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Contribution of energy continuum states to probe absorption signal of atoms
in one-dimensional optical molasses

Jun Guo'
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We present a calculation of the probe absorption spectrum of atoms in a one-dimensional optical
molasses formed by a pair of counterpropagating, cross-polarized fields. When the finite angle 8
between the propagation direction of a probe field and that of one of the cooling fields is taken into
account, we find that, apart from the contributions to the probe absorption signal that are related to
the Raman and Rayleigh resonances between the discretized atomic motional states in the molasses
direction, there is also a signal arising from the recoil-induced resonances between atomic states
with different center-of-mass momenta in the directions transverse to the molasses beams. The
magnitudes of these different contributions are compared.

PACS number(s): 32.80.Pj, 42.65.—k

I. INTRODUCTION

When atoms are cooled by a pair of linearly polar-
ized fields with orthogonal polarizations (lin J lin), the
light shifts of the atomic ground-state sublevels are peri-
odically modulated along the laser propagation direction.
According to the Bloch's theorem, the energy eigenstates
of atoms in this molasses direction possess the same
periodicity as the potentials (the Bloch states), whose
eigenenergies exhibit bandlike structure. The discretized
energy spectra of atoms in one-dimensional (1D) lin J
lin molasses have been observed experimentally through
either probe transmission techniques [1] or collection of
atomic fiuorescence [2]. In both cases, the observed po-
sitions and widths of the Raman sidebands in the spec-
tra provide information on the motional energy structure
and the degree of spatial localization of atoms in the mo-
lasses. The experimental observations agree quantita-
tively with theoretical calculations based on Bloch-state
analysis [3—5].

In the probe transinission spectrum shown in Ref. [1],
there also exists a central resonance structure at zero
pump-probe detuning, whose shape is sensitive to the
probe field polarization direction and which can have a
width as narrow as a few KHz. It has been interpreted
as originating from Rayleigh resonances within certain
motional states, which can also be understood in terms
of two-wave mixing processes involving the probe and
the pump fields [1,4,6]. The observation of such a narrow
line shape is believed to provide the proof of a large-scale
spatial order of atoms in the molasses (lattice structure).

The theoretical investigation by Courtois and Gryn-
berg [4] has produced results that are in reasonable agree-
ment with the experiment of Ref. [1]. However, discrep-
ancies between their theory and experiment still exist,
especially in regard to the narrow central resonances ob-
served in Ref. [1].The model adopted in Ref. [4] is strictly

one dimensional, in a sense that the probe field propa-
gation direction is chosen to be parallel to the molasses
direction. In reality, owing to practical limitations, the
probe field propagates at some small but finite angle 8
(typically a few degrees) with respect to one of the cool-
ing field. It is the purpose of this paper to show that
there can be additional contributions to the probe ab-
sorption (or transmission) signal when eff'ects related to
the nonvanishing angle 8 is taken into consideration, and
these contributions can become the dominant source to
the central resonance line shape under certain conditions.

Generally speaking, if a probe field is sent into the
molasses at a small angle 8 with respect to one of the
cooling (pump) field propagation directions, it is possible
that the interference between the probe and this cooling
fields leads to the formation of a spatial grating in the
direction perpendicular to the molasses, with a grating
period given by Aj8, as illustrated in Fig. 1. Such a
grating can be a population grating or a magnetization
grating, depending on whether the polarizations of the
probe and cooling field are parallel or orthogonal to each
other, respectively. Consequently, the cooling Beld can
scatter ofF such a grating into the probe direction, and
the interference between this scattered component and
the probe can contribute to the probe transmission sig-
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FIG. 1. Transverse grating due to interference between a
probe field and a cooling field.
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nal. The width of such a signal is determined by the ef-
fective relaxation rate of the grating, which corresponds
to the residual Doppler dephasing rate ku0 in the case
of a population grating due to atoms moving transverse
to the grating with a most probable speed u, or to the
optical pumping rate I' in the case of a magnetization
grating, assuming that I" &) ku0. In the case of a popu-
lation grating, the signal can be considered as originating
from Raman-type processes between the energy contin-
uum states of different atomic c.m. momenta, or the
recoil-induced resonances (RIR) [7,8].

