—Z / d(kaR) kaRe*aR = = { [gei] (9> _ _ / dze™
3 Jo 3 0

1

S (4.11)

When processes in the vicinity of the atom are of importance (and using a gauge bet-
ter describing the atomic length scale), the Green-function, derived above, is comple-
mented by 2/3 §(R) so that the total integral vanish.
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4.2 The resonant dipole-dipole interaction

Let us consider the Hamiltonian describing the interaction of many atomic dipoles
with the electromagnetic vacuum

H= Z thogi)—l—Z hWk,)\aL/\ak,)\—l—Z'hZ ngj& (aLAaie_ikRi - ajaky,\e"kRi> . (4.12)
i kA i kX

In interaction picture

zhz Zg <ak \Tie —ikR; gilw—wa)t agakAeikRie”’(w’“A)ﬁ ) (4.13)

Take an arbitrary physical quantity Q which depends on the atomic operators o. Its
Heisenberg-equation of motion in the interaction picture reads

Q= Q H = Zzgk/\ (a’kA€ KR pilw—walt [ o] — [Q’O_ﬂ akM\eikRiefi(wfwA)t) _
| (4.14)

Substituting the form of ay ,(¢) in which the free and the radiated fields are separated
into the equation of motion leads to

0= 3 r (a0 [Q,0] — [Q,01] anr(0) =)
TE"SY
L A t
+ZZQS)A91(<]2\ <€_lk(Ri_Rj)/O dt'&;(t’) iw-wa)t=t) [ o]
,j kA

t
_ ik(Ri-Ry) [Q,UJ] / dt’(}j(t/)e_i(w_w“)(t_t/))- (4.15)
0

The first term is noise and we do not consider it here. We will deal with only the
second term in the double sum over (i, j), since the evaluation of the first one follows
analogously.

1 L3 ' . .
- Z ! YA 51 dQ E d® d0)eik(Ri—Ry)
— [Q; Uli| 260hL3 (277' 0)3 /dWUJ / . (ekM\ )(ek)\ )6

t
/ dtlﬁ'j (t/)e—i(w—wA)(t—t’)

0

, 1 kok N
— Hd® _— [ quwe? [do (1= d0) kR
Z [Q’U’] d 2¢0h (27 ¢)3 / . / < k2 ¢

0,3

t
/ dt'G;(t)e W) t=t) - (4.16)
0

where R = R; — R;. This is very similar to the form of the electric dipole radiation field
given in Eq. (4.3), since here the effect of the source field originating from the dipole
&, is calculated on the remote dipole &;. Next, we follow the steps of Eq. (4.6). In the
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reference frame with R pointing in the 2 direction, we can first perform the azimuthal
part of the angular integral. Then using the derivative with respect to ik R to replace
cos ¢, the remaining cos ! dependence can be integrated out. We get

L1
—2]: [Q’ Oﬂ d()4eoh(27r)2c3 /dwwg

62 N . 82 ) ez‘kR _ efz‘lcR t ( (et
1 RoR (1- a0 [ gy (e iemwa 1)
K + aumw) +Re ( 33(@‘;@3)2)} kR /0 7i(t')e

(4.17)

Here we deviate from the derivation that led us to the dipole radiation pattern through
the approximation in Eq. (4.9). There, we assumed large enough kR which pushed
the relevant contribution of the double frequency and time integrals from ¢ ~ ¢ to
t' ~ t — R/c, indicating a significant retardation effect. Here the atoms can sit close
enough that during the reservoir correlation time (the inverse of the bandwidth) the
light travels much longer than the interatomic distance. Therefore we need to keep
both ¢**% terms, and we perform first the time integral. It is still true that non-
vanishing contribution to the double integral over the frequency space and over the
time domain originates from the region t' ~ t £ kR. Of course, the variation of 5(t')
can safely be neglected during this very short time and, in the spirit of the Markoff-
approximation, it can be extracted from the integral:

t
/ dt's;(t)e et ~ 5.(1) (—z’P + 7o (w — wA)) : (4.18)
0

W — Wy

The differentiation rule Eq. (4.8) leads us to

3y ; _ 1
" ond ; [Q, aﬂ (d®/d) /dw w? (—sz _—_ + 1o (w — wA))

sinkR coskR sinkR sin kR coskR sinkR\ ~ = -
— — @) /d
I )= (i 5 Gme i) Re R @)
(4.19)

KR (kR?  (RR)?

where we use v = w?d?/(6eymhc?), half of the spontaneous emission rate, and d is the
dipole moment modulus. The complicated expression in the square bracket accounts
for the geometry (the direction and distance between the two atoms (i) and (j)) and the
polarizations. After integrating over w, one gets the form

> [Q, ol } o,d /d (@%(R) - %(R)) a9 /d | (4.20)

The first term in the double sum of Eq. (4.15) results, after interchanging the summation
indices 4, j, in

Yol 10.0a0a (i) - Fiw)) a0 u21)
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On combining these two terms, the evolution of the quantum average of the quantity
Q is given by

Q = —72<<Q030‘j + O'Z]-LU]‘Q - 20-2'-Q0-j>
.3

doz  q)
— i <Q0-20-j - UjUjQ) <E(R)—) - (422)

(1) d@

d

5 (R) S

We took the average so that to get rid of the noise terms involving the free field am-
plitudes ax »(Z9). The first part descibes dissipation by means of the usual terms in a
quantum Master-equation. These terms cannot be embedded into a Hamiltonian for-
malism; they inherently correspond to the irreversible dissipation in the system. It is
interesting to note that the atoms do not feel independent reservoirs. If they are close
enough, i.e., within a wavelength, the decay process is collective. This is the basis for
the effect of superradiance, for example. The dissipative part o belongs to the Dirac-
d(w — wa), and can be readily obtained

= 3 A\ sinkaR PN cosksR sinksR
R)=-|(I1-RoR 1-3RoR — ) 4.2
@ (R) =3 < ° ) kiR +( SR ) (kaR)?2  (kaR)® (4.23)

The electromagnetic field in vacuum state mediates another type of interaction be-
tween atoms, this is represented by the second part of Eq. (4.22), which can be well
incorporated into an effective Hamiltonian:

ddz  dv
Vaip—dip = _72 ol ¥ B (R)ng : (4.24)

The conservative potential part originates from the principal value integral. Let us see
how to perform integrals like

P/dw sin kKt flw) = lP/dfo(x)

W — Wy 21 T — Ty

v [ R >—6_WP/d ). @)
2 A 2i s AN

where f(w) is an analytic function of w (a power functions w, w?, and w? in the specific
cases). Using analytic continuation in the complex plane,

o
Pl = (f /- /) ]
=0-0-— 11&1)@/ dy exp {ieei‘p}f(eew) =inf(0). (4.26)

The other term contains the complex conjugate, from which follows

P / SR ) rcoskaRf(wn) (4.27a)

W — WA
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Similarly,

P / A SR ) = rsin kaR f(wn) (4.27b)

W — Wy
After transforming all terms, the final result is

z 3 .\ coskaR PN sinkqR coskaR
R)==-|(1-RoR —(1-3RoR . 4.2
PR =5 {( °R) TaR (1-3RoR) ((kAR)2 * (kAR)i‘)} (4.28)




Chapter 5

The optical Bloch equations

Let us consider a single immobile atom in the free electromagnetic radiation field. The
atom is driven by a quasi-resonant, single-mode laser field. The laser field amplitude is
not a dynamic variable but a fixed complex number (intensity and phase). The system
Hamiltonian reads

H=Hy+Hp+ Hap | (5.1a)
Hy=Ha+ Hp = hwaolo + ) hwal ax | (5.1b)
k,\
Hap — —ihzgk,/\ <0Tak7)\efikRA _ aLAaeikRA) , (5.1¢c)
kA
Hy, = —dEL (R, 1) . (5.1d)

The laser electric field is
E.(R,t) = €¢(R)EL(R) cos (wrt + P(R)) (5.2)

where the polarization ¢(R), the amplitude £, (R), and the phase ®(R) vary in space.
This is a general description of a single-mode plane wave, including standing waves
(€L(R) = cos(kR) and ®(R) = 0) or propagating plane waves (£,(R) =1 and ®(R) =
kR). In the rotating wave approximation, the dipole coupling term can be written as

Hp = —hQ(R,) (UTe—i(th+¢>(RA)) + Uei(th+<1>(RA))) ’ (5.3)

where the atom-laser interaction strength is described by the spatially dependent Rabi
frequency

Q(R4) = (e(Ra)deg) EL(Ra)/2h . (5.4)

A general laser mode, which is not necessarily a plane wave, e.g. they are frequently
Gaussian modes in the lab, can easily included in this framework by properly defining
the Rabi frequency. The coordinate system will be set to have its origin at the fixed
position of the atom, R4 = 0. We will denote Q(R4 = 0) = Qand ®(R4 = 0) = o.

33
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The Heisenberg equations of motion are

C'Lk,)\ = —iwakA + gk a0, (55a)
o = —iwao — 1200 £ 203 " i sage (5.5b)
K\
= iQ (ofe "Wt — geit) — Z Jie (aTak,,\ + aL/p) (5.5¢)
K\

The vacuum field contribution is eliminated from the dynamics and is incorporated
into loss terms and fluctuations, as it was discussed in the previous courses. These
latter disapper when taking the quantum mechanical average of the operators:

(6) = —(iwa +7) (o) = 2iQ {o.) e+, (5.6a)

, . 1
(6.) = iQ ({c") e WLt ®) _ () it ®)) _ 2y ((@) + 5) : (5.6b)
Let us transform the variables into a frame rotating at the frequency wy, of the driving
laser in order to eliminate the fast oscillation. One gets the Bloch equations,

() = (iA4 —7) (5) — 2iQe ™ (0) | (5.7a)

(o =0 (e = @) ) -2 (1) + 1) 5.70)

where the detuning is A4 = w;, —wa. These are first-order linear differential equations
with constant coefficients, which can be easily solved. Note that the atomic polar-
ization () is coupled to the population (c.). This is the reason why, although the
dynamics is given by first order differential equations, oscillatory solutions, so-called
Rabi oscillations, occur.

