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Multiphoton Transitions in a Spin-Polarized 3D Optical Lattice
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We have observed novel resonances occurring at subharmonic frequencies in probe transmission spec-
tra of ultracold atoms confined in the antinodes of a 3D optical standing wave by means of dipole forces.
We interpret these resonances in terms of multiphoton Raman transitions between vibrational states of

the trapped atoms.
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Lattices of ultracold atoms trapped by dipole forces in
the antinodes of three-dimensional light fields represent a
unique new state of matter [1-5]. The atoms (sparsely)
populate a regular lattice of microscopic light traps and
thus form a very dilute “solid.” The atomic motion inside
each trap is quantized on a submicron length scale. The
interaction of such matter with radiation involves many
unusual aspects and offers intriguing opportunities for fu-
ture research. Here we demonstrate a novel high-order
multiphoton phenomenon that can be observed at very
low power levels, opening a new regime for studies in
nonlinear spectroscopy and nonlinear optics.

Much attention has recently been paid to understand-
ing the absorption spectra of ‘“‘optical lattices™ [1,3-6].
Unique resonances with extremely narrow linewidth have
been observed in such spectra and have been interpreted
as due to Raman transitions between quantized vibration-
al states of the cold atoms moving inside nearly harmonic
potential wells. More specifically, stimulated Raman
transitions between vibrational states are excited by the
cooperation of the three-dimensional trapping field (3D-
field) and a probe laser beam which is directed through
the trapped atomic sample. This yields amplification or
attenuation of the probe beam if its detuning from the
3D-field frequency equals the frequency separation be-
tween a pair of vibrational states. In a classical picture,
the interference between the probe wave and the 3D field
produces a time-dependent perturbation of the optical po-
tential which oscillates at the difference frequency be-
tween the two optical fields. When this distortion be-
comes resonant, transitions between vibrational states are
excited [6]. In addition to these spectral features a cen-
tral resonance of less than a kHz linewidth has been ob-
served in such spectra [3,5]. According to the one-
dimensional theory presented in Ref. [7] this resonance
should mainly result from stimulated Rayleigh scattering.
We believe that in three dimensions the formation of a
Bragg grating might be responsible for the extreme nar-
rowness of that resonance [5]. Even though only two
different 3D-field geometries have so far been reported
[3.5], the preceding interpretations seem to apply quite
generally and thus absorption spectra of these so-called
“optical crystals” or “optical lattices” may have appeared
to be sufficiently well understood. However, spectroscop-

ic experiments with increased resolution and signal to
noise show novel spectral features in absorption spectra of
3D optical lattices which have not been reported and
studied yet. In this paper we aim to describe these addi-
tional resonances and interpret them in terms of a new
kind of multiphoton process.

We use here a new 3D-field geometry which leads to
cubic body-centered optical lattices with ferromagnetical-
ly ordered atomic spins. To form this 3D optical lattice
we employ the 2D field used in Ref. [4] in the x-y plane.
This field consists of two mutually orthogonal 1D optical
standing waves directed along the x and y axes both
linearly polarized parallel to the x-y plane. As is dis-
cussed in Ref. [4], for 90° time phase difference between
the two 1D waves, this geometry yields circularly polar-
ized antinodes which form a square lattice of lines paral-
lel to the z axis spaced by A/2 (where L =780 nm is the
optical wavelength). To create a 3D extension we add a
circularly polarized standing wave along the z axis. This
leads to a 3D cubic A-sized lattice of pointlike circularly
polarized antinodes. In contrast to the experimental situ-
ation in Refs. [4] and [5] all atomic spins in our experi-
ment are oriented along the z axis forming a “ferromag-
netic” order.

To produce the 3D field experimentally, we use the
spatially filtered output beam of a grating stabilized
diode laser. The frequency of the laser is detuned with
respect to the (F=3,m=3)— (F=4,m=4) transition
of ¥Rb by 6= —8I" where I' is the linewidth of the tran-
sition. The output beam is split into three mutually or-
thogonal components superposed inside a rubidium-vapor
cell. Each of the beams is retroreflected by a highly
reflecting mirror, thus yielding a standing wave. In other
words, our setup consists of two nested Michelson inter-
ferometers. By controlling the optical path lengths be-
tween the two beam splitters employed and the three mir-
rors we can adjust the time phase differences between the
three standing waves. We couple | mW in a 6 mm
(1/e?) diameter beam into the x and the y wave and 0.5
mW into the z wave. When the time phase difference ¢
between the x and the y wave is 90° the 3D field acquires
circularly polarized antinodes which are arranged on
different types of cubic lattices depending on the time-
phase differences y between the x and the z wave. In

0031-9007/94/72(5)/625(4)$06.00 625
© 1994 The American Physical Society



VOLUME 72, NUMBER §.

