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We report a combined experimental and theoretical investigation of near resonance light scattering
from a high-density and ultracold atomic 87Rb gas. The atomic sample, having a peak density
∼ 5 · 1013 atoms/cm3, temperature ∼ 65 µK and initially prepared in the F = 1 lower energy 87Rb
hyperfine component, is optically pumped to the higher energy F = 2 hyperfine level. Measurements
are made of the transient hyperfine pumping process and of the time evolution of scattering of near
resonance probe radiation on the F = 2 → F ′ = 3 transition. Features of the density, detuning, and
temporal dependence of the signals are attributed to the high density and consequent large optical
depth of the samples.

PACS numbers: 42.25.Dd, 42.50.Nn, 42.50.-P, 72.15.Rn, 37.10.Gh

I. INTRODUCTION

Development of techniques to cool and trap atomic
gases [1, 2] has revolutionized many traditional atomic
physics research areas and, at the same time, has stim-
ulated new connections and types of interdisciplinary
specialization. In atomic physics, original efforts were
primarily directed towards observation and research on
Bose-Einstein Condensation [3–5]. In turn, this has stim-
ulated a vast amount of research in a wide range of areas
including quantum information science [6, 7], quantum
optics [8–11], precision measurements [12–14], plasma
physics [15, 16], and molecular spectroscopy [17, 18].
These areas, and others, have been transformed by the
combination of ultracold experimental facility and theo-
retical understanding of the physical processes. Among
the important characteristics of utilized atomic gases are
the gas temperature, density, and spin polarization. For
example, storage of individual photon wave packets in
ultracold gases combines quantum optical techniques of
coherent dark state formation and electromagnetically
induced transparency to address a critical area of quan-
tum information processing [19, 20]. The lifetime of the
atomic spin wave, which determines the storage time of
the photonic information in the form of a dark state po-
lariton, depends on the gas temperature, collision rates,
and local magnetic environment. In another research
area, photoassociative formation of ultracold diatomic
molecules depends quadratically on the density of the
parent ultracold atomic gas. Likewise, by initiating for-
mation of an ultracold plasma in a high density atomic
gas, one can attain strong coupling with sufficient ioniza-
tion of the gas.

Over the past decade, a number of research groups
[21–27] have concentrated on near-resonance light scat-
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tering in ultracold atomic gases. A particular interest has
been coherent multiple scattering of light when the influ-
ence of atomic motion is of minimal importance. Then
the natural length scale for the photon multiple scat-
tering is the optical mean-free-path, given by l = 1/ρσ,
where ρ is the atomic density and σ the cross-section
for atomic light scattering in a weak field. For light of
wave vector magnitude k = 2π/λ, a useful dimensionless
parameter is the product kl [28]. When kl >> 1, the
so called weak localization regime [23], light scattering
can be thought of as a sequence of scattering and prop-
agation events [24]. In this regime, an observable that
survives configuration averaging is the coherent backscat-
tering cone, which is a few milliradian-width feature that
displays an enhancement of as much as a factor of two
over the incoherent albedo for back scattered light [29–
31]. In ultracold atomic gases, the angular shape and
peak enhancement of this spectral feature has been stud-
ied for a wide range of conditions, including spectral de-
tuning from resonance, light polarization, probe light in-
tensity [32], sample size and optical density, and exter-
nal magnetic field [33–41]. Observation of the coherent
backscattering cone established that weak-field multiple
light scattering, even for resonance radiation, is a co-
herent process. When the atomic density is significantly
increased, so that the parameter kl ∼ 1 (the so-called
Ioffe-Regel condition [28]), there are a number of atoms
within a volume 1/k3, and light scattering [42] becomes
a cooperative process [23, 43–50]. In this regime, it is
expected that a number of fascinating quantum optical
processes, including Anderson localization of light [51–
55], and atom-based random lasing [56–60], may emerge.
It is these processes, and the conditions under which they
might be experimentally studied, that are the main mo-
tivations for the current research program.

In the present paper, we describe our experimental ap-
proach to obtaining atomic conditions, and particularly
atomic densities, in the regime where kl ∼ 1. We also de-
scribe the method we use to prepare the atomic sample so
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that large orders of multiple scattering may be obtained,
along with the associated experimental observations and
their interpretation. This is followed by presentation and
discussion of experimental results of the density and de-
tuning dependence of time-dependent light scattering on
the nearly-closed F = 2 → F′ = 3 hyperfine component
of the 87Rb D2 transition. The experimental results are
also compared with those obtained by rigorous theoreti-
cal treatment [43, 61] of the dynamics under conditions
similar to those realized in the experiments.