There is a customary way of handling the Bloch equations in terms of real variables.
Let us introduce the real and imaginary parts, © and v respectively, of the mean of the
polarization operator ¢ in a frame

u= §(<0_> 61’(th+<1>) + <UT> efi(thJﬂb)) 7 (58a)
1 , A
v = 2—Z((a> elwrt+®) _ <0T> e iwrtt®)y (5.8b)
w = (o,) . (5.8¢)
One gets then
U =—A v —yu, (5.9a)
0= A u—yv—2Quw , (5.9b)
w=2Qu —2y(w+1/2) . (5.90)

Note that the last term of the Eq. (5.9¢) represents an inhomogeneous driving. Then
the solution of the linear differential equation is the sum of the general solution of the
homogeneous part and one special solution of the inhomogeneous part. For this latter,
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a possible good choice is the steady-state, i.e., when © = v = w = 0, and the variables
u, v, w obey the remaining algebraic equation. There is a straightforward physical in-
terpretation of this separation. The solution of the homogeneous part describes the
transient oscillations, decaying with the rate about v, and the system evolves into the
steady state.

5.1 Transient Rabi oscillations

The homogeneous part combines two types of harmonic oscillations: (i) the one with
frequency A 4 due to the detuning between the laser and the atomic frequency, and (ii)
the one with the Rabi frequency between the imaginary part of the polarization v and
the population inversion w, which originates from the laser excitation. Subtracting the
unit matrix times —v from the linear 3x3 Bloch-matrix, the remaining non-trivial part
has the characteristic polinom

N4 AN+ (P + AN+ A% =0 (5.10)

In order to extract the oscillation frequency of the transients, one can temporarily set
the loss rate 7y to zero (small). Then one gets

A=+ Q2 +A%, 0. (5.11)

This is typically the frequency of the Rabi oscillations, i.e., that of the population oscil-
lations of a two-level system driven by an external harmonic field. For non-vanishing
but small v, corrections to it can be derived systematically.

The general case is complicated mixing the Rabi frequency, the detuning and the
loss rate in the real and imaginary parts of the eigenvalues. The equation can be cast
in the form of A\* + p)\ + ¢ with

p=0%+A% —12/3 and ¢ = 7/3(2A% — Q% +292/9) . (5.12)

If @ = (p/3)® + (¢/2)* > 0, then there is one real eigenvalue and one pair of complex
conjugates.

Let us consider the special case of resonant driving, A 4 = 0. Then one of the eigen-
values is —y + 0, the other two are

A=—3y/24+/(/2)2 — P~ —3v/2 +i|Q] (5.13)

where the last transformation assumes 2 > v (strong driving). This means three dis-
tinct frequencies, the central ‘carrier” frequency itself, w;, corresponding to A = 0, and
two sidebands (2 away from the center. This is called the Mollow-triplet. Later we will
discuss the measurable physical signal exhibiting these spectral components.
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5.2 Steady-state solution

The steady-state plays a central role in processes slower than the decay rate . It follows
straightforwardly that the population is

—1/2
st = ) 5.14
T +s 614
where the saturation parameter is
202
= —. 5.15
TN 19

For small saturation (weak laser intensity, Q2 < A% + ~?), the excited state population

is about 0
1 1 s
A

For high saturation, s — oo, the excited and ground state populations are equal. The
steady-state polarization is

(5.16)

—Ay
e = o (5.17a)
Vg = 0 7 (5.17b)

A% 9242027
The mean value of the dipole operator in the steady-state regime is given by
(d) = dey((0) + (o1)) = dey ((u +iv)e “LFP) 4 (y — jv)el@rit)

_ deg @) deg ( —AA
h A%+ 92 4202

Y .
AT 73 N €€ sin (wrt + <I>)>

E.(R4,t)

€&, cos (wrt + @)+

n Y
A% + 7% 4202

deg o} deg ( —AA

h A2 442 4 202 EL(Ra,t — T/4)> , (5.18)
A

The atomic dipole has an in-phase and an out-of-phase component with respect to
the temporal phase of the incident laser field. The proportionality factor is the sus-
ceptibility (for single atoms one often defines it as polarizability). Assuming a fixed
polarization, the tensor character can be omitted and one gets

A2, wa—w+iy

x(wr) heg A +~2 + 202 (5.19)

This is not a linear susceptibility because of the Rabi frequency in the denominator.
Assuming low excitation, s < 1, the susceptibility corresponds precisely to Lorentzian
resonance asa function of the laser probe frequency. That is, the unsaturated atom
can be considered a harmonic oscillator. For high excitation non-linear effects become
important due to the saturation. Consequences of this nonlinearity will be studied in a
following course.
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The work done by the laser on the atom is

dt
deg [0+ 10 — iwp, (u + iv))e @) 4 (4 — i6 4 dwg (u — i)Y EL(Ra, t)
(5.20)

W, = <id) E (Ra,t) =d.,((0) + <&T>)EL(RA,t) =

where the time derivatives vanish in steady-state. Thus,
WL = wr, [2vs cos (wrt + ) — 2 ug sin (wrt + $)] 2h2 cos (wpt + P) | (5.21)
and time averaging over one optical period gives
0?2

TR hwy, 2y {(o'o) (5.22)

WLZMLQUQ:MLzy 3
AA

where the last approximation applies for the weak excitation limit (linear susceptibil-
ity). The clear physical meaning is that the work done by the laser on the atom is
transmitted into the dipole radiation of the atom into the free electromagnetic modes.

5.3 Spectrum: intensity and spectral density

We will study the spectrum of the radiation field radiated by the atom into the free-
space modes. As we have learned previously, the field has a dipole pattern and is
given by

ED(R,t) =no(t — R/c) + ESP(R, 1) | (5.23)
where the second term corresponds to the vacuum noise (from the initial condition),
and the first atom-radiated term includes the Green-function

k% ethaR RoR 1 1 RoR [/ 1 1
= 1- 1=+ +2 — deg
dmegR R? ikaR  (ikaR)? R? \ikaR (ikaR)?
(5.24)
The calculation of measurable spectral quantities involves the correlation function
Ci(t,7) = (EDOR,t +7)ED (R, 1)) (5.25)

Thanks to working in normal order, ESP (R, 1) gives no contribution to the second-
order correlation function C;. We will consider two quantities, the mean intensity /(¢)
and the spectral density Z(w),

I(t) = Cy(t,0) (5.26)
I(w) = % /OO dr e “TCy(t, ) , (5.27)

respectively.

In the steady-state, the correlation function does not depend on ¢. The intensity is
simply n*(o'), which is proportional to the population in the excited state. It can be
split into a coherent and an incoherent part:

I =n*((c") (o) + (05" 60)) (5.28)
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where the coherent part is

1 , I s
?Icoh = |<‘7>|2 = | ((uss + wst)>|2 = Ui + Us2t = 5(1 T2 (5.29)
The incoherent part can be then expressed as
1 1 1 s 1 s I
_Iinco = i - _-[co =3 - = = T 5 - 5.30
hincon = {010) = T leon = S T S A S T 2 e (5:30)

For low saturation, the scattering is dominantly coherent and the intensity of the dipole
emission is proportional to the laser intensity, /;, o 02. For large saturation, the coher-
ent part diminishes and the incoherent scattering is dominant. It saturates and be-
comes independent of the incoming intensity: half of the atomic population is in the
excited state so that the absorption and induced emission are balanced. A photon can
be scattered only after a spontaneous emission occurs.

The coherent part has the simple spectral distribution,

2

Zeon(w) il / dr @7 |(6)|* = Lond(w — wy) | (5.31)

" or

—00
which reflects the spectrum of the incoming laser radiation. The incoherent part is

2 0
L) = 3= [ dree=7 (501 (7)do(0))

2 o]
T dr e “=)7 (557 (1)60(0)) + c.c. . (5.32)

T o 0
This form demands the calculation of two-time averages, which can be accomplished
by using the quantum regression theorem. The Heisenberg-Langevin equations for the
fluctuations of the atomic spin operators, do, = 0y — (0,,), can be written in the compact
form

064(r) = Byybog (1) +&(7) | (5.33)

where B, is the Bloch-matrix, given in Eq. (5.7), and ¢ is the Langevin noise. Now, for
7 > 0, the equation of motion for the two-time average follows,

L {50,(r)50(0)) = 3 By (30 (7)o 0)) (5.34)

since the correlation between a system operator and a noise operator, this latter being
taken at a later time, (£,(7)d0(0)), vanishes. That is, the two-time correlation function
has the same linear coupling as that appears in the Bloch equation. The difference is
that the inhomogeneous term in Eq. (5.7) is missing here, and the initial conditions
have to be recalculated, too. The quantum regression theorem finally leads to the inco-
herent spectrum, which contains the eigenfrequencies given by the characteristic poli-
nomial Eq. (5.10). There are three lines with a finite broadening determined by the
natural atomic linewidth v, and the other system parameters A, and 2. One special
case is the resonant driving which gives rise to the Mollow-triplet Eq. (5.13).



Chapter 6

Light force on an atom

In the following chapters we will set up a Langevin-equation for the motion of the
atom, where the various force terms are derived from the quantum theory for the elec-
tronic degrees of freedom. This chapter is devoted to the general considerations that as-
sist us in the course of a systematic derivation of the semiclassical Langevin-equations
starting from an entirely quantized Hamiltonian problem. As a new feature with re-
spect to the Bloch-equations discussed before, here we consider the center-of-mass mo-
tion of the atom with the canonically conjugate position and momentum variables R 4
and P4,

N2

P
H:ﬁjLHOJFHLJrHAF, (6.1a)
Hy=Ha+ Hp = hwaolo + ) hwal \ax , (6.1b)

k)
Hap = _Z‘thk,,\ <0Tak7)\e*ikf{A - aL)\JeikR/‘> : (6.1¢)
kA
Hy = —hQ(Ry) (aTe*“wLH@(RA)) + ae“wLH‘P(RA))) . (6.1d)

Note that canonical momentum P 4 coincides with the kinetic momentum MR 4 in this
dipole coupling Hamiltonian. The Heisenberg-equation of motion for the position and
momentum are

-1 _OH Py
RA_Z'T“’L[RA’/H]_E)PA =M (6.2a)
P —l[P H]——aH =-VHL+H ):F (6.2b)

The force is defined as the rate of variation of the momentum. In our specific system,
the force operator can be directly expressed from Eq. (6.1) as

F, = hVQ(R,) (O-Te_i(WLt'f‘q)(RA)) + Uei(th+<I>(RA)))

— ihQ(RA)VO(R,)) (of e (@rit?®a)) _ geilortt®®a))) (6.3a)
FAF = hz kgk)\ <0’Tak7,\€7ikRA -+ CLL)\O'eikRA) (63b)
kA
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6.1 Semiclassical approximation

6.1.1 Time scales

Let us survey the different characteristic time scales of the full dynamics.

e Reservoir correlation time 7. < 1/wy; This is the far smallest time scale, which al-
lows for the elimination of the vacuum field modes in the frame of the Markovian
approximation.

e Relaxation time of the atom 7z ~ 1/7; The Rabi-frequency (2 and the detuning
A 4 are typically in the same order of magnitude. These are the characteristic time
scales in the dynamics described by the Bloch-equations.

e Time scale of motion induced by laser photons 7x; = 1/wiee = <%> 1. This
characteristic time stems from the kinetic energy gained by the atom in a single
laser photon absorption process. Therefore, photon scattering induces transitions
between quantized energy eigenstates separated by this quantity.

