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We present a detailed calculation of the four-wave-mixing signal from one-dimensional optical
molasses, in which atoms are cooled by a pair of counterpropagating, cross-polarized fields. The
contributions from both Raman and Rayleigh resonances between the discrete motional bound states
and the recoil-induced resonances between the motional continuum states are analyzed. It is shown
that the recoil-induced resonances can lead to a narrow central resonance peak in the four-wave-
mixing signal with a width given by the transverse residual Doppler width. The calculated Raman
sidebands also exhibit an asymmetry in the signal strength, a feature observed in recent experiments.

PACS number(s): 32.80.Pj, 42.65.—k

I. INTRODUCTION

Laser cooling is an effective way of producing ex-
tremely cold and dense samples of neutral atoms. The
usual scheme of the sub-Doppler laser cooling is achieved
through the so-called optical molasses, in which a pair
of counter propagating, linearly polarized fields [or three
pairs in three dimensions (3D)] with orthogonal polar-
izations are used to cool the atoms down to microkelvin
temperatures. Atoms in their ground electronic states
experience light shifts which are periodically modulated
in space, with a modulation period determined by the op-
tical wavelength A. The equilibrium mean kinetic energy
of the atoms in this case is smaller than the light-shift po-
tential depth Up. As a result, the quantized nature of the
atomic center-of-mass (c.m.) motion becomes important.
Evidence for the quantization of the atomic c.m. mo-
tion is provided by the observed sidebands in either the
probe-transmission spectra [1-3] or the resonance fluores-
cence of atoms [4]. These sidebands originate from Ra-
man transitions between the discrete motional states of
atoms in the molasses, whose widths are on the order of a
few tens of kHz. In the probe-transmission spectra, there
also exist some extremely narrow resonance line shapes
centered at zero probe-pump detuning, whose widths are
typically a few kHz. Rayleigh resonances among the dis-
crete motional states of atoms have been considered as a
possible origin for these narrow signals [5]. Moreover, the
so-called recoil-induced resonances [6,7], or Raman reso-
nances between the continuum states of the atomic c.m.
motion, can also lead to narrow features in the probe-
transmission spectra. It has been shown [8] that the
recoil-induced resonance contribution becomes the dom-
inant source of the central resonance signal in certain
pump-probe configurations.

Four-wave-mixing experiments in optical molasses
have also been carried out recently in both the 1D [9]
and 3D [10] cases. Due to the spatial confinement of
atoms in the potential wells, enhancement of the phase-
conjugating reflectivity from the molasses was observed,
reminiscent of the case in semiconductor quantum wells
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[9]. The observed signals in these experiments exhibit
similar sidebands due to Raman transitions between dis-
crete motional states. The positions and widths of these
sidebands provide information on the oscillation frequen-
cies of the atoms in the potential wells and the damping
rates of the atomic c.m. motion, respectively. There also
exists an asymmetry between the strengths of the blue
and red sidebands, a feature not observed in the probe-
transmission experiments. A narrow central resonance
peak was also observed in these four-wave-mixing exper-
iments. A remarkable feature observed in the most recent
experiment [10] is that, depending on the angle between
the probe field and one of the cooling fields, the width
of the central peak can be orders of magnitude smaller
than the estimated relaxation rates of the discrete atomic
motional states in the molasses. A smallest width of 300
Hz has been observed for the central peak in some cases.

In this paper, the four-wave-mixing signal from a 1D
optical molasses is calculated to first order in the probe
field strength. The internal atomic level scheme is cho-
sen to be a J;, = 1/2 — J. = 3/2 transition. Apart
from the signals originating from both the Raman and
Rayleigh transitions between discrete motional states in
the molasses, it is shown that, owing to the small but
finite angle 6 between the propagation directions of the
probe and the molasses fields, the recoil-induced reso-
nances between the transverse continuum states of the
atomic motion lead to a narrow peak at zero pump-probe
detuning, whose strength depends on the atomic trans-
verse momentum spread, and whose width can be arbi-
trarily small, depending on the angle 6.