To be specific, we consider a case similar to the one
treated in Ref. [4], but allowing a small misalignment of
the probe 6eld characterized by the angle 8 between the
propagation directions of the probe and one of the cool-
ing fields. The atomic level scheme is assumed to be a
Jg = 1/2 ~ J, = 3/2 transition. The probe absorption
coe%cient as a function of the probe-pump detuning is
calculated. This paper is organized as follows. In Sec.
II, we write down the operator equation for the atomic
density matrix and derive the expression for the probe
absorption coeKcient. In Sec. III, we calculate various
parts of contributions to the signal and compare the rela-
tive magnitudes of these signals under certain conditions.
Finally, in Sec. IV, we discuss the relations of our results
to some recent experiments.

(4)

where e (& 1, the efFective equation of motion for the
ground state density matrix can be written as

1
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where the Hamiltonian H can be written as

If(o) + (II(1) ibt + [~(1))t —ibt) (6)

with h = O' —O. The zeroth order term H(o) is given by

2 W

+Uo l+-»n(2kz) I+}(+I2M 2

1
+Up 1 ——sin(2kz)

I

—)(—I,2
(7)

where

8
3 (I'/2)'+ b, 2

and the electronic coherences can be adiabatically elim-
inated, and one obtains the reduced generalized optical
Bloch equations for the atomic ground-state density ma-
trix only. To first order in the probe field Rabi frequency

II. DENSITY' MATRIX EQUATION AND THE
PROBE ABSORPTION COEFFICIENT

is the modulation depth of the light shift potentials. The
first order term H( ) is given by

The incident field con6guration is shown in Fig. l.
The cooling fields propagate in the positive and negative
i directions, with polarizations in the y and x directions,
respectively. The probe 6eld propagates at an angle 8 E
(0, tr) with the z direction, polarized in the x direction.
The total field is thus written as
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where

In Eqs. (7) and (9), I+} denote the ground-state sub-
levels Ig, kl/2), respectively. The term [p]„i in Eq. (5)
represents the efFects of optical pumping on the atomic
density matrix evolution, which can be written as

k = kz, k' = k[cos(8)z + sin(8)y] . (2)

In this paper, we consider two limiting cases: (i) 9 « l,
which corresponds to a situation where the probe 6eld
and the nearly copropagating cooling 6eld have orthog-
onal polarizations (8 =J ); and (ii) z —8 « 1, which
corresponds to a situation where the probe Beld and the
nearly copropagating cooling 6eld have parallel polariza-
tions (8 =II). Both cases are analyzed separately below.

We assume a weak-6eld limit, which is defined as

x«l' I&I

where y = —dE'/4v 2h is the cooling field Rabi frequency
with a reduced atomic dipole moment d = —er,~ and
4 = 0 —u is the detuning of the cooling field from the
atomic resonance frequency cu. The weak-field limit is
appropriate for achieving optimal sub-Doppler cooling ef-
fects. In this limit, the atomic excited-state populations

1

+I" dp'
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with
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where I" = I')( /[(I'/2) + E ] is the optical pumping
rate and
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Similarly,
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respectively.

III. CALCULATION OF THE PROBE
ABSORPTION SIGNAL

(20)

with
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(14) Although the density matrix equation (5) can be solved
in any complete basis, it may ofFer more insight into the
results if one chooses to use the eigenstate basis of the
unperturbed Hamiltonian Ho, which includes the reac-
tive part of the atom-cooling field interaction and the
free motion of atoms in the directions perpendicular to
the optical molasses, respectively. Moreover, as shown
below, one may be able to invoke a secular approxima-
tion in such an energy basis to simplify the calculation
tremendously.

The eigenstates of the Hamiltonian Ho can be writ-
ten as a product of In, q, p)lp„), where the Bloch states
In, q, p) (n is the band index and q is the Bloch index,
y, = +) are the eigenstates of

&'" = +e *"'""''""""'"
l l+)&+I+ -I+&&+I I

1 2
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2

0

The functions Ny o(p') in Eq. (10) are the spontaneous
photon momentum distribution functions associated with
the o (Q = +) or vr (Q = 0) transitions. As a simplifica-
tion, we assume that the spontaneous photon momentum
p' is along the i' direction only, i.e., p' = p'z, and

(17)

The validity of this simplification as well as the effects
related to the true three-dimensional character of the
atomic spontaneous emission will be discussed below.