For Rubidium 7., = 40us, while 7 = 0.05us. That is the internal dynamics is much
faster than the translational motion:

Text > TR (6.4)

This inequality applies for all the other alkalis. On this basis, we expect that the slow
center-of-mass dynamics can be treated within an adiabatic approximation. The inter-
nal dynamics evolves into the local steady-state and corrections to this steady-state can
be systematically produced.

6.1.2 Localization

The center-of-mass motion can be treated classically if the atom is “pointlike” both in
position and momentum space:

AR <\ — kAR < 1 (6.5a)
kAP
v < y (65b)

Taking the product of these inequalities and considering a minimum uncertainty prod-
uct state, i.e. ARAP ~ h, one can see that the necessary condition is
2

hk2
W <7, (66)

which expresses exactly the possibility of separating two distinct time scales, as given
in Eq. (6.4). Note, however, that a sufficient condition is still missing. Morover, even
if at an initial time ¢ = 0 both conditions (6.7) are satisfied, at a later time ¢, for free
motion one has

AP(t) = AP(0) |

AP(0)
M

AR(t) = AR(0) + t 6.7)
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expressing the spreading of an initial localized wavepacket. Localization on a wave-
length scale is maintained during a time ¢ if

kr AP(0)

<L 6.8)

That is, if the wavepacket was localized in momentum space, then, from Eq. (6.7b)
the position localization is maintained for a time 7. For times longer than 7z many
spontaneous emissions occur and the state of the system is described no longer by a
wavefunction but by a density matrix.

The spatial coherence at a position difference d is given by

F(d) = /d3R (R|p|R +d) :/dBPeiPd/h (P|p|P) , (6.9)

where the second equation results from a simple Fourier transform into the momentum
representation. From the normalization of the density matrix p follows that F'(0) = 1.
The coherence length is the characteristic distance |d| in which the coherence function
decays from 1 down to 0. From the basic properties of Fourier transform pairs fol-
low that the narrower the momentum distribution, the longer is the spatial coherence
length. For example, for an atom of mass M being in thermal equilibrium at temper-
ature 7', the width of the momentum distribution is related to the temperature by the
equipartition theorem
AP?

M
and the coherence length is approximately the thermal de Broglie wavelength AR =
A = +/21h? /MkgT.

Let us consider the effect of a single photon scattering event on the spatial coherence

function. The initial state of the atomic center-of-mass wavefunction is

kpT = (6.10)

16) = / FROR) |R) = / PKH(K) [K) | (6.11)

in position and momentum (K = P/h) representations, respectively. The scattering of
a photon of initial wavevector k; into one with final wavevector k¢ is

|K> (%9 |kz> — |K + kz - kf> X |kf> , (612)

where momentum conservation has been taken into account'. This process has an am-
plitude S(k;, ks; K), and the corresponding scattering matrix S can be calculated, for
example, by second order perturbation theory. The scattering matrix S accounts for the
energy conservation. Its dependence on the atomic velocity 7K /M can be attributed to
the Doppler effect. Starting from the initial state of the total system,

W) = [0) @ k) = [ PKEK) @ k) | (6.13)

'Note that this condition is not imposed for atoms being trapped in an external potential. As the recoil following
the scattering is inhibited, the back-action on the state of the atom is suppressed. There are various consequences
of this difference with respect to freely moving scatterers, e.g., the Mossbauer effect.
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the final state is
W) = [ ks [ PR Sk KIS K+ ki k) o k)
:/d3kf /d3K5(ki,kf;K)ei<kikf>Rq3(K)yK>®ykf> . (6.14)

Let us assume that the scattering amplitude depends only negligibly on the atomic
velocity around the mean velocity, S(k;, ks; K) ~ S(k;, ky; (K)). That is, we assume
that the Doppler broadening is negligible with respect to the atomic linewidth ~, in
accordance with the momentum localization condition Eq. (6.7b). Then the integral
over K can be performed,

Wen) ~ /dgkf S(ki, ks (K))e' IR o) @ [ke) = /d3R¢(R) R) ® [xr) , (6.15)

where
IxR) = /d?’ka(ki,kf;(K))ei(ki_kf)R|kf> . (6.16)

The form of the final state in Eq. (6.15) reflects that photon scattering is a quantum
measurement of the position: each component |R) entangles to the photon state |yr)
given above. The probability distribution of the atomic position is not changed imme-
diately after the scattering (the momentum distribution changes, on the other hand).
The spatial coherence Eq. (6.9) reduces,

Fan(d) = / FPROR)G R+ d) (xroal ) = Fuld) (xalxo) . (617)
The reduction factor is
(xal Xo) = / 0k S ks, ks (K))[2etkkd (6.18)

being precisely the Fourier transform of the square modulus of the scattering matrix S.
The modulus of the final photon momentum is about the initial one, k; ~ k;, however,
its direction spans the whole solid angle according to the dipole pattern. Therefore,
in each cartesian direction, the support of the function |S(k;, ky; (K))[? is from —k; to
k;. The Fourier transform has then the bandwidth of 7 /k; = \;/2. Spatial positions
separated by more than half of the wavelength, |d| > )/2, are resolved in a single
photon scattering process. In other words, a single spontaneous photon scattering
reduces the coherence length below half of the wavelength. Without proof, we note
that repeated photon scatterings further reduce the coherence length well below the
optical wavelength. The density matrix becomes closely diagonal, which is equivalent
to a classical statistical mixture of narrow wavepackets. Each of these wavepacket can
be considered as a classical pointlike particle obeying classical dynamics in accordance
with the Ehrenfest theorem.

In momentum representation the density matrix is also closely diagonal. Here the
width of the momentum distribution is related to the temperature by the equipartition
theorem. This is the definition of the temperature in this theory, and experimental mea-
surements are made exactly on the momentum spread. This can be performed, e.g., by
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releasing the atom cloud and measuring the position distribution after a ballistic ex-
pansion.

In the following we will introduce a semiclassical model: the interaction of the ra-
diation field with internal degrees of freedom is described by quantum theory, while
the center-of-mass motion is treated classically. The position and momentum variables
will be classical random variables obeying a Langevin-type equation. Then, these clas-
sical variables will be inserted, as parameters, in the quantum problem describing the
interaction of the electronic degrees of freedom with the laser and the free electromag-
netic field. The validity of this approach can be justified a posteriori, by checking the
position and momentum localization.

6.2 Langevin-equation

Let us consider the following scalar Langevin-equation:

T=p/m, (6.19a)

b= Cpre. (6.19b)

which includes a deterministic force f, a friction linear in velocity with coefficient 5,
and a diffusion process represented by the noise term £(t). This latter is defined by the
moments

(€@) =0, (&) =Dt —t) . (6.20)

Because of the Dirac-d correlated noise, i.e., its Fourier spectrum contains (in-
finitely /very) large frequencies, the At — 0 limiting procedure in the differentiation
of the momentum requires some care. To avoid ambiguities, the noise is defined in the
Ito sense:

B

p(t+At) =p(t) + Ap = p(t) + (f — —p(t)) At + AL(t) (6.21)
where
t+At

AE(t) = / drE(t) | (622)

Its properties are
(Ag) =0, (6.23a)
(p(t)AE) =0, (6.23b)
(AE?) = DAL . (6.23¢c)

The equation in the middle follows from the fact that the variable p(t) can contain noise
contribution originating from the time before t.
Now, one can check that the discrete time step evolution of the average is well-

behaved,
<p<t £ 40 1) >

=724 624)
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that is, one can simply take the average of the differential equation. On the other hand,
this is not the case with the square of the momentum:
P(t+ At) = p*(t) + 2p(t) Ap + Ap?
p

= P*(t) + 20()(f — —p(t)) At + 2p(t) AL+
+(f — gp)2At2 +2(f — %p)AtAf(t) + A&, (6.25)
from which, by taking the average,
<p B (t>> — <2p(t)(f - %p(zﬁ))> +D. (6.26)

As an example, for free motion, f = 0, the momentum square is increased by the
diffusion D meanwhile it is damped by the friction §. In equilibrium (Ap?/At) = 0,

which implies
2
kpT = <p—> b (6.27)
m B

known as the Einstein relation for dissipation and fluctuation.

6.3 Mean force

Obviously, the quantum mechanical mean of the force operator will be identified with
f of Eq. (6.19).

(FL) = hVQ(R4)2ug — IR A)VO(R.4)) 204
G VOQRADAL L QRA)PV(P(RA))Y
A%+ 4207 A%+ 2 + 207

(6.28)

The first term, which is proportional to the real part of the atomic polarizability, c.f.
Eq. (6.19), is called the dipole force. As this is intimately related to the process of ab-
sorption and stimulated emission into one of the populated modes, this is a dispersive
effect. The second term, corresponding to the absorptive part of the polarizability, is
called the radiation pressure? or scattering force.