This paper is organized as follows. In Sec. I, the mas-
ter equation for the atomic density matrix is given, and
the eigenstate basis used to expand and solve this equa-
tion is described. In Secs. III and IV, we calculate the
signals due to Raman and Rayleigh resonances between
motional states in the optical molasses. In Sec. V, the
signal due to the recoil-induced resonances is calculated,
and the overall line shapes are presented. Finally, in
Sec. VI, we discuss the relation of our results to some
recent experiments.
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II. DENSITY MATRIX EQUATION AND THE
METHOD OF SOLUTION

The incident field configuration is shown in Fig. 1. The
cooling fields with a frequency 2 propagate in the posi-
tive and negative Z directions, with polarizations in the
¥ and % directions, respectively (linLllin). The cooling
fields also serve as the pump fields for four-wave mixing
in this case. The probe field with a frequency €' propa-
gates at an angle 6 € (0, 7) with the Z direction, polarized
in the % direction. The total field is written as

E — %(gyeik-R——iQt + Exem kRN | gigoik R0ty
+-c.c., (1)
where
k =kz, k' = k[z cosf + § sin6)] . (2)

As in Ref. [8], we consider two limiting cases: (i) < 1,
which corresponds to a situation where the probe field
and the nearly copropagating cooling field have orthogo-
nal polarizations (N =.1); and (ii) ¢’ = 7 — 6 < 1, which
corresponds to a situation where the probe field and the
nearly copropagating cooling field have parallel polariza-
tions (R =||). In both cases, one calculates the intensity
of a signal field whose frequency is 2Q — €'. The signal
field propagates in the opposite direction to the probe
field, with a polarization perpendicular to that of the
probe.

As known for sub-Doppler cooling, optimal cooling ef-
fects are achieved in the limit of weak fields and large
detunings, such that

x <T' <A, (3)

where x = —d€ /4+/2F is the cooling field Rabi frequency,
d = —erey is a reduced atomic dipole moment, and
A = Q — w is the detuning of the cooling field from the
atomic resonance frequency w. Under the above secular
limit, the atomic excited-state populations and the elec-
tronic coherences can be adiabatically eliminated, and
one obtains a master equation for the atomic ground-
state density matrix only. To first order in the probe
field Rabi frequency

X' =ex, (4)

where ¢ < 1, the equation of motion for the atomic
ground-state density matrix can be written as

< -k

FIG. 1. Incident field configuration for four-wave mixing.
The cooling (pump) fields propagate in the +k directions, and
the probe field propagates in the k' direction. The signal field
propagates in the opposite direction of the probe field.
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P = _[Hy P] + [p]relax ) (5)
ih
where the Hamiltonian H can be written as
H=HO + {HMe 4 [HM]te~} | (6)

in which § = Q' — Q is the probe-pump detuning. The
zeroth order Hamiltonian H(® is given by

HO _ % 4 Uo[l + 1 sin(2k2)]|+) (+]
+Uo[1 — § sin(2kz)]|-)(—], (7N

which describes the motion of the atoms of mass M in the
unperturbed light-shift potentials induced by the cooling
fields only, with the potential depth U, given by

Ax?

8
Uo=3T2r a2 (®)

The first order term H(1) is given by

Uo( . ix—x')R —i(k+k')R

HWY =T[—ze’( IR 4 gemilktk)R) Ly

+ D0 [ioi kR g HHORY ) (] (9)
which describes the modification to the potentials due to
the presence of the probe field. In Egs. (7) and (9), |%)
denote the ground-state sublevels |g, £1/2), respectively.
The relaxation term [f]relax in Eq. (5) represents the ef-

fects of optical pumping on the atomic density matrix
evolution, which can be given as

I\I
[i)]relax = _—Z_[Ap + pA]

1
+1Y / dp' 3 No(p))Bhe R/
Q=-1
xpeipl'R/hBQ , (10)

where I = I'x?/[(T'/2)? + A?] is the optical pumping
rate. The operators in Eq. (10) are given by

A=A0 4 E{A(l)eiét + [A(l)]fe—i&} ’ (11)
where

A = (2 + sin(2k2)]|[+)(+] + §[2 — sin(2k2)]| -}~ ,

(12)
AW = _2_[__iei(k—k')~R 4 2e—i 0K Ry (g
3
_'_g_[iei(k—k')vR + 2e—~i(k+k')‘R]I_><_I , (13)
and
Bg = BY) +eBYet (14)
where
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BY = (—ie™™* F &™) (|£)(£| + LF)(F) ,

V2,

By = - (—ie % + )| 4)

(ol L i (4], (15)

BY = e R(|£) (]| + IF)(F]),

BY = LW R(y |~ ). (1)
The functions N4 o(p’) in Eq. (10) are the spontaneous
photon momentum distribution functions associated with
the o (Q = %) or w (Q = 0) transitions. As a simplifica-
tion, we assume that the spontaneous photon momentum
p’ is along the molasses direction only, i.e., p’ = p'Z, and