II. EXPERIMENTAL APPROACH
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FIG. 1: Color online. Schematic drawing of the experimental
apparatus. In the figure QUEST stands for quasi electrostatic
trap and PMT refers to a photomultiplier tube. MOT refers
to a magneto-optical trap, while CO2 laser indicates a carbon-
dioxide laser. Drawing not to scale.
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FIG. 2: Color online. Schematic energy level diagram for
87Rb showing the optical transitions important for the exper-
iments reported in this paper. Not to scale.

A schematic diagram of the experimental apparatus is
shown in Fig. 1, and the main optical excitation transi-
tions used in the present experiments are shown in Fig.

2. In Fig. 1, the main focus of the instrumentation is
an optical dipole trap formed in the focal region of a
carbon-dioxide (CO2) laser beam. A 40 MHz acousto
optical modulator (AOM) is used to switch and to di-
rect approximately 50 W of the 100 W CO2 laser out-
put to the trapping region. The trapping beam is fo-
cussed to a radial spot size of ∼ 55 µm, and an associ-
ated Rayleigh range of zR ∼ 750 µm. Because the op-
erating trap wavelength of 10.6 µm is far longer than
those of the Rb resonance transitions, the dipole force is
closely proportional to the static dipole polarizability of
atomic Rb; the trap is then referred to as a quasistatic
electric dipole trap (QUEST) [2]. The trap depth is ap-
proximately 650 µK, and has associated measured trap
angular frequencies ωz = 2π ·50 rad/s and ωr = 2π ·1300
rad/s. As described in detail elsewhere [63], the QUEST
is loaded with atoms that have been collected from a
surrounding thermal Rb vapor and cooled in an overlap-
ping magneto optical trap (MOT). The QUEST atoms
are initially loaded from the MOT into the lower energy
F = 1 hyperfine component of the Rb ground level. Fol-
lowing QUEST loading, the MOT lasers and magnetic
fields are shut off, and the atoms in the dipole trap col-
lisionally thermalize to a temperature of approximately
65 µK. After this natural thermalization process, approx-
imately 15 % of the atoms originally in the MOT have
been transferred to the QUEST; this amounts to around 5
million atoms. Measurements of the QUEST characteris-
tics, after the hold period, by absorption imaging, para-
metric resonance, and the measured number of atoms
transferred show a sample with peak density about 5 ·
1013 atoms/cm3 and a temperature of To = 65 µK. The
transverse Gaussian radius is 9.6µm, while the longitu-
dinal radius (the Rayleigh length) is 230µm. The 1/e
lifetime of the confined atoms is greater than 5 s, limited
by background gas collisions.

The primary goal of the experiments is to study light
scattering on the nearly closed F = 2 → F ′ = 3 hy-
perfine transition associated with the D2 resonance line.
However, the atoms are initially loaded into the QUEST
in the F = 1 lower energy hyperfine component, and
must be optically pumped into the higher energy F =
2 level. This is accomplished by the MOT repumping
laser beams, tuned resonantly to the F = 1 → F ′ = 2
transition as indicated in Fig. 2. As described elsewhere
[63] the repumper laser is an external cavity diode laser,
and is locked to an 87Rb saturated absorption feature
associated with the F = 1 → F ′ = 2 hyperfine tran-
sition. The laser bandwidth is approximately 0.5 MHz.
The repumper delivers a beam of maximum intensity ∼
4 mW/cm2 and is directed along the same optical paths
as the trapping laser beams. Repumper switching is con-
trolled with an acousto optical modulator. There are
three counter propagating pairs of such beams directed
towards the sample along three orthogonal directions.
The repumper intensity of ∼ 4 mW/cm2 corresponds to
an on-resonance saturation parameter larger than unity.
With reference to Fig. 1, the light scattered out of the
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repumper beams by the atom sample is collected at an
angle of 45 degrees from the horizontal pair of repumper
beams and at 90 degrees from the vertical beam (not
shown). Approximately 1 % of the resulting scattered
light is collected with a field lens and launched into a
multimode fiber which, in turn, transports the light to an
infrared sensitive and refrigerated photomultiplier tube
(PMT) operating in a single photon counting mode. The
photon counting pulses are amplified with a fast amplifier
and then binned in a multichannel scalar (MCS) with a
time resolution of 5 ns. Depending on the counting rate,
a data record of several thousand experimental realiza-
tions is necessary to obtain sufficient counting statistics.
Each experimental realization requires several seconds for
formation and interrogation of the atomic sample.
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FIG. 3: Color online. Time-dependence of the light scattered
during the F = 1 → F’ = 2 optical pumping process. From
upper to lower, the curves correspond to decreasing atomic
density; the values refer to the peak density at the center of
the sample. The correspondence between the peak density,
the transverse optical depth, or the sample dimensions can
be found in Table 1.