6.3.1 Radiation pressure

Assume the driving electric field is a propagating plane wave with wave vector k;,

EL(R, t) = EEL COS (th - kLR) s (629)

2This nomenclature should be used with care and only in connection with atoms. In general, by dipole force
one could mean the Lorentz force acting on a dipole, which certainly comprises both the absorptive and dispersive
parts. On the other hand, when illuminating a mirror by light, the force resulting from the momentum change of
reflected photons is often referred to as radiation pressure. This force, however, is related to coherent redistribution
and thus to the dipole force component.
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with fixed polarization. Then the Rabi frequency is constant, Q(R) = €, hence the
dipole force vanishes (VQ2(R) = 0). The radiation pressure force, on using Eq. (5.16), is

202y
A%+ % 4202
which offers a clear physical interpretation: The atom spontaneously emits photons
into random directions at a rate 2y (ofo), each emission having been preceded by the
absorption of a laser photon with the well-defined momentum 7k.

F,, = hk = hk 2y (o'o) | (6.30)

6.3.2 Dipole force

Consider now a laser standing wave,
E.(R,t) = €& cos (k R) cos (wrt) . (6.31)

This wave in momentum space represents two peaks at £7k. It could be composed of
two counter-propagating modes. Photons can be scattered between the two populated
modes by stimulated emission. As the process behind the dipole force is a coherent
redistribution of photons between lasers modes, the force is conservative and derives
from a potential

Faip = —VUap
EA 4 hA (1 20%(R)

Udip(R) = T In (Ai —+ 72 + QQQ(R)) = const. + T In + W) . (632)

For low saturation the logarithmic function can be expanded and one gets
2
Udip(R) = hig(—%
AT
It is very important to notice that the potential is substantially dependent on the de-
tuning. On resonance, A4 = 0, there is no force at all. For A4 < 0, “red detuning”, the
potential minima coincide with the intensity maxima of the electric field. The atom is

, (6.33)

“high-field seeker”, this makes the possibility of atom trapping. In the opposite case,
A4 > 0, “blue detuning” the atom is repulsed from the high intensity regions.

There is an interesting limit of the dipole potential, when the detuning is very large.
Far-off-resonance dipole traps (FORT) are commonly used for long-time capturing and
localization of neutral atoms by laser light fields. The basic idea behind tuning the laser
frequency wy, very far below the atomic resonance wy resides in the fact that the depth
of the trap potential and the spontaneous photon scattering rate scale differently with
the detuning Ay = wy, — wa. The former is proportional to 0%/A, (see Eq. (6.33) with
v neglected in the denominator), while the latter to Q?/A3%. As a consequence, deep
traps can be formed at a reduced level of the recoil noise generated by spontaneous
emissions in the large detuning limit. This scheme of almost conservative trapping
preserves the coherence of the atomic gross motion.

Optical standing wave in three-dimension can be routinely formed by phase-locked
counter-propagating laser fields. This creates a three-dimensional perfectly periodic
potential for the atoms. The system of atoms organized by the dipole potential into
perfect periodic order is called the “optical lattice”.



Chapter 7

Force on a moving atom: Doppler
cooling

In this chapter the mean force on a moving atom will be discussed. The analysis will
be restricted to the case where the atomic center-of-mass is well localized both in real
and in momentum spaces. The position R and the velocity V of the atom will be taken
into account parametrically in the internal dynamics. The same model is used as in
Chapter 5 that introduces the Bloch-equations. The only difference is that the atomic
position is not fixed, therefore the Rabi frequency €2 and the local phase ® vary in time
according to the atomic trajectory. The system Hamiltonian is

H = hwao, + FQ(Ra(t)) (O-Te*i(thJr‘b(RA(t))) + Uez‘(wLH@(RA(t)))) + Hrp + Heoae (7.1)

Due to the variation of the phase, on keeping the definition Eq. (5.8) of the real u, v, w
variables, the Bloch-equations are slightly modified with respect to Eq. (5.9):

i =—(A4+ ®(Rp))v — yu, (7.2a)
b= (As+ D(Ra))u — yv — 2QRH)w (7.2b)
w=2QR)v —2y(w+1/2) . (7.2¢)

This set of equations can be written in the compact form for the vector s = (u, v, w),

— As+d 0 0
$= Bs+n,with B = —(AA—Hi)) —ry —2Q | ,andn = 0 . (7.3)
0 2Q —2y —7y

7.1 Single propagating plane wave

We will consider first a single laser mode which is a plane wave propagating in the «
direction with wave number k. The atomic motion is also restricted to one dimension.
From the definition of the electric field given in Eq. (5.2), the parameters of the Bloch-
equations follow:

Q(Ry4) = Q ,independent of time
O(Ry) = —kr = &= —kvy

46
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and the force is
Fop = hkQ2vg . (7.4)

The characteristic time scale of the variation of the center-of-mass motion is as-
sumed to be much longer than that of the internal dynamics, therefore the velocity
can be considered constant to derive a velocity-dependent force from the steady-state
solutions of the Bloch-equations. The solution is formally the same as the one for im-
mobile atom with the replacement Ay — A4 — kva. This similarity reflects the fact
that, for a single plane wave exciting field, the atomic motion with constant velocity
can be eliminated by choosing a co-moving reference frame and transforming the field
frequency according to the Doppler-effect. More generally, it can be understood that
the atomic velocity, although it does not directly appear in the system Hamiltonian,
has an influence on the internal dynamics (steady-state solution, etc.) via the Doppler
effect. Indirectly, this influence gives rise to a velocity dependence of the mechanical
effect on the center-of-mass motion.

The steady-state solution is

72
st — y 7.5
e (Ayq — kvg)? + 2 4202 7.5)
and the force follows: ,
2vQ)
F,, = hk 7 (7.6)

(AA — k’?)A)Q +’j/2 + 292 ’

which is valid for arbitrary velocity v4. For low velocities, kva < v, A4, (2, the force

can be expanded to linear order so that the linear friction, F’ (1) = —Bv 4 can be obtained.
By using
0 2~0?
IR, =k 7 2(Ay — kua)(—k) (7.7)
0V ((AA—kUA)2+’y2—{—QQ2)

the linear friction force is

s 2vA 4

FW = pj?
rp (T+s)2 A5 +2 Y

(7.8)

where the saturation s = 2Q%/(A% 4++?). Itis very important to realize that the sign of /3
is determined by the sign of the detuning A 4. The so-called red detuning w;, < w4 leads
to friction, i.e., dissipating the motional energy of the atom (cooling). Blue detuning
yields heating of the motion.

The factor depending on the saturation s has a maximum at s = 1. The factor
depending on the detuning also has a maximum. The optimum tuning for maximum
friction is A4 = —v, then the friction coefficient is 8 = hk?/4. The maximum rate of
change for the velocity is determined by the recoil frequency wye.. = hk?*/M, which is
much less than the spontaneous emission rate «. It was thus well justified to consider a
constant velocity while letting the Bloch-equations evolve into the steady-state regime.

One would naively expect that a gas of atoms irradiated by light absorbs energy
and it should heat up in any circumstances. It is surprising that cooling is possible at
all. How is this related to detuning?
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Interpretation of Doppler cooling in terms of scattering

Absorbing laser irradiation means scattering, as depicted in Fig. 7.1. The atom is ex-

ik

hk; f

—_—
\Vf Y

Figure 7.1: Absorption as scattering. The incoming photon carries ik; momentum, the scattered photon
has fik ; momentum. The photon scattering imparts a momentum change M (v — v;) to the atom.

cited from the ground state by absorbing a photon. Deexcitation back to the ground
state happens via spontaneous emission of a photon into a random direction. On a time
scale much longer than the lifetime of the excited state (typically 10-100 ns), this is a
scattering process in which the incoming photon with 2k; momentum is transmitted
into an outgoing photon with 2k; momentum. Accompanying the photon scattering,
the atom undergoes a recoil. The photon scattering is inelastic: the difference in the en-
ergy of the incoming and outgoing photons provides the change of the kinetic energy
of the atomic center-of-mass motion. All this can be included in the following energy
and momentum balance equations:

1 1

]L”Lkl+]\4VZ = hkf+MVf, (79)
where M is the atom mass. Expressing the change of the kinetic energy,

R (k; — k)2
——L—————il-+-h(ki-kf)vi. (7.10)

2m

AEwkin =

Typically the absorption cycle occurs many times during the observation time, there-
fore one has to average the above energy balance equation. The first term is always
positive, that is, it increases the kinetic energy. This is the recoil term responsible for
the naive expectation that light irradiated atoms heat up. The second term, however,
can be negative. Any value different from zero corresponds to a correlation between
photon scattering and the initial velocity. Such correlation can derive from the Doppler
effect, as was discovered by Hansch and Schawlow in 1975. [?].

Let us assume that the atomic velocity fluctuates around zero (a finite mean veloc-
ity vy can be incorporated into the atomic frequency w4 — wa + k;v9. An atom moving
with velocity v_ opposite to the direction of the laser experiences the laser frequency
Doppler shifted at wy, + k;v_. An atom co-propagating with the laser beam with v, ve-
locity the actual laser frequency is shifted to w;, — k;v,. If the laser frequency is detuned
below the atomic frequency, w4 or wa + krvy, the atom counter-propagating with the
laser beam gets closer to the resonance (see Fig. 7.2) and absorbs more likely photons
than the co-propagating atom. In conclusion, the momentum k; and the velocity v; are
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Figure 7.2: Atomic resonance curve at w4 with width 2y and Doppler-shifted driving frequencies asso-
ciated with velocities v_ and v, respectively.

not independent in the actual scattering processes, and on average

The outgoing photon momentum and the initial velocity are not correlated, (k;v;) =
0, therefore in Eq. (7.10) the second term is negative. Moreover it can dominate the
tirst, recoil term, which leads to cooling. The kinetic energy reduction implies that the
outgoing photon must have a higher frequency than the incoming one.

7.2 Single standing plane wave

Two counter-propagating plane waves, which geometry was invoked above, form a
standing wave provided the phases of the two beams are locked. This is not necessary
the case and than the forces exerted independently by the propagating plane waves
can simply be added. When there is a coherence between the beams, in a standing
wave laser field mode, the atom-field interaction is substantially different.

In the compact form given in Eq. (5.2), the standing wave field corresponds to that
there is no local phase, ® = 0, and only the spatially inhomogeneous Rabi-frequency
Q(R4(t)) depends on time. The force now originates from the dipole force,

Fdip = V() 2ust y (712)

which clearly shows the important difference inasmuch as the dispersive part of the
susceptibility u appears in the force.
By contrast to the propagating plane wave case, here the Bloch matrix 5 in Eq. (7.3)

depends on time. Although this specific problem can be solved for arbitrary velocity
with the continued fraction method, we will resort to a method which applies only to
small velocities, however, which is a much more general approach.