PHYSICAL REVIEW LETTERS

31 JANUARY 1994

Fig. 1 the two characteristic cases are shown which occur
for y=0° and y=90°. In the experiment described here
the values of ¢ and y are servo-controlled to the values
¢ =90° and y =0°. Error signals are obtained by analyz-
ing the light reflected from the two nested interferome-
ters. We thus produce a body-centered-cubic lattice of
circularly polarized antinodes [as depicted on the left of
Fig. 1(a)] and the spring constant of the trap potential is
isotropic near an antinode. The antinode Rabi frequency
IS @) max =6T".

A cold (below 20 uK) dense (10'? atoms/cm?) cloud of
atoms is prepared by a magneto-optical trap operating in
a rubidium-vapor cell at a few 10 % Torr. The cloud is
about 0.8 mm in diameter and contains approximately
107 atoms. The trap is active for 100 ms. Then, the
trapping light and the magnetic field are switched off for
a probing period of 10 ms, while the repumping laser
(which counteracts hyperfine pumping) is kept active.
During this time the atoms are confined by the 3D field.
Our apparatus does not allow us to measure the tempera-
ture of the atoms after thermalization inside the 3D field
which should occur within the first few hundred mi-
croseconds and we should expect several vibrational states
to be populated. A linearly polarized (parallel to the xy
plane) probe laser beam of 0.4 uW power and 0.28 mm
(1/e?) diameter (i.e., @probe/T =0.3) is directed through
the atomic sample. This beam travels within the x-y
plane and is tilted only by a small angle of 5° with
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FIG. 1. (a) Crystalline structures showing the spatial ar-
rangement of the microscopic light traps for two characteristic
values of the time-phase difference y between the x and - wave.
The spins of the trapped atoms are oriented along the - axis.
Larger dots indicate deeper traps. The experiment uses the
body-centered-cubic case on the left. (b) Schematic of energy
conservation in multiphoton Raman transitions between vibra-
tional states of atoms confined by an optical potential. The
black dots indicate the atomic population. See text for details.
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respect to the x axis. Its frequency Vprope is tuned across
the frequency of the 2D field v,p during the probing
period, while its transmission through the atomic sample
is recorded. The observation time has been chosen to be
as short as 10 ms to guarantee a nearly constant value of
the trapped atomic population within a few percent dur-
ing observation. The 1/e decay time of the trapped popu-
lation is about half a second, limited only by collisions
with the rubidium background vapor.

In Fig. 2 we show a typical probe transmission spec-
trum. The predominant features are the resonances ob-
served at probe frequency detunings of * 165 kHz show-
ing gain in the low frequency component and absorption
in the high frequency component. According to previous
work these resonances result from Raman transitions be-
tween adjacent vibrational states. A second pair of such
Raman sidebands due to transitions involving two vibra-
tional quanta occurs at about *+ 310 kHz, i.e., at the edge
of the spectrum shown in Fig. 2(a). We observe a consid-
erably higher ratio of second to first sideband amplitude
and a linewidth broadening (approximately by a factor 2)
in both sidebands compared to the case when a weak
probe beam (0.04 uW) is used, indicating that the
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FIG. 2. (a) Recordings of the probe transmission versus the
detuning between the probe and 3D-field frequency. The probe
polarization is adjusted to be parallel to the x-y plane. The fre-
quency resolution is limited by the high sweep rate which causes
the fringes on the right of the central resonance. The reso-
nances at * 82 and * 56 kHz result from multiphoton Raman
transitions involving 4 and 6 photons in lowest order. (b) Frac-
tion of the spectrum in (a) showing the central Rayleigh reso-
nance recorded with much lower sweep rate.
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stronger probe beam in the new experiment increases the
temperature of the atoms. The width of the first Raman
sideband is about 40 kHz if the weak probe beam is used.