We emphasize that the hyperfine optical pumping pro-
cess, by which the 87Rb atoms in the QUEST are brought
from the F = 1 to the F = 2 ground hyperfine component
is an important part of the sample preparation process.
Fluorescence signals taken over a three order of magni-
tude range of sample density are shown in Fig. 3. These
densities, as indicated in the figure legend, represent the
peak density in the central region of the atomic sample.
As described previously, the sample density is reduced
from its maximum value by allowing for a selected pe-
riod of free expansion of the sample prior to switching on
the repumper laser and collecting the resulting scattered
light signals. Further expansion of the sample during the
data acquisition period is negligible. Several features of
the data are apparent from Fig. 3. First, there is a small
background signal of a few counts remaining even after
the transient signals have decayed away. This behavior

is more apparent in the lower density data, which has
an associated faster decay rate than the higher density
data. This signal is due to hot atom fluorescence excited
by the relatively intense repumper laser beams. Second,
with the background level accounted for, the decay of the
signals is well approximated by a single exponential time
decay, with the higher density data decaying at a much
slower rate than the lower density measurements display.
The 1/e decay time for the various decay curves of Fig. 3
are presented in Fig. 4. For this data, the connection be-
tween the various values of bt and the peak atom density
can be found in Table 1. The time scales associated with
the optical pumping process may be crudely estimated
by considering that the repumper laser beam is intense
enough that it saturates the repumper transition. Then
the time scale for the pumping process transferring an
atom from the lower (F=1) to the upper (F = 2) hyper-
fine component is approximately 2τo, where τo ∼ 26 ns is
the radiative lifetime of the excited state. On the aver-
age, then the repumper beam penetrates into the sample
a distance of one optical mean free path l = 1

ρσ
in this

time. Here ρ is the average atom density and σ is the
optical scattering cross section [68] For a sample of size
ro, an estimate of the pumping time is then T ∼ 2τo

ro
l
.

This simple formula provides an rough estimate of about
3 µs for the greatest optical depth of bt = 165, in fair
agreement with the results of Fig. 3.

FIG. 4: Color online. Time constant for the approximately
exponential decay of the repumping fluorescence, as a function
of transverse optical depth bt, as shown in Fig. 3. The corre-
spondence between the tranverse optical depth, peak density,
depth, and the sample dimensions can be found in Table 1.

We point out that in spite of the apparently simple
phenomenology of the optical pumping dynamics, the
physical process is in reality quite complex. For exam-
ple, the atom sample is initially in the lower energy F
= 1 hyperfine level, and after the process is terminated,
is nearly completely pumped into the F = 2 level. At
the same time, the atom sample is initially very opti-
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cally deep to the repumper laser and optically thin to
the F = 2 → F′ = 2 inelastic Raman decay. These roles
are reversed but in a spatially inhomogeneous way as
the pumping dynamics take place. Beyond this, multiply
scattered light on both main transitions should partici-
pate significantly in the entire dynamics (this is ignored
in the estimate of the pumping time above). The en-
tire process is made yet more complex by the inelastic
components in the scattered light, these being generated
by the intense repumper laser. At the greatest optical
depths bt attained in these experiments, collective effects
are also very important. For these reasons, it is more
useful to consider the microscopic time scale for optical
pumping to be a parameter that depends on all the above
processes, but that the time scale for the entire process
still scales as ro

l
, which is proportional to the transverse

optical depth. The data of Fig. 4 shows that this ex-
pected scaling describes the data well for smaller opti-
cal depth, but for greater values, the time scale for the
pumping process grows more rapidly. It is plausible that
this increase is due to the influence of secondary light
scattering by F = 2 → F′ = 2 diffusive flux in the sam-
ple; this multiply scattered light can repump the atoms
back to the F = 1 lower hyperfine level, thus slowing
the overall optical pumping process. This interpretation
is consistent with the experimental observation that the
total integrated scattered light intensity, though nearly
constant as a function of optical depth, is measured to
somewhat larger (∼ 40%) at the greatest optical depth,
compared to the intensity at lower bt. Although these
processes are interesting, and worthy of further study,
they do not represent the primary focus of the present
work. We therefore defer more quantitative theoretical
modeling and and comprehensive experiments to a later
study.