One can accordingly write down the atomic ground-
state density matrix p as

p
—p( ) + e(p( )e' + [p( )]te '8i)

with U+ (z) = Us[1 6 2 sin(2kz)], and the plane wave
states Ip„) describe the free motion of atoms in the
transverse direction, as characterized by the Hamiltonian

II„=p2/2M. The atomic motion in the z direction is
not interesting in this problem and is ignored. In this
product basis, the atomic density matrix elements can
be generally written as

p(n, q, p, py
n' q' p' py) = &pyl&n q vlpln' q' v'&Ip'y&

(22)

In the absence of the probe field, the atomic density
matrix can be solved from Eq. (5) by setting g' = 0.
Since the cooling fields are exactly parallel to the z di-
rection, and since we have assumed that spontaneous
emissions occur only along the z direction, the transverse
atomic motion is not coupled to the atomic motion in the
direction of the molasses. As in Refs. [3,4], we assume in
this paper a secular approximation defined as

The probe absorption coeKcient, excluding the linear ab-
sorption term, is found to be given by [4,8]

X
(2

~ (1) i k [1+cos(8)]z+ik sin(8)y
I'/2+ iE

—
pg e(1) —ik [1—cos(8)]z+ik sin(8) y

)

where () denotes a spatial average and p, and p& rep-(~) (~)

resent probe-modulated atomic population and magneti-
zation gratings, which are defined as

which enables us to neglect the ofF-diagonal density ma-
trix elements in the Bloch state basis. As a result, the
only nonvanishing quantities in the Bloch-state space are
the populations of various states vr„q p The atomic mo-
mentum distribution in the direction transverse to the 1D
molasses is arbitrary in our model. In the experimental
situation of Ref. [1),atoms are first cooled by 3D molasses
and then two pairs of cooling beams are switched off to
obtain a transient 1D molasses. Therefore it is reason-
able for us to assume that the atomic momentum distri-
bution in the transverse direction is given by a function

W(py), whose width is typical of sub-Doppler tempera-
tures, which is on the order of a few hk for alkali-metal
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atoms [9]. Consequently, the atomic density matrix to
zeroth order in the probe field strength is given by

(o) I I I I i
p (»9) p~pyi& ) 9 ~ p ~py)

= vr~ l „W(p„)()„,„bq q b„„b(ps —p'„) . (24)

The values for vr„,~,„are solved from Eq. (5) in the ab-(o)

sence of the probe, as shown in detail in Ref. [3].
As the next step, we then solve for the atomic density

matrix to 6rst order in the probe 6eld strength and sub-
stitute into Eq. (19) to calculate the probe absorption
coefficient. As illustrated in Ref. [4] based on a model
in which 8 = 0, the probe absorption signal has sev-
eral sources. One is the Raman resonance signal, which
arises &om stimulated Raman transitions between dis-
cretized motional bands in the molasses direction. An-
other contribution to the signal comes from the Rayleigh
resonances, which can also be understood in terms of

I

two-wave mixing processes involving the probe and the
cooling fields. In the following, we analyze the effects re-
lated to the misalignment of the probe field propagation
direction, which is characterized by the small angle 8 or
7t —8, and investigate the cases when these efFects can be
negligible and cases when these effects can lead to new
types of resonance contributions.

A. Raman signals

We first study the case of 8 « 1, where the probe
and the nearly copropagating cooling 6eld have or-
thogonal polarizations (8 =J ). As can be seen from
Eq. (19), the density matrix elements that are re-
sponsible for various Raman resonance signals have the
form p~ l(n, q, p, p„;n + m, q, p, p„+ hk8), where m =
+1,+2, . . .. The equations for steady-state solutions of
these Raman coherences are derived from Eq. (5) as

r'—((n, q, y~A~ l~n, q, lJ) + (n+ m, q, p)Ai l~n+ m, q, p))
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+r' ) f ~~') ~ah )(. ~ l*'l(Bq')" "'"I"v~ )''
~/ ql ~l Q

x (n' + m, q') y, '~e'" ') "Bq~ l
~n + m, q) p) p~ l (n', q', p', p„)n' + m, q', p') p„+ hk8)
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where

1
~-.e,~; +;.~ = (E-;.~ —E-+-.e,~) (26)

is the &equency difference between the Bloch states
~n, q, y) and ~n+m, q, p). As is evident from Eq. (25), the
main modification due to 8 g 0 is the residual Doppler
broadening term kp„8/M. Assuming that

k+8«~ „=r (n, q, ~~X' l~n, q ~) (27)

for all values of (n, q, p), the residual Doppler broadening
can be neglected as compared to the width p~ q ~ owing to
optical pumping efFects of the cooling 6elds. As a result,
after integrated over p„, Eq. (25) becomes identical to
the one in Ref. [4], where 8 is assumed to be zero.