A central resonance occurs within a few kHz away
from zero detuning of the probe frequency, which is not
properly resolved in the spectrum of Fig. 2(a) because of
the high sweep rate used, as can be seen from the fringes
on the right of this feature. These fringes result from a
transient heterodyning of the decaying Rayleigh reso-
nance with the off-resonant probe wave [5]. The sweep
rate of 60 kHz/ms is determined by the 10 ms observa-
tion time used to record such spectra. In Fig. 2(b) a
much smaller portion of the spectrum is recorded with a
sweep rate of only 0.8 kHz/ms showing a dispersive reso-
nance with less than 1 kHz linewidth. Such Rayleigh res-
onances have been observed in previous work; however,
no spectrum of this resonance with comparable resolution
has been reported so far. The frequency resolution in
Fig. 2(b) is limited to about 200 Hz by the observation
time. The stability of the probe frequency detuning is
below 10 Hz for 1 s observation time. The shape of this
resonance is not Lorentzian, indicating that different re-
laxation times are involved in its formation. In particular
note the asymmetry with respect to the zero of the fre-
quency axis which is not yet explained.

We now consider the additional structure occurring in
the spectrum in Fig. 2(a) in the region between = 100
and *20 kHz. We clearly recognize an additional pair
of resonances at & 82 kHz and possibly a second one at
+56 kHz as well. To investigate these resonances we
have recorded the probe transmission between — 100 and
100 kHz and have subtracted a Lorentzian fit of the Ra-
man part of the spectrum which consists of the two well
understood pairs of Raman sidebands at =+ 165 and
*310 kHz. The result is plotted in Fig. 3(a), clearly
confirming the existence of at least two further pairs of
sidebands at =82 and %56 kHz. In the center of Fig.
3(a) the Rayleigh resonance is repeated which due to its
extreme narrowness produces the transient oscillatory be-
havior seen on the right of the resonance. To further ex-
ploit the information in our experimental data we have
smoothed the spectrum of Fig. 3(a) in the region between
— 100 and —25 kHz and replotted the result as the solid
line in Fig. 3(b). We readily recognize a further reso-
nance at —42 kHz in this graph. The dashed line in Fig.
3(b) represents the second derivative of the solid line
clearly confirming the resonance at —42 kHz and indi-
cating an additional resonance at about —33 kHz. In
summary, we observe resonances at probe frequency de-
tunings v, which approximately follow the relation
v» =165 kHz/n where n=1 corresponds to the first Ra-
man sideband at 165 kHz, n=2 to the resonance at * 82
kHz, and so forth.

We can interpret our observations in terms of multi-
photon transitions between adjacent vibrational states. In
Fig. 1(b) we sketch how such processes can give rise to
the observed resonances at frequencies v, for n=1,2,3.

In this picture we show only the lowest order process
which contributes to each transition occurring at the
subharmonic frequencies v, =v/n, where hv is the energy
separation of a pair of vibrational levels indicated by |0)
and |1). For the transition at frequency v, at least n
probe photons and n pump photons (i.e., photons contrib-
uted by the 3D field) are required. Higher-order contri-
butions to this transition can involve n+2i, i=1,2,...
probe photons and n+2j, j=1,2,... probe photons.
However, all orders contributing to the same resonance
exchange the same net amount of photons between the
pump waves and the probe. Since the lower state has
higher population at thermal equilibrium the net effect is
excitation of the atom from the lower to the upper state
and we obtain amplification at —v/n and absorption at
+v/n in the probe transmission signal. In the following
we call the transition which is resonant at frequency v,
the (n—1)st subharmonic. For n=1 we obtain the ordi-
nary Raman transition.