3 plz
8hk (1 + h2k2) ’
3 2

One can also write down the atomic ground-state den-
sity matrix p as

Ni(p') =

p=p® 4 efpMeit 4 [pM]fe=i0t} (18)

The four-wave-mixing signal, expressed in terms of the
atomic density matrix, is found to be given by [5]

& = |(2ipNe™ BAIR) _ (p(Ve—ile R4k Ry 12 (19
where (---) denotes a spatial average, and

P = (W ) + (=1pM|-)

p§) = (+HpM|+) — (=D -) . (20)

pgl) and p‘(il) represent the probe-modulated atomic pop-
ulation and magnetization gratings. From Eq. (19), the

components of p,(,l) and p‘(il) that contribute to the sig-

) . . ey
—ik-R—ik'-R sk R—ik'R resnec

nal vary in space as e and e
tively.

Under the secular limit (3), it is most convenient to
solve Eq. (5) in the eigenstate basis of the unperturbed
Hamiltonian Hg, which describes the coherent motion of
atoms in the molasses fields, as well as the atomic motion
in the transverse direction. The eigenstates of Hy can
be written as a product of |n, g, u)|py), where the Bloch
states |n,q,u) (n is the band index, g the Bloch index,

and p = +) are the eigenstates of

HO = 22 + UL @IH+ U0 @)1 (21)

with Uio)(z) = Uo[l + §sin(2kz)], and the plane wave
states |py) are the eigenstates of the free motion of the
atoms in the transverse direction. The atomic motion in
the z direction is irrelevant in this problem and therefore
ignored. In this product basis, the atomic density matrix
elements can be generally written as

p(n, g 1 pys 'y q's 1y py) = (pyl(n, g, plpln’, ¢ 1) Ipy) -

(22)

The zeroth order density matrix p(®) can be solved from
Eq. (5) in the absence of the probe. In the secular limit
(3), one can neglect the off-diagonal density matrix ele-
ments in the Bloch state basis [11]. As a result, the only
nonvanishing quantities in the Bloch-state space are the
populations of various states 71',(321, u- The atomic momen-
tum distribution in the direction transverse to the 1D
molasses is arbitrary in our model. As in the experiment
of Ref. [9], we assume that the atoms are first cooled in all
three dimensions before the transverse cooling beams are
switched off, and the probe beam is turned on. There-
fore, the atomic momentum distribution in the transverse
direction can be described by a function W(p,), whose
width po is on the order of a few tens of Ak, which is
typical of sub-Doppler temperatures. The zeroth order
atomic density matrix is thus given by

PO (n,q, 1, py; ', ¢ 1, D))

= "g(?z;,uW(py)‘sn,n’ 8q,q'0u,u0(Py — p;) . (23)

The values for 7"7(31)1,;‘ are solved from Eq. (5) by setting
e = 0. We choose the number of Bloch states up to
n = 60, which proves to be sufficient.

As the next step, we then solve for the atomic density
matrix to first order in the probe field strength, and sub-
stitute the result into Eq. (19) to calculate the four-wave-
mixing signal. Similar to the case of probe transmission
[8], the overall signal consists of the Raman and Rayleigh
signals, which arise from stimulated Raman and Rayleigh
transitions between the discrete motional states in the
molasses direction. Moreover, there can be a signal orig-
inating from the recoil-induced resonances between the
transverse continuum states, owing to the finite angle 6
(or ). In the following, we calculate these various con-
tributions, and the results are given for both the R =1
and R =|| cases, respectively.

III. CALCULATION OF THE RAMAN SIGNALS

From Eq. (19), the density matrix elements repre-
senting the various Raman resonance signals have the
form pM(n,q, pu,py;n + m,q, pu,py + k), where m =
+1,42,.... The equations for steady-state solutions of
these Raman coherences are derived from Eq. (5) as
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[T
~ [3((% 0, ulAO|n, q, p) + (n + m,q, u|AQ|n + m, q, u))

; kp, sin @
M

+i0 + iWn,q,uin+m,qu —

pM(n, q, p, py; 0+ m, q, 1, py + hk sin 0)

+r Y / dp' " No(@')(n, q, ul(BS)Te=#'*/"|n’, ', ')
n',q',u Q

) o
x(n' +m,q, w|e® "B |n + m,q,m)pD (n', ¢, i, py; ' +m,q', ' py + BkO)

%
= 5 (0 @l HOn 4 m, g, )] 0, W 2y + BRO) — (2 W (p,)]