A characteristic Raman signal due to transitions be-
tween An = +1 and +2 states is shown in Fig. 2 for the

I

case of 8 =i. The cooling field detaining 6 = —10I' and
the potential depth ~Uo~ = 170EA, where Er, = h k /2M
is the atomic recoil energy. The probe absorption coeffi-
cient is plotted as a function of the dimensionless detun-
ing b/ui„where (dl, = Es/5 is the atomic recoil frequency.
As analyzed in detail in Ref. [4], the widths of the Raman
signal (An = +1) are smaller than the optical pumping
rate I"(= 6.4uA,,), owing to the Lamb-Dicke effects [10).
The difference between the magnitudes of En = +1 reso-
nances and those of An = +2 is also related to the spatial
localization of atoms in the light shift potential wells.

The case of 8' = x —8 « 1 (8 =~~) is very similar to
that for 0 (& 1, which becomes evident when one sub-
stitutes 8 with 8 in Eq. (25). It is interesting to note,
however, that although the line shapes of the Raman sig-
nals are quite similar in these two cases, the magnitude
of the signal is approximately a factor of 4 smaller in the
case of m —8 « 1 (8 =~~) than in the case of 8 && 1
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In the following, we study the cases of (i) 8 « 1 (8 =J )
and (i) Ir —8 « 1 (8 =i[), separately.

Case of 8 (( 1

To first order in 8, one has sin(8) = 8 and cos(8) = 1.
Based on Eq. (19), the central signal depends on the
momentum integral of the density matrix elements

Since we assume that the residual Doppler width ku8 is
much smaller than any relaxation rate of the Bloch state
[see (27)], we can neglect the transverse Doppler broad-
ening term kp&8/M in Eq. (31). After one integrates Eq.
(31) over p„, the dependence of Eq. (31) on 8 vanishes
and we recover the same equation in Ref. [4] when 8 is
taken to be exactly zero. The resulting signal is entirely
due to Rayleigh-type transitions between the Bloch states
in the molasses direction. A typical central line shape is
shown in Fig. 3 for the case of 8 =J . The signal is a
superposition of the back-scattering contribution related
to the population grating p( (which has a spatial pe-
riod of A j2) and forward-scattering contribution related

to a global magnetization p& . Since the back-scattering
part is primarily related to the lowest motional states in
the molasses [4], it has a narrower linewidth as compared
with the forward-scattering term, to which all motional
bands contribute. As a result, the overall line shape ex-
hibits a clifHike feature at b = 0.

kvH (Q f~ q y

0.0010
(a)

and integrate Eq. (31) over p„. Following this procedure,

one finds that the population term (p, ) in Eq. (19) is
exactly zero, as required by conservation of population.
This is also evident &om Eq. (31). After eliminating
the transverse momentum p„&om Eq. (31), it is easy to

show that the sum g„%(,s,„ is indeed zero. As a re-
sult, the only Rayleigh contribution to the central signal

at h = 0 comes &om the magnetization grating term p&
which represents the backscattering of the cooling field
into the probe field. Figure 4(a) shows the line shape of
this Rayleigh signal due to such a backscattering process
for the case of a "deep" potential well (iUoi = 170EI,).
Notice that the sign of the dispersion is the reverse of
the experimental curve shown in Ref. [1]. As pointed
out in Ref. [4], and also confirmed by the present cal-
culation, the sign of this dispersion reverses when one
chooses a "shallow" potential well (with iUoi typically
of order 10El,). The fact that such a sign reversal has
not been found in experiments so far constitutes a major
discrepancy between the existing theory and the experi-
ments [11].

In the following, we show that when the transverse
broadening is included, the sum of

Case of Il —8 « 1

To first order in 8' = vr —8, one has sin(8) = 8' and
cos(8) = —1. One might think it is possible to similarly
eliminate the dependence of Eq. (31) on 8' by assuming
that
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FIG. 3. Rayleigh resonance signal in the case of 8 =i.
Cooling Beld parameters are the same as in Fig. 2.
Dot-dashed line represents the back-scattering contribution,
dashed line the forward-scattering contribution, and solid line
the overall signal.