As time dependence originates partly from motion, the time derivative is replaced
by the hydrodynamic derivative and the solution is expanded into a power series of

the velocity,
d 0
_ - — <0 1
dt—>at—|—VVand§ sV HsIv4, (7.13)
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1

respectively. Note that s) is a tensor mapping from the 3D space into the abstract

space of the Bloch vector, since all the spatial components of the velocity v, ,, . can have
an effect on all the elements of the vector s = (u, v, w). The Bloch-equation becomes

(§t+vv)( Vb sy ) = B (s sV ) (7.14)

In steady-state the explicit time derivative vanishes, and one gets the hierarchy of equa-
tions to different orders of the velocity v,

0=Bs? +7, (7.15a)

(vW)s® = (Bs) v, (7.15b)

sO=-B"y. (7.16)
This solution is needed to determine the solution in the next order,
sW=B"Wos®=_B'VoBy. (7.17)

In order to avoid the complications imposed by the tensors involved, we will use
this approach in a simplified system. We will consider an atom in the low saturation
regime, s < 1, where the w component can be eliminated assuming o, = —1/2 in
Eq. (5.7a):

(6) = (iAa —7) (6) +iQ(R) . (7.18)

This is a simple linear equation. Physically this is an important limit of the atomic sys-
tem, because it furnishes a microscopic model for linearly polarizable particles which
are ubiquitous in electrodynamics. The commutation relation for the associated quan-
tum operator modifies to

[a, UT] =—-20,~1, (7.19)

i.e., the atom being close to the ground state behaves as a bosonic system, as if the
atom were a harmonic oscillator whose excited states higher than the first one could
be completely neglected.

Now the expansion method can be illustrated on Eq. (7.18) which is exempt from
the tensorial character due to the Bloch-vector. The steady-state in zeroth and first
order read

\(0) —iQ(R)
(o) = - Ay (7.20a)
~\(1) 1 —ZQ(R) o QAA’)/ — 2(72 - A2A>
(o) = AL 7VZAA — = VQ(R) A2+ 22 : (7.20b)
As u = Re(d) follows from Eq. (5.8), the force to first order in velocity is
2A
F{) = 20VQ(R) (uv) = 20VQ(R) 0 VO(R) o —L— v (7.21)
(A% + %)
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For a plane wave Q(R) = Q cos(kR), in one dimension the friction force is

0?2 2A
F = 2hk? sin® kx A7

. 7.22
M7 B 722

The friction is maximum at the nodes of the standing wave, where the derivative of the
mode function is the maximum. On spatially averaging this inhomogeneous result,
one gets back the same linear friction force as the one obtained in a propagating plane
wave. However, this equality holds only for the linear polarizability regime.



Chapter 8

Force fluctuations and momentum
diffusion

In this chapter we will consider the force terms which have vanishing mean value but
give rise to a momentum diffusion process.

8.1 Vacuum field force

The atom, regardless of being laser driven or not, is embedded in the electromagnetic
radiation field. The Hamiltonian accounting for the coupling of the atom to the elec-
tromagnetic modes is

Hyae = —ithkA <0Tak7Ae"kR“ — aL/\ae’ikR“) . (8.1)
K\
This coupling gives rise to a force exerted by the vacuum field. By definition, the force
is

F.,..=—-VHg. =— Z hkgx (JTakAeikR"‘ + aL)\Je_ikRA) . (8.2)
K,

To evaluate the vacuum force, we use the same separation of the vacuum field into
free field and radiated field components as previously in Chapter 3. The Heisenberg
equations of motion for the field amplitudes are

. , —ikR
A\ = —IWEAk ) + G \O€ a4 (8.3)

from which the formal solution follows
.

ax(t) = ax A (0)e ™k + gk,)\/ dt' o (t')e "Ragiwrlt=t) (8.4)

0

On inserting back this solution into the force, one gets two terms,

Foo =— Z hkgx » (UT(t)akM\(O)e*iw’“teikRA + alT(’/\(O)U(t)eiw’“te*ikRA>
Y

t
=S hked, / dt’ (awt)a(t')e*wk(t*ﬂ)+af(t’)a(t)ew<t*t/>) . (85)
K\ 0
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The second term is identically zero since the terms belonging +k annihilate in the sum.
Physically, the field radiated by the atom has no force acting back on it. Thus the
vacuum field force is

Fo..=— Z fik gy <0T(t)ak,x(0)e_iwkteikRA + aL/\(O)J(t)eiw"‘te_ikRA> (8.6)
KA

The quantum mechanical mean value of this force is obviously zero. However, it makes
a huge difference that the operator is not zero, hence there are non-vanishing higher
order moments which we are going to calculate in the following.

8.2 Vacuum field force fluctutations

For later convenience, we assume that there is a dominant carrier frequency w;, and
define the slowly varying atomic operators & and ¢' in a frame rotating with this fre-
quency. Let us study the second-order correlation of the vacuum field force,

(Fuac(t1) 0 Fuac(t2)) = 12> Y ki 0 Ka gicy 0, Gieara
k1,A1 ko, A2

( <5-T (tl)akl,)\l (t(])al%b (t0)5(t2)> ei(kl—kQ)RAe—i(wl —wr)t ei(wz—wL)t2

+ <(~7T<t1)ak1,)\1 (t0)G" (t2)axy s (to)> e/lrthe)Ra g miln—wn)in o milwa—wr)ts

+ <CLI{1,>\1 (tO)a_(tl)a;rcg)\Q (t0)5(t2)> e_i(k1+k2)RAei(W1_WL)tl ei(wz_WL)tQ

(a0, ()5 (1)5 (1) 1, (1) ) €70 KR A gl e«wzwwta) .
(8.7)

In the last three lines, either the operator ax )(%o) is on the far most right or aL J(to) ison
the far most left in the bracket. Therefore all these terms vanish at zero temperature.
In the first line, on using the commutation rule [akl’ A (T0)s aLQ’ 2o (to)] = Ok kyOr; 1y, ONE
gets

(Fuac(t1) 0 Fuao(ta)) = 1* Y “kokgp , (67(t1)5 (o)) e "(rer)ti=t2)
k,\

+ 12 (61 (t)E (t2) 0 £(11)5(L2)) , (8.8)

where

f(t) = Z kgkAak’)\(to)eikRAe_i(wk_wL)t = —lVf (89)

k.

As f1(t,) contains only the operators aL ,(to), its action on the bra state would be zero.
Similarly, f(¢,) is composed of the annihilation operators ax \(to) and it maps the initial
ket state to zero. The problem is, however, that the commutation relation with the
atomic operators & and &' is unknown. This can be calculated with the trick used once
for the calculation of the quantum noise correlations of £ at the end of Chap. 3. Let
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us express the free field operators at ¢ = ¢, from the ones at ¢t = ¢, by propagating
‘backward’ in time, i.e., using the formal solution in Eq. (3.4),

to
ax A (0) = ag(t2)e™ " + gk,,\/ dt’&(t')e’lkR“ez(”’“""”t/ . (8.10)
0

Operators ax ) (t2) and (¢2) commute, since they are at equal times, thus

. . t2 . . /
[£<t1), 5'<t2)] _ Zgk,)\QZkRAe_z(wk_wL)tlgk,/\/ dt' e~ &R pilwp—wr)t [5_(75/)’ 5‘(t1)] T

kA to

-T2 / dt [5(¢), (1)) &)
~ =0ty —t1) [0 (t2) ng)\/ At ¢t wr—wr)(t'—t1)

= _7‘9(t2 - tl) [U(tl)a U(tQ)] ) (811)

where we used the Markov-approximation. This expresses the fact that the noise oper-
ators at time ¢, commute with the system operators at a prior time ¢, < ¢;. By contrast,
at later times ¢, > ¢ the system operator involves the previous noise and then the
commutation relation becomes non-trivial.

Concerning the second term of Eq. (8.8), it follows that

(G (0)E (t2) 0 £(t1)3 (t2)) o O(ty — t1) Oty — o) (8.12)

which is zero except for precisely at t; = t¢,. At his single point the commutator is
negligibly small with respect to the contribution of the first term of Eq. (8.8).
Finally we arrive at

(Fuac(t1) 0 Fuac(ta)) = h* Y _kokgp , (61(t1)5(t)) e "omen)lta) (8.13)
k,\

The summation involves a broadband frequency range, therefore any finite time differ-
ence |t; — to| > 1/Q2p, where ()5 is the reservoir bandwidth, makes the complex phase
factor average out the sum. Again, in the spirit of the Markov approximation,

2/5 0 0
(Fyac(t1) 0 Fuac(t2)) = B°k% v (o'o) 0 2/5 0 |d(t—t). (8.14)
0 0 1/5

This force correlation function with the magnitude D,.. can be identified with the dif-
tusion coefficient of a classical stochastic process. The diffusion coefficient expresses
that the corresponding Brownian motion has a “stepsize” hk4 with a numerical factor
accounting for the projection onto the different cartesian directions, and random steps
occur at the rate of the spontaneous emission, 2y (¢'o). That is the physical origin is
the recoil, accompanying each spontaneous emission event, into a random direction.
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8.3 Laser field force fluctuations

One effect of the vacuum field modes was discussed in the previous chapter. There is
a diffusion of the center-of-mass motion stemming from the random recoil following
a spontaneous emission, and this process is incorporated into the vacuum force term
Eq. (6.3b). This is not all: the noise due to coupling to the vacuum field penetrates
the system variables and therefore the force originating from the coherent laser field
also picks up a fluctuating character. Eq. (6.3a) presents the force due to the laser ir-
radiation, having a linear dependence on the atomic polarization operators o and o'.
Besides the mean value of the laser field force corresponding to the mean polarization,
there is an additional diffusion from the quantum fluctuations of the atomic polar-
ization. The fluctuations are of quantum nature originating from the coupling to the
electromagnetic radiation field in vacuum state, since the system is considered at zero
temperature. The second order autocorrelation function of the force operator involves
the correlations such as (do(t1)do ' (t2)) that can be calculated by invoking the quantum
regression theorem, as it was done to calculate the incoherent spectrum of the dipole
radiation in Sec. 5.3.

