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Recent progress in production and control of the atomic wave-packets
calls for re-examination of the most fundamental quantum optical processes.
We have examined the evolution of the atomic wave-packet resonantly driven
by the monochromatic laser beam and the spontaneous emission from an
extended atom. We stress the role of Doppler shifts in the dephasing of the
atomic dipole. New effects of single laser pulse photon echo and homogeneous
Doppler modification of the emission line are discussed.

PACS numbers: 42.50.Vk, 42.50.Md

1. Introduction

Laser cooling techniques have led to the preparation of very slow and co-
herent atomic beams capable of displaying wave properties of atoms. The atomic
version of the cclebrated Young interference experiment using atomic de Broglie
waves has become possible [1, 2]. Earlier similar experiments with individual mas-
sive particles, such as electrons or neutrons, have also been performed. An im-
portant difference comes from the rich internal structure of atoms. Moreover, the
interaction with light offers a remarkably effective tool for probing this internal
structure. It allows for the interplay between the internal and external degrees of
freedom.

Until now the resonant interaction of atoms with light was typically studied
either completely neglecting the coupling between radiative transitions and the
center of mass motion (see for instance [3]) or, as in the theory of laser cooling,
including the coupling only under the assumption of an incoherent density matrix
for the atomic motion.
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In this lecture we look again at two fundamental processes discussed in quan-

tum optics: resonant driving of a single atomic transition (so-called Rabi oscilla-

“tions) and (the most fundamental QED process) spontaneous emission. We look

for the modification of these processes due to the coherence of the center of mass
wave function.

"~ 2, Rabi oscillations of atomic wave-packet

The interaction of an atom with a monochromatic laser beam will be dis-
cussed in the two-dimensional geometry of a continuous-wave Gaussian atomic
beam. The atoms travel in the direction z and the transverse direction of the
beam is z. The suitable solution of the time dependent Schrédinger equation for
the [rec atom may be expanded into the plane wave momentum eigenfunctions in
the following way:

V(z,z,t) = exp(—iEt)

2 2
/dpdq6 ( - 5—1\7 - ;W> exp [i(gz + pz)] exp [—(1‘21-)—] , (2.1)
where a is the width of the beam at its waist (z ='0) and E is the encrgy of
the atoms in the beam. Of course the Gaussian character of the beam is eas-
ily recovered if, as we assume, most of the energy is in the forward direction
(1/a)*/2M < E.

Now, the atomic beam encounters a monochromatic light beam crossing in
z-direction. The photon frequency is assumed to be exactly resonant with some
atomic transition. We denote the light wave’s frequency and wave vector by w
and k. Geometry of the interacting beams is shown in Fig. 1. The Hamiltonian of

x
L 17
/
atomic heam G
/ q
Q(z)
1 u I
laser
beam

Fig. 1. Scheme of the coherent, Gaussian atomic beam crossing the cw laser beam,
- resonant with one of the dipole transitions of the hydrogen atom.

the total system (external and internal degrees of freedom) in the rotating wave
approximation has the form
2
+
Hiwa = 2311 T | hwos + 2(z) {o- exp[i(wt — kz)] +h.c.} . (2.2)
Passing to a rotating frame allows us to get rid of the explicit time dependence in
the Hamiltonian'(2. 2) The resulting time independent Hamiltonian reads

+ 2(z) [0 exp (—ikz) + h.c]. (2.3)

p
Hpwa = 211
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Now we can solve the time independent Schrodinger equation
HrwaVg = EVg (2.4)

first assuming a two-dimensional incident plane wave of atoms in their lower state
(—)- If we disregard the z-dependence of the laser intensity (£2(z) constant inside
the laser beam) the problem resembles the scattering on a square well potential.
As in that case, we can write the solution of (2.4) separately in regions I, II, III,
(recall Fig. 1) and then determine the unknown coefficients through the matching
conditions. The wave function in three regions takes the form

(W[ reexn(-igz)expli(o+ k)a] 25
| WL | [exp(igz) + r— exp(—igz)] exp(ipz) |’ (2:52)
_ ¢}+I ‘| _ zj=1.2»:F d; + exp[Figjz +i(p + k)] (2.5b)
| y!! Yoi=1,2,5 fis exp(Figjz +ipz) |’ .

- ¢$[ _ t'+ exp(iqlz) exp[](p + k’).l‘] (2 5

| !t t— exp[i(gz + pz)] 9

Of course the z-component of the momentum of the atom in the upper
level (+) is increased by the momentum of one absorbed photon. The reflected
and transmitted upper level atoms have a modified z-component of momentum
according to the conservation of energy
?+r° _ ¢+ (p+k)?