To close this section, in the main experimental pro-
tocol (see Fig. 1) used to obtain the results reported in
the following sections, a probe beam tuned in the spectral
vicinity of the F = 2 → F ′ = 3 nearly closed transition is
directed towards the sample, and the resulting scattered
light signals collected by the same optical arrangement
described above. The probe laser is of the same design
as the repumper laser, has a bandwidth ∼ 3 MHz, and
is switched and directed by an acousto optical modula-
tor towards the sample. Because of constraints on the
vacuum chamber geometry, the linearly polarized probe
beam is directed (see Fig. 1) at an angle of approxi-
mately 30 degrees away from the fluorescence collection
direction. The probe beam is also directed downwards at
an angle of 30 degrees. The collection and electronic ac-
cumulation of scattered light signals is the same as with
the repumper signals.

Finally, we point out that in some of the experiments
reported here the atomic density was varied over a wide
range. This was accomplished by allowing for a period
of ballistic expansion of the cloud after the QUEST was
turned off. The atomic sample temperature is known, so
this procedure allows the peak density or the peak optical

Peak bt no (atoms/cm3) ro (µm) zo (µm)
165 5.0 ×1013 9.8 248
117 2.5 ×1013 13.8 248
82 1.2 ×1013 19.5 248
53 5.1 ×1012 30.4 249
16 5.2 ×1011 92.3 264
5 5.9 ×1010 240 345

TABLE I: QUEST parameters relating the peak transverse
optical depth on the F = 2 → F ′ = 3 transition to the peak
sample density and the Gaussian radii of the atomic cloud.

depth to be determined. As the sample is well approxi-
mated by a two-axis Gaussian atom distribution [68], the
two Gaussian radii and the peak atom density (or the
total number of atoms in the sample), are sufficient to
determine the two peak optical depths characterizing the
sample. We summarize in Table 1 the peak transverse
optical depth bt, the peak atom density at the center of
the sample no, the transverse Gaussian radius ro, and the
longitudinal Gaussian radius zo. The optical depth refers
here to that of the nearly closed F = 2 → F ′ = 3 hy-
perfine transition, and is obtained by using a resonance
scattering cross section of 1.36 × 10−9cm2. The opti-
cal depth dependence may readily be rescaled to other
F → F ′ transitions [68].

III. RESULTS: PROBE LIGHT SCATTERING

ON THE F = 2 → F ′ = 3 TRANSITION

A. Density Dependence

We first turn our attention to the broad main focus
of this report, which is the situation where the hyperfine
optical pumping process is completed prior to initiation
of probe light scattering in the spectral vicinity of the
F = 2 → F ′ = 3 transition. In this case, the func-
tion of the hyperfine optical pumping is to transfer the
atoms to the F = 2 ground level hyperfine component;
when this process is complete, the peak resonance optical
depth on the probe transition is about 165, as indicated
in Table 1. We first consider the resonance response as
a function of atom density under weak-field probe con-
ditions of ∼ 630 µW/cm2. For these measurements, the
atom sample is exposed to a nearly rectangular tempo-
ral pulse of 2 µs duration; this pulse has a 20 dB rise
and fall time of about 100 ns. The probe has a 1/e2

diameter of 6 mm, much larger than the dipole trapped
sample size for all conditions (see Table 1). As shown
in Fig. 5(a) and 5(b), the scattered light transients for
all densities consist of a temporal build up of the mea-
sured intensity to an approximate steady level, followed
by a several hundred nanosecond temporal decay after
the probe laser beam is extinguished. The overall time
scale for each of these processes is quite similar; slight
differences are due to the fact that the turn on and turn
off temporal profiles of the probe laser intensity are sim-
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ilar, but not identical. We point out that the two lowest
density graphs of Fig. 5(b) have been rescaled by factors
of 1.2 (for the 5.1 ·1011atoms/cm3 data) and 1.6 (for the
5.9 · 1010atoms/cm3 data). No rescaling was necessary
for the other data in these graphs. This was necessary
because for the lowest density data, which corresponds
to the largest sample size (See Table 1), a portion of the
signal expanded outside the field of view of the detec-
tion optics. This rescaling is also made to the integrated
intensity data presented in Fig. 6.
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FIG. 5: Color online. Variations of the F = 2 → F ′ = 3 res-
onant probe response with density and time. Note that the
maximum intensity decreases with increasing density, at con-
stant atom number. Note also the emergence of a long-time
decay after the probe excitation is shut off. (a) Dependence
for higher densities. (b) Dependence for lower densities.