FI
5 (0, ul AV 0 4, W) [0 g, W (Ry + BR6) + 70} W ()]

- Z

/dp' ZNQ(p/)<n,q’/LI(Bg)))Te—ip:z/hln,’ ¢ i)
Q

n’;quﬂl
ip' 1 0

x(n',q, e ’/hBé?)|n +m,q, p,)vr,(l,?q,,u,W(py) , (24)

[
where the cooling fields [represented by the H1) term in Eq.
1 (9)]- Second, it modifies the relaxation rates of different
w . = (E — E, 25 vibrational levels due to optical pumping [represented by

n,q,pin+m,q,p A n+m,q,pu

is the frequency difference between the Bloch states
[n,g,1) and |n + m,q,u). The nonvanishing angle
0 enters Eq. (24) as a residual Doppler broadening
kpysin@/M. Assuming that the residual Doppler width
is much smaller than the relaxation rates of all the Bloch
states due to optical pumping, i.e.,

kusin® < vp 4, = IV(n, q,u|A(°)|n, q, 1), (26)

the residual Doppler broadening can be neglected as com-
pared to v, 4 .. Equation (24) can then be simplified and
solved after one integrates over p, on both sides of the
equation.

In Fig. 2(a) and 2(b), the Raman signals due to tran-
sitions between the Bloch states with m = +1 and +2
are shown for the case W =1, where § <« 1, and for
the case N =||, where m# — § < 1, respectively. The
potential depth is chosen as Up/Er = —100, where
Ei = hwy, = h%k%?/2M, is the atomic recoil energy, and
the cooling field detuning A/T' = —10. As one can see
from Fig. 2, the second order sidebands due to transi-
tions between vibrational levels with m = £2 have much
smaller amplitudes than the first order sidebands with
m = *+1. Moreover, the widths of the first order side-
bands are much narrower than the optical pumping rate
2T = 7.5wy. These features are intimately related to the
strong spatial localization of atoms in the light-induced
potential wells, and can be explained in terms of the
Lamb-Dicke effect for confined systems [5].

One notices from Fig. 2 that there exists a small asym-
metry between the amplitudes of the blue and red side-
bands. Such an asymmetry was also observed in re-
cent four-wave-mixing experiments [9,10]. We explain
the asymmetry as follows. The addition of the probe
field has two effects. First, it induces stimulated Raman
transitions between the vibrational levels together with

the A®) and BM) terms in Egs. (13) and (16)]. The
first effect leads to a contribution to the Raman signal
amplitude that has different signs depending on the sign
of &, while the second effect has a contribution that is
independent of the sign of §. The interference of these
two contributions results in the asymmetry between the
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FIG. 2. Raman signals for the cases of (a) R =1 and (b)
N =||. For both cases, the potential depth Uy = —100E}, and
the detuning A = —10I".
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amplitudes of the blue and red sidebands, as observed in
Fig. 2 [12]. We should point out that the above analysis
is based on numerical evidence only. A more “physical”
explanation for this asymmetry may be the subject of
further investigation.

Calculations of the Raman sidebands for different val-
ues of Uy with the same A indicate that the observed
asymmetry has little dependence on Uy, which is under-
standable since the relative magnitudes of the two con-
tributions mentioned above mainly depend on the value
of |A|/T, and the population differences between differ-
ent motional states are insensitive to the value of Uj.
As one increases the value of |A|/T, the contribution due
to probe-induced stimulated transitions between different
motional states becomes dominant, and the asymmetry
is reduced. In the limit of |A|/T' = oo, one expects such
an asymmetry to disappear.

Finally, as shown in Fig. 2, the magnitudes of the
Raman signals in the two cases R =1 and R =|| differ by
about a factor of 20. As explained in Ref. [8], this is due
to the particular J; =1/2 — J. = 3/2 transition chosen
for our model. For a hyperfine transition F — F +1 with
F > 1, one expects the magnitudes of the Raman signals
in these two cases to be similar.

IV. CALCULATION OF THE RAYLEIGH
SIGNALS

We now calculate the signals due to Rayleigh reso-
nances among the vibrational levels in the molasses. One
can understand the Rayleigh contribution to the four-
wave-mixing signal in the following scattering picture
[13]. As shown in Fig. 1, there are two distinct scat-
tering processes leading to the signal. The interference
between the cross-polarized probe field and the forward
pump field (propagating in the k direction) leads to a
ground-state magnetization grating pfil), which varies in
space and time as exp[i(k — k') - R + ¢6t]. The forward
scattering of the backward pump field off this grating
leads to a scattered component that is polarized per-
pendicularly to the probe field, and propagating in the
signal direction. Similarly, the interference between the
parallel-polarized probe field and the backward pump
field produces a population grating pgl) which varies as
exp[—i(k + k') - R + i6t], and the backscattering of the
forward pump field off this population grating leads to
another contribution to the signal. The widths of these
two contributions are determined by the relaxation rates
of the respective gratings.