2M 2M )
Inside the laser field the atomic wave travels in the form of a superposition of two
dressed states with longitudinal momenta

2 2 2 '
N2 _ ¢ A ,, 4 7
2M—2M+2iVQ°+4’ . 27)

where the detuning A is equal to

APtk :

A=~ o o A
In the limit of a very weak excitation, (29 < A), the dressed states travel with the
longitudinal momenta g and ¢’ and are almost purely lower and upper levels. Ilence,
the transverse momenta are, like in a field free regions, p and p+k, respectively. In
the other limit of very strong driving, both dressed states have practically equal
mixture of the lower and upper states. They nevertheless travel with different
longitudinal velocities. For one of the dressed states the laser beam acts like a
potential well while for the other it is a potential barrier. With an equal amount
of the lower and upper levels, the dressed states travel in the transverse direction
with the average of the lower and the upper level momenta, so they both travel
with the momentum (p +p + k)/2 = p+k/2.

Of course in the intermediate situation when the Rabi frequency is compara-
ble to the detuning, we have two dressed states, the one with stronger population
in the lower level drifts in the transverse direction with a momentum a bit higher

E =

(2.6)
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Fig. 2. Atomic beam of Fig. 1 undergoing Rabi oscillations and splittings discussed in

our paper. 2o = 0.08 x 10~ a.u. Weak driving. Dressed states
bare states of the atom.

Tig. 3. The same as Fig. 2, {2
almost equally populated.

Tig. 4. The same as Tig. 2, 2
momentum k/2 and do not split.

Note strong reflection.

almost coincide with the

2 x 10~° a.u. Intermediate driving. Dressed states

10~% a.u. Strong driving. Dressed states drift with

than p and the one closer to the upper level travels with a momentum somewhat

below p+ k.
The general expression for the wave function inside
also reflected waves. '

the laser beam contains

We illustrate now the splitting in Figs. 2-4. In all figures the Gaussian atomic

beam enters from behind. Its parameters are

mass of the atom (hydrogen): M = 1850 a.u.,
width of the transverse momentum distribution: % =104 au,,
total kinetic energy of atoms: E=27x10"° au..

The atomic beam crosses the laser beam which comes from the left. The wave
vector of the light is 10 times larger than the spread of the transverse momenta:
k = 10~% a.u., so that the absorption of one photon is enough to kick the atom

out of its initial transverse momentum distribution. Thi

s is required to see the

individual dressed states inside the laser beam. The width of the laser beam is

d = 0.025 cm.

The three figures differ by the value of the Rabi frequency. It is equal to
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20 = 0.08 x 1077 a.u. in Fig. 2, 2 x 10~° a.u. in Fig. 3, and 10~8 a.u. in Fig. 4. It
illustrates all three regimes discussed above. Of course the content of upper and
lower states of each dressed state becomes visible outside the laser beam. Note a
strong reflected signal of excited atoms in-Fig. 4.

The results show that the interaction with the laser beam may modlfy the
shape of the atomic wave-packets in the transverse direction. In particular, the
lower (or upper) level atoms can display. a multipeak splitting as a result of the
interaction with a single laser beam.

3. Single laser heam photon echo

According to classical electrodynamics the atomic dipole radiates if it is
oscillating with a nonzero amplitude. Quantum electrodynamics adds the possi-
bility of the spontaneous emission: The quantum mechanical expectation value
of the dipole moment may be zero, but the expectation of its square (inversion)
is different than zero and this is a source of the incoherent light. The coherent,
semiclassical part of the radiation is due to the external driving by the resonant
laser light. But also at the exit of the light beam the atoms may have a nonzero
dipole moment and would still radiate classically. In the case of the collection of
atoms moving with different velocities the dephasing of the dipole moment due
to the Doppler shifts leads to a terminating fluorescence signal known as a free
induction decay. The dephasing may be reversed by the interaction with another
laser beam. It leads to another burst of fluorescence radiation known as a photon
echo [4].

Something analogous may happen in the coherent atomic beam interacting
with the single laser beam considered in this paper. In this case the coherent part
of the radiated field is driven by the expectation value of the spatial densily of the
dipole moment rathcr than the dipole moment itself. But this density is simply
proportional to a product of lower and upper level wave functions :

d(z,z) = dRe [¢} (2, 2)¥-(z,2)] . : (3.1)

In Fig. 5 we show a somewhat idealized sketch of the interacting beams. O[ course

Fig. 5. Sketch of a singlc laser beam photon echo. Non-vanishing value of the density
of dipole moment, a source of coherent radiation, is nonzero also outside of the laser

beam.
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the density of the dipole moment is nonzero also in the region where lower level
component of the stronger deflected dressed state crosses the upper level compo-
nent of the less deflected dressed state. This is another example of an effect caused
by the combination of atomic beam coherence, coherence of the laser—atom inter-
action and the recoil due to absorption and emission of photons. We call this new
phenomenon “a one laser pulse photon echo”.