FIG. 4. Central resonance signal in the case of 8 =ii. The
cooling )leld parameters are the same as in Fig. 2. (a)
Rayleigh signal dne to back-scattering processes. (b) Re-
coil-induced signal. The most probable transverse momentum
Mu = 185k.
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f ) 7r( ) „(p„,p„+ hk8')dpy,
n, q, p.

(33)
To obtain the expression for the recoil-induced signal,

one needs the evolution equation for the coherence be-
tween atomic states with different c.m. momenta

which represents a population grating in the y direction
with a grating period A/8', does lead to an important
contribution to the probe absorption signal. Such a con-
tribution originates &om the recoil-induced resonances
between atomic states with different transverse momen-
tum p&.

One may ask the following question: why in one case
(8 =J ) it is possible to neglect the transverse broadening
kp„8/M, while in the other (8 =~~) it is not, although one
assumes in both cases the same condition (27) or (32).
The answer lies in the following. In the case of 8 =J, the
population modification in each Bloch state, i.e., x„q y, ,
contributes to the Rayleigh signal independently, owing
to the fact that the signal (19) depends on the average of
the product (p, ) e '"'). Since the average values of e2'"'
for different Bloch states are different, the inclusion of the
residual Doppler broadening has negligible modification
for the sum P„vr„,(n, q, p]e '"'

~n, q, y) under con-
dition (27). In the case of 8 =~~, however, the signal de-

pends on the sum of the modified population (p, ) itself,
which is exactly zero if one assumes the misalignment an-
gle 0' = 0. In fact, optical pumping does not induce any
decay of the sum of the population modifications of all

Bloch states P„m„z)„. Thereby the condition (32)
under which transverse broadening can be neglected is
not applicable for the modified total population. When
the finite angle 8 is taken into consideration, the summa-
tion (33) no longer gives zero signal. In fact, it represents
the contribution of the recoil-induced resonances in the
transverse degree of keedom.

p(')(py, py+ hk8') = ) rr( ) „(p„,p„+ hk8') . (34)

Starting from Eq. (5), and in a similar procedure that
leads to Eq. (31), we obtain the equation of motion for
p(')(py, p„+ hk8') as

j(') (p„,p„+ hk8')

—
~
pi+ib —i p (p„,p„+ hk8)

( . .kp„8' t (i)

) (n, q, piH( )in, q, p)z( ) „
x [W(p„+ hk8') —W(py)],

where we have kept only the source term to lowest or-
der in r'/~Uo[ under the secular approximation (3). In
the above equation, p& is an added effective decay rate,
which is assumed to be much smaller than any relevant
linewidth in this problem (e.g. , ku8'). It can be deter-
mined, for example, by the transit time of atoms in the
laser fields [12]. The source term on the right-hand side of
Eq. (35) is proportional to the difference of populations
between atomic states of transverse momentum p„and
p„+hk8, which is characteristic of the recoil-induced sig-
nal [7,8]. The steady-state solution for p( ) (py, py+ hk8')
can be easily obtained from Eq. (35), and one finds the
contribution of the recoil-induced resonances to the probe
absorption signal (19) as

~(RIR) I 2&X ( (i) &Ps'y)

= Im . dpyp(')(py, py+ hk8')2+i
, (Mb')

I' 2+id ( k8')

x 2 —i ) ((n, q, +~e' '~n, q, +)7r( )
+ —(n, q, —~e

' '~n, q, —)m„)
n, q

(36)

( p„')
W(py) = exp

v'~po ( po j
(37)

then the dependence of the recoil-induced signal on the
probe-pump detuning b has the following form:

~(RIR) Uo +~I(:
54 (ku)2 ku8' (ku8')2 (38)

where W'(p„) is the first order derivative of W(p„) with
respect to p„. As we mentioned earlier, the atomic trans-
verse momentum distribution W(p„) is arbitrary in our
model. If we assume W(p„) to be a Gaussian distribution
with a width po ——Mu, i.e.,

I

As one can see &om the above expression, the recoil-
induced signal appears to be a Gaussian-type dispersion,
with probe gain for negative 8 (C s ( 0) and probe loss
for positive b (C s ) 0). The peak-to-peak distance is

given by v 2ku8'. The magnitude of RIR signal is de-
termined by the factor [Uo/(hA)][guy/(ku) ], which can
be compared to other signals due to, for example, the
Rayleigh resonances. Figure 4(b) shows the RIR signal
(36) for a potential depth