To calculate the Rayleigh signal, one in principle needs
to include the coherences between all the Bloch states
involved. Alternatively, it is more convenient to use the
adiabatic state basis [5,8] in solving Eq. (5). The adia-
batic states are the eigenstates of the total Hamiltonian
H. In the secular limit, they can be calculated perturba-
tively as
grl)eidt >(_1)e—i<§t] ’

In,q, 1) = |n,q, 1) + €[|n, q, 1) +n,q,p

(27)
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where
(1) _ (n’1Q7 ﬂlH(l)invq’/‘> '
I'I'L,q7 IJ'>+ 7§n En,q _ En',q I’I’L »q, p‘) )
(1t
@) (0, q,p|[HV]' |0, q, ) |,
n, - = n,q, . 28
In, q, 1) nz;n BB, oM. (28)

The density matrix in this new adiabatic basis is diag-
onal, and one calculates the following matrix elements:

71 (py,py + fiksin6)

n,q,K1

= (py|(n, q, u|pM|n, g, u)|py + Fksind) , (29)

which leads to the Rayleigh contribution to the four-
wave-mixing signal. The equation for the steady-state

values of 'fr,(bl,t)l,“(py,py + hksin®) can be derived from
Eq. (5), which turns out to be rather complicated. It
is the same as Eq. (31) of Ref. [8] for the calculation of
the probe-transmission signal, and readers are referred to
that paper for further reference.

Figure 3(a) shows an example of the overall Rayleigh
signal in the case of X =1, which is a superposition
of contributions from the population grating p‘(,l) (dot-

ted line) and the magnetization grating pfll) (dashed
line), both of which are of similar magnitudes but dif-

Rayleigh Signal (Arb.

0.0004 -

0.0002 -

Rayleigh Signal (Arb. Units)

0.0000
—-30

FIG. 3. Rayleigh signals for the cases of (a) R =1 and
(b) X =||. The parameters are the same as in Fig. 2. In
(a), the contributions of the population grating pgl) and the

magnetization grating pfil) are plotted as dotted and dashed
lines, respectively.
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ferent widths. In this case, one may neglect the residual
Doppler broadening, similarly to the calculation of the
Raman signal under the limit of Eq. (26). On the other
hand, in the case of R =||, it is not appropriate for one to
neglect the Doppler broadening. In doing so, one obtains
only the contribution of the magnetization grating term

pgl), which is shown in Fig. 3(b). The population grating

term pgl) has zero contribution following this procedure,
as is required by the population conservation condition,
ie., (,;2”) = 0. In fact, this procedure of calculating the
contribution of p,(,1 is incorrect. As shown in the next

section, the proper treatment of the p,(,l) term in the case
of X =|| leads to the recoil-induced contribution to the

four-wave-mixing signal.

V. CALCULATION OF THE RECOIL-INDUCED
SIGNAL

In general, the recoil-induced resonances between the
energy continuum states of the atomic motion may
become important in pump-probe or four-wave-mixing
spectroscopy when the temperature of atoms decreases
below the Doppler limit [6]. To calculate the recoil-
induced contribution to the four-wave-mixing signal in
the case of R =|| (' = 7w — 6 < 1), one needs to evaluate
the coherence between atomic states with different c.m.
momenta, i.e.,

P (py,py + hk0') = Y 7 (Py,py + hkO') . (30)

n,q,1

In the secular limit (3), and to lowest order in I'/|A|,
the equation for p()(py, py + #k8') can be derived as [8]

p(l)(pwpy + fik6’)

o kp,0'
== (’Yt + 16 — 1%) pM (py, py + Hk0')

7
_ﬁ [ Z (n, q, ILIH(I) |’I'L, q, I‘L)W'ES()J,;L:I

n,q,H

x[W (py + hk0') — W (py)] , (31)

where 7; is an added effective decay rate, which may be
determined by the transit time of atoms in the laser fields.
We restrict -y; to be smaller than any relevant frequencies
in this problem, and the final results are independent of
~¢. The steady-state solution of Eq. (31) can be substi-
tuted into Eq. (19), and the recoil-induced signal is given
by