Here we will adopt a different, more direct approach which reveals some generic
properties of noise processes. In a frame rotating at the laser frequency, the Heisenberg
equations of motion for the atomic operators read

o= (iAy — )6 —i20.Qe " + E(1) , (8.15a)

6, = —2y(0, +1/2) +iQ (6Te "® — 5¢™*) — E.(1) , (8.15b)
where E(t) = 20, (1)E(t), E.(t) =T (0)E() +ET1)a () | (8.15¢)
with  £(t) = guatua(0)e e et (8.15d)

The properties of the noise term are descibed by the second-order correlations derived
in Section 3.4.

(EEEBR)) =D D> dungan <ak1 x (fo)al, (t0)> e rmwn)hgilea—wn )iz

k1,21 k2,A2
= Zgi,xefi(wkww(trtz) = Y0(t1 — t3) (8.16a)
K\
E@)Et)) =0, (Ft)ENH)) =0, (1)) =0. (8.16b)

The linear Bloch equations can be integrated including the quantum noise, Z(¢) and
=.(t), which represents an inhomogeneous driving term. Besides the decaying ho-
mogeneous part, the general solution is a linear combination of the time integrated
noise. The noise, evidently, does not contribute to the mean value, however, it has a
non-vanishing second-order moment and thus leads to diffusion.

Let us solve this problem in the weak excitation limit, o, ~ —%, where the Bloch-
equations decouple. The polarization obeys a simple linear equation which can be
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integrated as

t t
o = eiBaNlG(0) + iQe® / g 1B A=) (=t _ / ' lib A==t g (1)
0 0

iQe t®

_>_—
iAA—’y

t
— / dt'eBa=D=t) ¢ (1) (8.17)
0

The quantum correlation of the atomic polarization is

t t
— / ! dt// : dt//e(iAA7’}/)(t17t/)€7(iAA+’y)(t27t") <£<t/)€T(t//)>
0 0

t t
_ / Lt / 2dtueu‘m—w(tl—t')e—u‘AAﬂ)(tz—t")Z G el (=)
0 0 ko

t t
_ Zgi,k pliDa=t1 o= (iAA+7)t2 / ' d el—iwr—wa)t’ / ’ dt" eliwr—wa)+r]t"
k,\ 0 0
912< A
_ ) —i(wr—wr)(t1—t2) 8.18
e . :
(wp —wa)?+ 92 ( )

k,\

This result expresses a profound physical effect. Although the quantum noise source
is supposed to be broadband, corresponding to the relevant frequency range of the
vacuum field mode spectrum, the quantum noise associated with the polarization dy-
namics is filtered through its Lorentz-type resonance curve. This latter has a width of
. The argument that the prefactor of the “fast oscillating” exponential is slowly vary-
ing function of the frequency wj, applies only for a frequency range well within the
bandwidth «. That is, the correlation function is strongly peaked around ¢; ~ ¢, only if
the time is resolved on a much larger scale than the natural lifetime 1/. However, this
is still a good resolution for the center-of-mass dynamics which takes place on a time
scale of 1/wyec > 1/v. As a consequence, the correlation can be considered a Dirac-J on
this time scale,

(6(t2)a"(t2)) — (5(11)) (5 (t2)) = 01/5(t1 —12) (8.19)

T
A% 42

where we explicitly indicate the physical ‘width’ of the Dirac-é.
8.4 Diffusion from polarization noise

The dipole force correlation function is

<5Fdip(t1>6Fdip(t2)> = FLQVQ o VQ
<(55T(tl)e—i¢’(RA) + (5(}(tl)€i¢’(RA)) (55T(t2)e—i¢’(RA) + (55<t2)€i¢’(RA))> =
= B*VQ 0 VQ (6(t)5 (1)) = h2VQ o VQNL“&MQ — ). (8.20)
AT
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In a one-dimensional, standing wave laser field, Q(R4) = Q cos krz, the diffusion

coefficient is
2

72 )
Daip = (hkr)*——— krx) . 8.21
aip = (Rkr) Ai+7281H(LSC) (8.21)
This diffusion is responsible for the spread of the momentum square, thus the increase
of the kinetic energy occurs in units of the recoil energy (hik.)?/M per spontaneous
scattering event. This fact justifies again that the characteristic energy scale of the
center-of-mass dynamics is determined by the recoil frequency.
Note that the recoil diffusion in such a laser field is
2 ) 2 2
Drec = g(ﬁk‘A) m COS (kLZE) s (822)
being similar in order of magnitude. However, the two types of diffusion process have
a maximum shifted in space. With respect to the dipole potential in such a laser field,
hAAQ*
the recoil noise is maximum at the antinodes where the excited state population (c'o)
is maximum, while the dipole force fluctuations are maximum at the largest slope of
the dipole potential.
The radiation pressure force correlation function can be similarly derived,

(6F,(t1)0Fp(t2)) = —R2Q2Vd 0 Vb
<(65T<t1)e—z‘¢(RA) B (55’(t1)€i¢(RA)) (55T(t2)6—z‘¢>(RA) _ (55(t2>ez‘<1>(RA))> —

QQ
= B2VD 0 VOO (6(t1)5 (t2)) = W2V 0 VO 5, (1 — t5) . (8.24)
A%+ 72
In a one-dimensional propagating plane wave V® = —k;, thus the diffusion reads
2 Y

8.5 Optical molasses, Doppler temperature

For proper setting of the laser field, the atoms undergo a frictional force damping the
motional energy. The atoms irradiated from a pair of counter-propagating laser fields
from each of the three spatial dimensions form what is called the optical molasses. The
atoms are not trapped in a potential, but move diffusively under the strong viscous
effect of the cooling laser beams. Since the friction is linear in velocity, the larger the
mean kinetic energy, the larger amount of heat is dissipated. This cooling process is
counteracted by the diffusion originating from the recoil diffusion and the one asso-
ciated with the polarization fluctuations. The two processes are in balance at a given
value of the mean kinetic energy. In this stationary situation, by the equipartition the-
orem, the kinetic energy is associated with a temperature.
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Assume the atoms move in one dimension along a red detuned standing wave laser
field. Neglecting the localization around field antinodes, the friction can be approxi-
mated by spatially averaging the result Eq. (7.22),

_ 1 202 2|Auly
= —hk? : 2
P= o e A 1 2 (8.26)
The diffusion coefficient, also spatially averaged, reads
_ 1 2 0%y
D==(1+2)(hk)——= 8.27
5 (142w 527)

from which the temperature, according to Eq. (6.27),

D 7. A%+
= AT 8.28
310 2|y (8.28)

kg Tboppler &
The temperature is limited by the atomic linewidth. This is due to the fact that the
dissipation channel is spontaneous emission. The velocity-dependence arises from
the Doppler effect, finely tuning the resonance of width 7. The optimum detuning
to minimize the temperature is Ay = —v. With this choice the temperature is about
kgToppier = Iy, the so-called Doppler temperature. Numerically,

240uK  Sodium
145K  Rubidium . (8.29)
124pK Cesium

To a large surprise, the measurements yielded somewhat lower temperatures,
moreover, the lowest temperature was obtained at a detuning A4 = —3~. These ob-
servations indicated that there is a mechanism responisble for cooling other than the
Doppler-cooling that we have studied so far. For a better understanding, one needs to
consider the multilevel structure of atoms.



Chapter 9

Polarization-gradient cooling

9.1 Radiation field with polarization gradient

Let us consider the field arising from two counterpropagating, monochromatic plane-
wave modes having orthogonal linear polarizations. This configuration is called
‘lin_Llin". The electric field, to be real, has a positive and negative frequency part,

E(z,t) = £ (2)e @t + £ ()¢t | (9.1)
with the two modes
EM(2) = Epeet*® + e ™ (9.2)

Let us shift the origin of the coordiante space to z — 2 + A/8 for later convenience. The
polarizations are € = ¢, and ¢ = ¢,. For simplicity, the amplitudes are chosen to be
equal, i.e., & = &|. The total amplitude can be expressed in various equivalent forms,

1+ 1—1
EM(2)/E = eg——=(coskz + isinkz) + ¢,——(cos kz — isin kz)
V2 V2
€+ €y . €x — €y .
= coskz —sinkz) +1 coskz +sinkz 9.3a
NG ( ) 7 ( ) (9.3a)
€; — 1€ . €, + 1€
= (1+14) (cos kz Y +isinkz 2. (9.3b)
V2 V2

The expression in the second line shows that the field is linearly polarized in the po-
sitions where coskz = £sinkz. For tankz = 1, which occurs with periodicity m, the
polarization is 6””:/;” , while for 7/2 shifted positions it is 6”% Both directions make an
angle of 7/4 with z and y. In the middle positions, i.e., kz = (n + 1/4)x, the field has
a circular polarization alternatively in the e, directions. These are two basis vectors of

the spherical coordinate system, defined as

1

€+ = —E(
€) = €, , (9.4b)

€ + 1€y) , (9.4a)

(9.4¢)



60 CHAPTER 9. POLARIZATION-GRADIENT COOLING

In summary the field has a spatially dependent polarization. Any transition with a
given polarization is driven with spatially varying strength, hence the Rabi frequency
has a gradient because of the varying polarization, not because of the varying inten-
sity. At the same time, the atomic internal dynamics cannot be restricted to two levels,
since the transitions with different rotational symmetry are excited by the laser field at
different positions.

9.2 Atomic multiplet transitions

In the spherical coordinate system defined by the unit ortho-normalized basis vectors
€4, ¢ = £, 0, the components of a vector can be expressed as,

1 : ar\?