~
Uo]/Eg = 170 and a transverse

momentum width Mu = lshk, which corresponds to a
temperature T~ = 1/2Mp„of order 60 pK for cesium
atoms. As one can see from Figs. 4(a) and 4(b), which
are drawn using the same unit, the recoil-induced signal
(b) has a much greater amplitude for this transverse tem-
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perature than the signal (a) due to Rayleigh resonances,
and it has the same sign as the experimental curve shown
in Ref. [1]. Based on Eq. (38), as ku increases, the width
of the RIR signal increases linearly as ku8' and its magni-
tude decreases quadratically as 1/(ku)2. These features
serve as evidence of RIR.

So far we have assumed that spontaneous emissions
occur only in the molasses direction [see Eq. (17)]. In
reality, spontaneous photons can be emitted into the
transverse directions as well, which constitutes a diffu-
sive heating mechanism due to the random directions
of spontaneous photons. To lowest order in I'/[b, [, the
recoil-induced signal is independent of the spontaneous
decay pattern [7]. However, the transverse momentum
width po

——Mu is now a function of time, roughly given

by

po (t) = v ~0 + DJ 5,

where 00 is the initial momentum width at t = 0 and
D~ is the transverse momentum difFusion constant. If
we assume that the rate of change of po is much smaller
than the residual Doppler width ku8', our calculation of
MR is still valid. The resulting line shape of the recoil-
induced signal follows the evolution of po(t) adiabatically
and its width increases with time as ku(t)8'.

IV. CONCLUSIONS

We have presented a calculation of the probe-
absorption coefficient for atoms cooled in 1D optical mo-
lasses. Unlike the treatment in Ref. [4], we allow a small
misalignment of the probe characterized by the angle 8
between the probe and the cooling-field propagation di-
rections. The effects related to such a misalignment are
analyzed. The results can be summarized as follows.

(a) For the signal originating from stimulated Raman
transitions between the quantized motional states (Bloch
states) along the molasses direction, which appears as
sidebands in the probe absorption spectra, the misalign-
ment leads to a small broadening of the Raman signal by
the residual Doppler width ku sin(8), which can be ne-

glected when ku sin(8) is much smaller than the effective
relaxation rates p q & of the Bloch states involved in the
transitions.

(b) For the central signal at b = 0, we have addressed

two difFerent situations.
(i) For 8 =t, which represents the case when the probe

and the nearly copropagating cooling field have orthog-
onal polarizations, the efFects of the small misalignment
can still be neglected under the same assumption that
ku sin(8) « p„s „ for all Bloch states ]n, q, p). The sig-
nal constitutes both a forward-scattering and a backscat-
tering contribution (Rayleigh signal), which appears as a
cliff'-shaped dispersion.

(ii) For 8 = [[, which represents the case when the probe
and the nearly copropagating cooling field have parallel
polarizations, one can no longer neglect the misalignment
effects when considering the signal related to the popu-

lation term p, . Our calculation shows that this mis-
alignment leads to an additional signal due to the recoil-
induced processes between the transverse energy contin-
uum states. The magnitude of this recoil-induced signal
can be much greater than the Rayleigh signal previously
studied, and its sign is independent of the depth of the
optical potential wells in the molasses direction.

Some recent 1D probe transmission experiments with-
out the transverse confining beams [13] have confirmed
that the narrow central resonance structure observed in
the 8 =[[ case indeed fits very well into a derivative of
a Gaussian of form (38) and its sign does not change
for different signs and magnitudes of Uo. Perhaps more
interesting is that the width of the dispersion increases
with the time delay between the shutdown of transverse
cooling beams and the turn on of the probe beam, which
agrees with the arguments above concerning the effects
of transverse heating due to spontaneous emissions. All
these new developments lead one to believe that the nar-
row central line shape in this case is indeed the recoil-
induced resonances related to the transverse degree of
freedom. If so, this will be the first observation of the
recoil-induced resonances proposed initially for two-level
atoms [7]. The determination of the width of the RIR
signal as a function of time constitutes a measurement of
the transverse momentum difFusion rate D~, which may
be compared with results of theoretical calculations.
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