2
ERIR) = { / dpy M (py, py + kO')

_| v e (0)
- ‘ 2kBT Z (TL, q’ ll‘lH |n7 q? u)ﬂn,q,p

n,q,K1

'L’)’t—(s
XI( kud’ )

2 ; (32)

©
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FIG. 4. The signal due to the recoil-induced resonances
in the case of R =||. The transverse momentum spread
po = 20%k, and the probe incident angle 8’ = 1°.

where u = po/M is the most probable speed of atoms
in the transverse direction and kgT = (1/2)Mu? is the
transverse mean kinetic energy of atoms (kp is the Boltz-
mann constant). The function I(2) in Eq. (32) depends
on the transverse momentum distribution function W (p),
and is defined as

W (pot)podt

z—1 ’ (33)

o=

and I'(z) is the first order derivative of I(z) with respect
to z. If we assume W (p) to be a Gaussian, I(z) becomes
a tabulated function [14], with its derivative given by

I'(z) = % —22I(z) . (34)

As one can see from Eq. (32), the recoil-induced signal
is centered at § = 0, with an amplitude proportional to
Uo/kpT, and a width given by kuf’. An example of the
recoil-induced signal is plotted in Fig. 4 for a Gaussian
momentum distribution W (p) with a width p, = 20Ak,
and a probe incident angle 8/ = 7 — § = 1°. Comparing
Fig. 3(b) and Fig. 4, one concludes that in the case of

N =|| the recoil-induced signal has a much greater am-
plitude than the Rayleigh signal. The total four-wave-
mixing signals for the cases of R =1 and R =|| are dis-

played in Figs. 5 (a) and 5(b), respectively. In Fig. 5(a),
the central peak originates from the Rayleigh contribu-
tion shown in Fig. 3(a), and its width is insensitive to
the angle 8’ provided that Eq. (26) holds. In the case
where kpo sin@/M is comparable to or greater than the
relaxation rates -y, 4., both the Raman and the Rayleigh
signals will be broadened by the residual Doppler width.
In Fig. 5(b), the central peak is dominated by the signal
due to the recoil-induced resonances, and its width varies
linearly with 6’.
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Total Signal (Arb. Units)
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FIG. 5. Total four-wave-mixing signals for the cases of (a)
R =1 and (b) R =||. The parameters are the same as in Figs.

2-4.

VI. DISCUSSION

In this paper, the four-wave-mixing signal from one-
dimensional optical molasses is calculated, and the differ-
ent types of contributions to the signal are analyzed and
compared in detail. Similarly to the probe-transmission
spectra, the total signal consists of contributions from
both Raman and Rayleigh resonances between the dis-
crete atomic motional states in the molasses, as well as
a recoil-induced signal originating from Raman-type res-
onances between the continuum states of atomic motion

in the transverse direction.

The early four-wave-mixing experiment of Ref. [9] was
carried out in a 1D molasses formed by a pair of counter-
propagating ot fields plus a constant transverse mag-
netic field (magnetic-assisted Sisyphus cooling). The ba-
sic features of such a molasses resemble those of a linLlin
molasses, and one expects that the recoil-induced signal
should contribute to the central peak in the observed
spectrum. A more recent experiment has been carried
out in 3D optical lattices [10]. The qualitative features
of the observed spectrum are quite similar to those cal-
culated in this paper for 1D molasses. In particular, it
was found in Ref. [10] that the width of the narrow cen-
tral peak grows linearly with the angle between the probe
and one of the cooling fields. This unique feature cannot
be explained in terms of Rayleigh or Raman resonances
between discrete motional states in the 3D molasses, but
it is compatible with the recoil-induced signal as exhib-
ited in this present calculation. Moreover, the smallest
width of the central peak observed in Ref. [10] is nearly
two orders of magnitude smaller than the estimated re-
laxation rates of the lowest vibrational states. In cases of
3D lattices, the degree of level degeneracy of the atomic
motional states increases quadratically with energy. As
a result, the atomic population in the highly excited mo-
tional states becomes significant. These highly excited
states have a similar energy-momentum relation as that
of free atoms, and the recoil-induced resonances asso-
ciated with these continuum or quasicontinuum states
may lead to a contribution to the central signals observed
in both probe-transmission and four-wave-mixing exper-
iments in 3D lattices [2,3,10]. Research along this direc-
tion is currently under way, the results of which will be
reported in a planned future publication.
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