Ty = —Er sin e’ = (?) rY11(0, 0) (9.5a)

A\ /2 o
ro =rcosf = (3) Y10(6,9) , (9.5b)

] ' A\ /2
r. = _ET sin @™ = (?ﬂ) Y1 -1(0, ¢) (9-50)

where Y (6, ¢) are the spherical harmonics. Thus the position vector is
4\ /2
r = (?) roY D 6Y14(0,9) . (9.6)
g=-1,0,1

The matrix elements of the dipole operator can be conveniently calculated in this basis

A\ /2
Ll ety = ety Yy () [ d05,00,0.00Y1006. 005,00,

q

2J, +1
— dem/zjz_i_l (J,100] J0) Y " €q (Jy1Myq| JM.) , (9.7)

q

where we used the relation

/dQYiMe(H, ¢)Y14(0,0)YJ, 0, (0, 0) = (—1)Me/dQYJg,MganJe,—Me

_ a2 [ 2J,+1)3 2
= ((—]_)JV[ ) (m) <J9100| J€0> <Jg1MQQ| J6M6> 3 (98)

and the definition
deg = (Jeler|Jy) = /drr3R;JeRng . (9.9)

Note that the radial functions depend on the multiplicity J in general (the Coulomb
problem is an exception).
Thus the dipole operator for an atomic transition between multiplets can be written

as
. 2J, + 1

d=d
YV 2I +1

(J,100] J.0) > (eg0q+€0l) (9.10)

q=0,%+1
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where the generalized polarization operators are defined as

0q = Y (JgIMyq| Je, My + q) | J,My) (Je, My + g (9.11)

My

A given polarization ¢ may induce several transitions, however, the corresponding
weights, referred to as the “Clebsch-Gordon” coefficients are different. In most cases
of interest J, = J, + 1, then

|
(J,100| J.0) 2,41 or J.=J,+ (9.12)

Let us consider the special case of a J, = 0 +— J. = 1 transition and relate it to the
two-level approximation of atoms.

deg
V3

> € 100) (1g] + h.c. (9.13)

g=—1

a:

where we used (010q | 1¢) = 1. Each transition corresponds to one given polarization.
Note that d,,/+/3 corresponds to what we have defined d,, in the two-level atom ap-
proximation. Since the dipole moment is the same in each directions (also in the x,y,z
cartesian basis), the absolute square of the dipole moment vector is 3(d.,/v/3)? = dz,,
i.e., the one we used for the two-level atom.

9.3 J, =3 <> J. =3 transition in lin L lin configuration

The Clebsch-Gordon coefficients are summarized in Fig. 9.1.

~3/2 —12 +172 +3/2
J.=302

-1/2 +1/2

T=112

Figure 9.1: The Clebsch-Gordon coefficients for 1/2 <+ 3/2 transition.

The atom-laser coupling in the dipole and rotating-wave approximations is de-
scribed by the Hamiltonian

3 ‘
Hyp = —dE(Ry,t) = _\/gd% Z 62055(2)6‘“"” + H.c (9.14)

q=0,%+1
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In a frame rotating at the laser frequency

3 1+
H=—hA, E | Je, Me) (e, Me]—\/gdegﬁé’o E \;_;GZU;(E_ coskz—ie, sinkz)+H.c
M. q:0,:|:1

. 1
= —hAAPe — hQ)cos kz <’€3/2> <g,1/2| -+ % |€,1/2> <g1/2’ + HC) _
1
— ihQ)sinkz (ﬁ ‘61/2> <g_1/2| -+ }63/2> <91/2‘ — HC) (915)

where (2 is the Rabi frequency. The equations of motion for the mean values are readily
obtained. Denoting the means p(a;,b;) = (|a;) (b;|), where a,b = e, g and i, j are the
Zeeman-sublevel indices, the polarizations evolve as

P(g1/2, €372) = (D4 — 7)p(g1/2, €3/2) — Qsinkz (p(g1/2, g172) — pless2, €32))
— ZQ/\/g COS k’Zp(G,l/Q, 63/2) s

(912, e172) = (14 = 7)p(g1y2, e170) + 12/ VBcos kz (p(g1/2, 91/2) = ple—1/2,¢-172))
+ Qsinkzp(es/a, e_1/2) ,

(9172, €1/2) = (184 = 7)p(g-12, €1/2) — Q/V3sinkz (p(g-1/2, 9-172) — plerja, €172))
— iQcoskzp(e_z/2,€1/2) ,

ﬁ(gq/z, 673/2) = (ZAA —’Y>P(gf1/2, 673/2) +ifdcoskz (p(gfl/Qa 971/2) - P(€—3/2> 6—3/2)) +
Q/\/§sin kzp(eia,e_3/2) -

The excited state populations evolve as

plesja, e372) = —27vp(esa, €372) — Qsinkz (p(essz, g1/2) + p(g1/2,€3/2))

. Q .
0(61/2, 61/2) = —2’70(61/27 61/2) - ﬁ sin kz (0(61/2,971/2) + 0(971/2, 61/2)) )

. €2
P(€—1/2, 6—1/2) = —27P(€—1/2, 6—1/2) + % cos kz (P(€—1/2, 91/2) - P(91/2, 6—1/2)) )
p(€—3/2, 6—3/2) = _270(6—3/27 6—3/2) + Q2 cos kz (0(6—3/27 9—1/2) - P(9—1/27 6—3/2)) .

Let us consider the weak driving limit realized by a Rabi frequency 2 much
smaller than the detuning Ay, or the linewidth . There is a small saturation s =
%;2 < 1, correspondingly, the population is dominantly in the ground states, i.e.,
p(g+1/2,9+1/2) = O(1). The polarization associated with each transition is of first or-
der in 2, while the populations in the excited states is of second order in 2. One can

systematically derive the leading order solution of the total system of equations by
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considering the steady-state polarizations approximated by

p(g1/2, €3/2) = —_Z_%m sinkz1Ily )y , (9.16a)
p(g1/2,€-1/2) = % —iA—A—i—'y coskzIlyy , (9.16b)
p(g-1/2,€12) = —% m sinkzIl_y/s , (9.16¢)
p(g-1/2,€—3/2) =i Tm coskzIl_q/2, (9.16d)

where we have introduced the notation Ili1/» = p(g+1/2,9+1/2 for the ground state
populations. Similarly, the excited state populations are given in leading order by

2
,0(63/2, 63/2) ~ ﬁ sin2 kz H1/2 , (917&)
1 0?2 .
p(e1yz; €12) = 3 msm kzI1_q/9, (9.17b)
1 0?2 5
ple—1/2,e_1/2) =~ 3 mcos kz1Ilyo , (9.17¢)
2
ple_z/2,e_3/2) ~ m cos® kz )0, (9.174d)

(9.17¢)

The adiabatic dynamics of the ground state populations

The polarizations and the excited state populations evolve fast, the dynamical
timescale is being given by A, and +, therefore these variables of the system can be
“slaved” to the slowly varying ground state populations by the relations Eq. (9.16) and
Eq. (9.17). An adiabatic Hamiltonian can be constructed from Eq. (9.15) by using the
adiabatic solution for the polarizations with the populations retained as operators,

1
H,g=hAy,s 3 [(1 + 2cos® kz) ‘g,l/g> <g,1/2‘ + (1 + 2sin® k2) |g1/2> <g1/2H . (9.18)

This Hamiltonian is diagonal in the ground states } g_1 /2> and ] g1 /2>, which remain thus
eigenstates of the interacting system in the low saturation limit. Therefore there are
no oscillations in the dynamics, only the corresponding eigenenergies are redefined,
remarkably, the energies pick up a spatially dependent character. This simple structure
of the Hamiltonian originates from the lack of coherent two-photon coupling between
the two ground states by the two laser fields. The adiabatic population redistribution
between the ground states arises solely from decay processes via the virtually excited
|ei1 /2> states. The slow evolution of the master variables can be obtained from the
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original Bloch-equations by using the adiabatic expressions for the slaved variables,
/5 =iQcoskz (p(g_l/z, e_3/2) — c.c.) + ﬁ sin kz (p(g_l/g, e1/2) + C.c.)

2 1
+ 2y (0(6—3/2; e—3/2) + 5/7(@—1/27 6—1/2) + 30(61/27 61/2)>

1
=—27s cos? kzIl_y)9 — §2’ys sin® kzI1_q )9

21 11
+2vs (0052 kzIl_y/9 + 33 cos? k2114 5 + 33 sin? szl/Q)

2 2 4
=—2vs <§ sin? kzIl_q /9 — 9 cos? szl/Q) ~ —% (H_1/2 — cos? kz) , (9.19a)

where in the last step we used I1_; , +1I; ) = 1 — O(s). For the other ground state [1/2),
the derivation follows analogously and leads to

4v's

H+1/2 = —T (H1/2 - Sin2 le) . (919b)
The stationary solution reads
st sin? kz
I 5 = cos? s +0O(s) . (9.20)

This result reflects the effect of optical pumping: the population is irreversibly transfered
into the state |g_1/,) under the effect of a field with e_ polarization and, reversely, it is
transfered into |g412) in a €, polarized driving field. The reason is that the system is
trapped, when the field is e_ polarized, in the ] g_1 /2> > ‘6_3 /2> transition. Meanwhile,
the system leaks out from the state ‘ g1 /2> via the state ‘6_1 /2>, this latter spontaneously
decaying into |g_1/2). This happens in the positions kz = 0, and the reverse optical
pumping process takes place in the positions kz = /2.

It follows from the differential equations (9.19) that the time scale of this optical
pumping is about (soy) ', much longer than the decay time of the excited states and
that of the polarizations (7 !). As we learned from the mechanism of Doppler cooling,
some non-adiabatic evolution of the internal degrees of freedom is needed to produce
velocity dependent forces. For a two-level atom the only time scale characteristic of
the internal dynamics was v~!, and velocities as small as kv < 7 can induce closely
adiabatic variation of the o operators. By contrast, here we found that the adiabatic
limit is reached at much slower velocities, kv < s7. As a consequence, the cooling
mechanism, which we will refer to as polarization gradient cooling, remains efficient for
much lower velocities.

9.4 The Sisyphus-cooling effect

For an atom at rest, the populations reach the local values cos® kz and sin® k2 in the
state |g_1/2) and |gi2), respectively. Note that the larger population can be found
in the state having lower energy. Optical pumping in this scheme transfers thus the
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population from the higher- to the lower-lying ground state. For a moving atom, the
spatially modulated ground state energy appears as a potential. One can imagine the
atomic motion as an adiabatic following of the cos? kz potential, randomly interrupted
by quantum jumps into the other ground state. These jumps can represent the optical
pumping. Therefore, if an atom changes its position it is likely that it climbs up the
potential hill and then will be optically pumped to the lower-lying state, then the op-
posite process. On average, the atom loses kinetic energy, i.e., it is cooled. This is the
Sisyphus-type interpretation of the cooling mechanism.

tw.m \D"G\C’ -y
YTOIK{4IX/2
x A —

m=-1/2 +1/2
} ;

Figure 9.2: Combination of light shifts and optical pumping induced by the field with polar-
ization gradient. The cooling interpreted in terms of the Sysiphus mechanism.