Clearly radiation of the strongly driven atomic beam requires further study.

4. Spontaneous emission from an extended wave-packet

The most obvious omission of the model studied so far is the neglect of
spontaneous emission. We are going to correct this partially by reviewing here our
recent paper devoted to the problem of spontaneous emission from an extended
wave-packet [5].

Several mechanisms of modification of spontaneous emission have been dis-
cussed and also demonstrated experimentally. Among these modifications the most
important is the inhibition and the enhancement of spontaneous emission due to
the modification of the vacuum modes in a resonant cavity [6, 7]. A natural ques-
tion of possible modification of the spontaneous emission due to the coherence of
the center of mass motion has been addressed only recently [5, 8].

To study tllis problem we consider the simplest Ilamiltonian

H= 2M a,+h2w,a1 a,+hz [Ajafo_ exp(—ik; - r)+h.c], (4.1)
. where r and p are the center of mass posmon and momentum of the atom, a; and
af are the annihilation and creation operators of the clectromagnetic field modes,
_and o3, the Pauli’ matrices, act on the internal degree of freedom of the atom.
" 'The state vector may be. cxpressed in terms of the atom and photon state
vectors

[%(t)) = /dapa(p, t)lp, +,0) + Z/dapﬂj(p,t)lp— hkj, —, k;), (42)
j .

where the arguments of the kets denote: the atomic momentum, the internal state
(+ or —) of the atom and the momentum of the outgoing photon. The amplitude
equations resulting from the Schrédinger equation read

6(p.) = =i (L + 52) a0~ I A8 (0,0, (13)
j

e e e Ll (1.0

where we have omitted Planck’s constant. Equations (4.3) and (4.4) should be
solved with the initial condition o(p,0) = ag(p) and B;(p,0) = 0

The equations are easily solved in the Laplace transform domain. Under stan-
dard single pole approximation, including the frequency shift in the level spacing,
the solutions are

a(p,t) = ao(p) exl)(—zot), (4.5)
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Bi(p,t) = —idjao(p) 2RLZ0) — XR(=50) (16)
20 — 25 ’ )
where
2
AP w

20 =1 (W + ?0) + Yo (47)

and ' ‘
L (p - kJ )2 wo

ZJ—I[T_?-HU’. . (4.8)
The spontaneous emission width is given by the standard expression

70= 73 A 6(wo — w). (4.9)

J

It is easy to see that the extended atom decays the same way as the point atom

P@) = [ @pla(p, 0 = exp(-2100) [ Cplao(p)l = exp(-2101) (410

but the properties of the spontaneously emitted light are modified. Indced, for
t — oo the probability P; of emitting the photon of wave vector k; is

P = / &pl6;(p, ) =
1

212 / B3pla 2

|51 plao(p) [wo—wj+p-kj/M+k_,?/2M]2+‘)’g,
which may be interpreted as the result of independent emission from each mo-
mentum component of the wave function. Each momentum contribution is simply
a Lorentzian line centered around the Doppler shifted position. Upon integration
over the frequencies. of the photons emitted in the given direction we obtain the
‘angular distribution of the light. Neglecting the small recoil energy in the denom-"
inator, we may easily perform the resulting Lorentzian integral obtaining

o 2
I(R) = Io(#) / d3p1—_|1‘,’f——Lﬁ)/|m, (4.12)
where the angular distribution Iy(7) describes the standard dipole pattern. Hence,
as long as the initial wave-packet does not contain relativistic velocity compo-
nents, the total inlensity is not aflected by the wave-packet. This finding is in
disagreement with the implications in Ref. [8].

An interesting modification arises in the spontaneous emission spectrum.
Since the initial momentum distribution can be quite complicated, besides the
broadening substantial distortions of the spectrum are possible.

As an example let us consider an initial wave-packet which has two peaks
in the coordinate space at the distance d. Its Fourier transform would have a
periodic modulation with the period in the momentum space given by 27/d. A
two-peak Gaussian wave-packet with components of width a separated by d has a
momentum distribution '

oo = (2:;3/2 1+ exp(l—d2/2a2) oP (_%pzqz) (14 cos(p- ). (4.13)

(4.11)
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Fig. 6. Angular distribution of the emission spectrum from a two-peak Gaussian
wave-packet. The width of each peak a = 500 a.u., the distance between the peaks
d = 10000 a.u. The angle is measured from the direction of d. We have assumed a
typical radiative transition in the hydrogen atom.

In Fig. 6 we show the spectrum as a function of the angle  between the
vector d and the direction of observation. We note the oscillations and their fast
suppression with growing 6. Of course, this oscillations would be missing if not for
the mutual coherence of the two peaks of the wave function. ‘
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