The perturbative approach sketched above is helpful to
understand the subharmonic resonance frequencies; how-
ever, it seems not well suited to estimate transition rates
because both the probe and the pump waves have rela-
tively high intensity in the experiment. We have investi-
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FIG. 3. (a) A fraction of the spectrum in Fig. 2(a) is shown
after subtracting a Lorentzian fit of the ordinary Raman side-
bands at £ 165 and £ 310 kHz. (b) The solid line repeats a
smoothed fraction of the spectrum shown in (a). The dashed
line is the second derivative of the solid curve. The arrows indi-
cate the resonance frequencies of the multiphoton Raman tran-
sitions involving 4, 6, 8, and 10 photons in lowest order.
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gated the transition rates in the context of a physical pic-
ture which does not employ a perturbation expansion in-
volving photons. Consider a J— J +1 atom confined to a
circularly polarized antinode. The atom is optically
pumped into the outermost Zeeman component of its
ground state and thus can be approximated by a two-level
system. We can expand the light shift U of this ground
state in powers of the Rabi frequency w; (which is pro-
portional to the square root of the total light intensity) in
the vicinity of an antinode ®w;=; max Which leads to a
series of different powers (0} — @fmax)”. Assume now
that the total light field consists of two parts: a circularly
polarized one-dimensional optical standing wave of fre-
quency w; which extends parallel to the x axis and which
is described by its corresponding Rabi frequency wmax
xcos(kx) (k=wave number) and the probe wave of fre-
quency w; +A and Rabi frequency wprobe having the same
polarization and propagating along the x direction. We
may insert the corresponding total Rabi frequency w,
into the power expansion of the light shift and write
U=Uo+Us+Uz+... as a sum of quantities each col-
lecting the terms which oscillate with the same frequency
nA, n=0,1,2,.... The term Uy is then expanded with
respect to x in the vicinity of an antinode yielding a har-
monic oscillator potential to lowest order which gives rise
to equidistant vibrational states. If we denote the vibra-
tional states by |i), i =0,1, . .. we may calculate the Rabi
frequencies w;;(n) corresponding to the transitions be-
tween states |i) and |j) with respect to the perturbations
Upa, n=1,2,.... If the Lamb-Dicke parameter g=(hv/
2ER)'? is sufficiently larger than 1 (hv=energy separa-
tion between adjacent vibrational levels, Eg=photon
recoil energy) we find
wo1(n) =cng _l(wlmaxwprobe)”nrga;zn)

for transitions between the two lowest states [Qmpax= (52
+ wfnax) /21, The coefficient ¢, contains a spatial in-
tegral including the wave functions of |0) and |1) and de-
creases rapidly with increasing n. The laser light intensi-
ties and the detuning used in our experiment
(@1max/T =6, 8/T = —8, wprobe/T =0.3, g=4.7) lead to
woi(1)/2r=85 kHz, o (2)/2r=0.75 kHz, and
001(3)/2r= 10 Hz. The value of 85 kHz is responsible
for the power broadened linewidth of the first Raman
sidebands at * 165 kHz seen in the spectrum of Fig.
3(a). A two-level calculation including the states |0) and
|1) yields the polarization Po;(n,A) connected with the
Rabi frequency wo;(n). The modification dlg(n,A) of
the probe intensity due to the (n—1)st subharmonic reso-
nance should scale as the product of Pg;(n,A) and the
probe field, i.e.,

wm(n)wpmb,
%' 7’2+2(A—a))2+wm(n)2

dlo (n,A) ~ (1

(y is the sum of the relaxation rates of |0) and |1)
and w=27v). We obtain dig(1,0) =12dI(2,w) and
dlo (2,0) =77dIo;(3,w). Experimentally we observe
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amplitude ratios between adjacent subharmonic side-
bands of roughly 10 to 20; i.e., the predictions of our
simplified model show the correct order of magnitude.
Our model underestimates the strength of higher subhar-
monic sidebands, i.e., the coefficients ¢, should decrease
less rapidly with increasing n compared to what our mod-
el predicts.

We believe that our model could be improved if we ac-
count for higher lying vibrational levels. For higher lying
levels transitions with small n (e.g., n=1) might be
suppressed relative to those with larger n (e.g., n=2 or 3)
because the rapidly oscillating wave functions at high vi-
brational quantum number j can only be efficiently cou-
pled by a perturbation U,a oscillating with comparable
spatial period. In particular, because in three dimensions
the jth vibrational level has [(j+1)(j+2)/2]-fold ap-
proximate degeneracy and because transitions between
high lying (less localized) levels are less suppressed by
the Lamb-Dicke effect, the contribution of the higher ly-
ing levels in the observed spectra might play an important
role. More precise calculations should also use more real-
istic wave functions as calculated by taking into account
the anharmonic terms of the optical potential. Actually,
the two-level optical potential used in our model might
not be appropriate at all when higher lying states are con-
sidered. When we move away from some antinode, say
with clockwise circular polarization, the counterclockwise
circular polarization component increases. Because the
admixture of other than the outermost Zeeman state in
the most light-shifted level is also increasing we expect a
considerable additional light shift away from the an-
tinodes as compared to the results of a two-level calcula-
tion which leads to extra anharmonicity.

In summary we have observed novel spectral features
occurring at subharmonic frequencies in probe transmis-
sion spectra of cold atoms trapped in the antinodes of a
three-dimensional optical standing wave. We have inter-
preted these features in terms of Raman transitions which
involve multiple pairs of photons. We also have presented
a high resolution spectrum of a sub-kHz Rayleigh reso-
nance. Our experiment uses a body-centered-cubic opti-
cal lattice with ferromagnetic order of the atomic spins.
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