The force can be directly accessed as it is the gradient of the Hamiltonian Eq. (9.14),
1
F = —hkQsinkz —1/2,€-3/2) + —= ,€_1/2) +c.c.
(p(g 1/2 3/2) \/gp(gl/g 1/2) )
1
— hkQcoskzi | —=p(g_1/2,€1/2) + ,e —c.c.
(\/gp(g 1/2: €1/2) + p(91/2, €3/2) )

—2A 42 1 —2A,4Q
m cos kz H_1/2 + g m cos kz H1/2>

1 2A40 . AT 2A 40
— = _sinkzIl_q5 —
3 A% + 2 1/2

= —hkQsinkz (

+ hkQcoskz ( 5 Sinkz H1/2)

A%+~
2

= 5 hk AA S (H_l/g — Hl/g) sin 2k z (921)
Let us calculate the response of the force to displacement. Assume that the atom moves
with a constant velocity v, and insert z = vt into the differential equation (9.19):

: 1
IL(t) = —— (IL(t) — 1L (vt)) (9.22)
Tp
where i = £1/2, and 1/7, = 4s7/9. This equation can be solved for arbitrary velocity

v,

1 t Yt t/m
IL(t) = e "/11,(0) + —/ e v 15 (vt)dt' ~ e_t/Tp/ "I (vrpz)de (9.23)
0

Tp 0o



66 CHAPTER 9. POLARIZATION-GRADIENT COOLING

where the initial transient is removed. From the integral

/dxe“cosax: e*(cos ar + asin ax) 7 9.24)
1+a?

on identifying a = 2kv7,, one arrives at

1 1 cos2kvt 4 2kvT, sin 2kuvt
Iy =-F - = 9.25
T T (o) 9-25)
By using the force in Eq. (9.21), the velocity dependence is obtained,
2 in 4 4 in” 2
Flo) = 2 hkAys sin 4kvt + 4kvT, 81211 kvt (9.26)
3 1 + (2kvty)

Assuming that the atom passes through several wavelength during the time 7, this
instantaneous force can be averaged over the position, which yields

v
7
1+ (2)
where v, = ﬁ is a characteristic velocity corresponding to the maximum of the force
and it also defines the velocity capture range. The velocity dependent force amounts
to friction if the detuning is negative, i.e., A4 < 0.
The maximum friction coefficient exceeds that of the Doppler cooling scheme by a

factor of 1/s, however, the velocity capture range is smaller by a factor of s. Thus this
efficient cooling mechanism operates at low velocities. The friction force depends only

_ 2
F(v) = -hk* Ay sT,

3 (9.27)

weakly on s (in higher order powers of v), which shows that the friction cooling ceases
to work when the atom gets trapped in one of the potential wells given by the internal
energy expression Eq. (9.18). The momentum uncertainty arises from the randomness
of the direction of the last scattered photon. The limiting temperature thus is the recoil
temperature kpTye. = h*k?/2M.



Chapter 10

Basic methods in laser cooling and
trapping

In this chapter we review the basic principles of the most common techniques used
nowadays in the laboratories. The magneto-optical trapping (MOT) is the standard
method to produce cold atomic sample with high density and large atom numbers.
This trap has a mechanism which simultaneously confines in space and cools the
atoms. The sideband cooling method can be applied to trapped atoms, eventually in
a quantized center-of-mass motional state, and results in very low temperatures well
below the recoil limit.

10.1 Magneto-optical trapping

The interaction of atoms with a magnetic field via the magnetic moment of atoms has
not been previously included in the theory which was based on the electric dipole
approximation. This higher order interaction can be taken into account by the Hamil-
tonian term

H=—-uB. (10.1)

The atomic magnetic moment is
p=grppF , (10.2)

i.e., the product of the Bohr-magneton up = ehi/2m, = 9.3 x 1072*J/T, the Landé-factor
gr, and the quantum operator F associated with the total angular momentum of the
atom. Let us assume that the atom moves very slowly on the length scale character-
izing the magnetic field variation. In that case the moving atom adiabatically follows
an eigenstate of the z component of the angular momentum where the orientation of
the quantization axis is alway defined parallel with the direction of the local magnetic
field. Therefore the scalar product can be replaced and the force acting on an atom in
an inhomogeneous static magnetic field is

F'=grup MV|BR)], (10.3)

where M is the angular momentum projection on the direction of the local magnetic
field. The atomic states are characterized by the total electron spin 5, the total orbital
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momentum of the electron cloud L, the total angular momentum of the electrons J,
and the nucleus spin /. The Landé-factor is

FF+1)+JJ+1)—-I(I+1)

gr = gj 2F(F 1 1) (10.4)
B J(J+1)+S(S+1)—L(L+1)
gr=1+ 2T 1) (10.5)

The quantum number M takes on the values M = —F, —F +1,... F — 1, F, altogether
2F + 1 states. As the modulus of the magnetic field can have a local minimum in three
dimension, atoms can be confined in space. With static magnetic fields one can trap
only the “low-field seekers” which are the positive or negative M states, depending on
the sign of gp.

The Helmholtz configuration of coils, i.e., in two circular wires sharing the same
axis the currents flow in opposite directions, produces a quadrupole trap. The mag-
netic field close to the center is approximately

|IB(R)| = Av/p? + 422, (10.6)

in cylindrical coordinates. Because of the anisotropy the angular momentum of the
center-of-mass motion is not conserved. The main problem with this very simple con-
figuration is that the magnetic field vanishes in the trap center, |B(0,0,0)| = 0, which
results in non-adiabatic transition between the states M, the so-called Majorana spin
flips. A transition from a low-field seeking state into a high field seeking one leads
to the loss of the atom from the trap. This problem can be avoided by adding a ho-
mogeneous offset magnetic field, which is provided for example in the loffe-Pritchard
configuration.

Magneto—optikai csapda

B(Z)fr

W,

$m._ M,.=-1
=0 M,=0

Figure 10.1: Basic scheme of magneto-optical trapping. The spatially inhomogeneous magnetic

field induced Zeeman shift tunes the optical resonance with respect to the pump lasers.

Underlying the principle of magneto-optical trapping, there is the effect of the
Zeeman-shift on the optical properties of atoms. So it is not directly the mechanical
force exerted by the inhomogeneous magnetic field, according to Eq. (10.3), that is con-
sidered but that the transition frequencies in the atom spatially vary. This can induce
a spatially dependent radiation pressure force, for example,

20)?

F = ik
T(As—kv— /BR)/R)? + 72 + 202

(10.7)
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where 1/ = (g. M. — g,M,) 115, using the adiabatic shift of the energies originating from
the Hamiltonian Eq. (10.1). For small Zeeman shift and small Doppler shift, the lin-
earization yields

F=—-pv—kz, (10.8)
with

s 2vA 4

(1452 A% +92
The magnetic field gradient along the axis is denoted by A. The magneto-optical force,

pA '
h="FrB=n (10.9)

benefiting from the resonant character of the transition, is a factor of £z larger than the
bare magnetic gradient force ~ p1A.

ST . -
Hull
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Figure 10.2: Levels scheme: Cooling on the F, = I + S < F, = F, + 1 transition (for Rb85,
1=5/2,5=1/2,s0 F; = 3 ++ F, = 4). However, there is a small probability of exciting F, = 3
from which state the atom can decay into Fy = I — S = 2. By applying a resonant driving on
the F, = 2 <+ F, = 3 transition, the so-called repumper, the atom can get back into the cooling
cycle.

10.2 Sideband cooling

We will consider the motion of a two-level atom of mass m in a harmonic potential in
one-dimension along the axis z. The atom is illuminated by a single propagating laser
field from a direction making an angle § with the z axis. The Hamiltonian is

2
1 . ,
H = 2].; + imu222 + hwao, + hS) (aTeﬂ(‘”L”k”) + Ue’(“’L”kzz)) . (10.10)
m
Let us introduce the bosonic creation and annihilation operators, b" and b, of vibrational

quanta. The harmonic oscillator energy becomes fivb'b. The position operator can be

expressed as z = /5 (b+ b). The prefactor expresses the width of the ground state
wavefunction in the harmonic trap. This is usually small compared to the wavelength,
hk?

2my

therefore the the Lamb-Dicke parameter, n =
tion can be expanded into power series,

is a small one. The exponential func-

2 3
e~ = 1 (b + bt — %(b + b2+ i%(b+ b 4+ (10.11)

In the Lamb-Dicke regime only the first non-trivial term is retained. Higher order
terms lead to intriguing nonlinear effects which are subject to research in other fields
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of quantum optics. The Hamiltonian in interaction picture reads
Hiy = —ihS2n [(ofe™24" — ge™®a%) (be™™" + bTe™)] . (10.12)

For the most efficient sideband cooling, the laser has to be tuned one vibrational
quantum below the atomic resonance, i.e., w;, = wy — v. In the interaction picture
Hamiltonian some of the terms become time independent (or slowly oscillating in case
of near resonance, A, ~ —v), the remaining ones rotate at least with an angular fre-
quency of 2v. When the vibrational frequency is much larger than any other frequency
in the dynamical system, that is, the effective Rabi frequency {2 and the spontaneous
decay rate v, the system is in the resolved sideband limit, and the rotating terms can be
neglected (secular approximation). The effective Hamiltonian simplifies to

Hi = —ihQ (o'b +blo) . (10.13)

The vibrational motion of the atom in the trap can be dissipated via the spontaneous
emission channel. This process will be described in the low saturation limit, when the
atom is hardly excited and o, can be replaced by the c-number —1. The operators o
and o' formally are considered bosonic operators. One gets a simple set of coupled
linear differential equations

b=—nQo, (10.14a)
oc=—y0+ndb+¢, (10.14b)

where ¢ is the quantum noise associated with the decay process. The eigenfrequencies
of the linear system are

)\i:_%j: (%)2_(779)2%—%:{:%/4:@—#70 (@) , (1015)

where, in the approximation, we considered the overdamped limit, @ < 1. The vibra-

tional mode is damped with a characteristic rate @