We analyze these results by considering the integrated
probe signal (as in Fig. 6) as a function of decreasing
atomic density. However, instead of the atomic den-
sity, we parametrize the dependence in terms of the peak
transverse optical depth bt through the center of the el-
lipsoidal atomic sample. The optical depth is the natural
parameter to describe many characteristics of light scat-

tering and diffusion in dense scattering media. Note that
there are nominally two optical depths required to de-
scribe our atomic sample [68]. These are the peak trans-
verse optical depth bt, as just mentioned, and the lon-
gitudinal optical depth bl, which is typically more than
10 times larger than bt. The variation of the integrated
scattered light signals with bt is shown in Fig. 6, where
it is seen that the signals increase as the optical depth
decreases. We point out that the data in Fig. 6 have
been previously reported [64] and compared to theoret-
ical results; we have provided additional experimental
details here, and include the results for completeness of
the present manuscript. The behavior evident in Fig. 6
can be physically understood from the fact that for very
large bt, only the atoms near the sample surface con-
tribute significantly to the scattering signal. However, as
the density, and correspondingly the optical depth, de-
creases, more of the atoms in the sample participate in
the scattering, and the resulting signal increases. This
behavior is a clear indicator that light scattering from
these dense and cold atomic samples is a collective pro-
cess.

The solid curve in Fig. 6 is a theoretical result ob-
tained through approximate scaling laws obtained pre-
viously [64]. Those scaling relations were obtained by
exploring numerically the dependence of the scattering
cross-sections on sample size. Such scaling rules are use-
ful because the samples explored experimentally contain
several orders of magnitude more atoms, making direct
numerical simulations impractical. The details of the the-
oretical approach has been laid out and applied in several
previous papers [43, 61, 64, 65], and are briefly summa-
rized in the appendix.

FIG. 6: Color online. Variations of the integrated F = 2 →
F ′ = 3 resonant probe response with peak transverse optical
depth. Note that the maximum intensity decreases with in-
creasing optical depth, at constant atom number. Kcounts =
103 s−1.
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B. Detuning Dependence

We now turn to the detuning and time-dependence of
the light scattering signals. In the experiments we have
measured the temporal response of the sample to a 2
µs probe pulse for detunings ∆ in a ± 24 MHz range
around the atomic F = 2 → F ′ = 3 resonance. The
finest temporal resolution is 5 ns, but grouping the data
into larger bins of 25 ns, 50 ns or 100 ns width, which
we do for the results reported here, improves the signal
to noise significantly. Positive values of ∆ correspond to
probe frequencies larger than the isolated atom resonance
frequency.
Experimental results are compared to theoretical ones

obtained for atomic samples of nearly the same peak den-
sity, but fewer atoms. The theoretical approach used has
been described elsewhere [43, 61, 64–66], and for the con-
venience of the reader is summarized in the appendix. To
have possibilities to contrast results of the theory with ex-
periments, we choose the density of our motionless four
levels atoms in such a way that photons would have the
same mean free path as in the 87Rb samples. Estimating
the resonant cross section of the light from a single atom
with J = 0 → J = 1 transition as 3λ2/2π we obtain
that n0 ≃ 5 · 1013 cm−3 in experiment corresponds to
n0 ≃ 0.05 k3 in theory.

1. Frequency-Dependent Time Response

Representative measurements of the time response of
the light scattered from the sample are given in Fig. 7,
where we see that the response to the nearly rectangu-
lar probe pulse consists of a monotonic increase in signal
to a nearly steady value (within the measurement statis-
tics), followed by a decaying afterglow signal extending,
in the case of excitation around bare atomic resonance,
for several µs after the probe beam is extinguished. The
time resolution of this data is 25 ns. The overall features
of the results are qualitatively reasonable, for in these
high optical depth samples, multiple scattering of light
is a strong effect. Nearer atomic resonance the overall
effect of multiple scattering is greater, and is to slow sig-
nificantly both the build up and the decay of the sample
fluorescence signals. These data are recorded under con-
ditions of the peak transverse optical depth bt = 165.
The corresponding theoretical results are shown in Fig.
8, where very good qualitative agreement is seen in com-
parison with the measurements of Fig. 7.

2. Time-Dependent Spectral Response: Results

We further analyze the data of Fig. 7 by extracting
the response of the system at fixed times but as a func-
tion of detuning of the probe frequency from ∆ = 0.
This procedure yields an excitation, or action spectrum,
and reveals how strongly probe light of a given detuning
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FIG. 7: Color online. Representative spectral variations of
the transient light scattering response associated with the F
= 2 → F’ = 3 probe transition. Positive (higher frequency)
detunings are shown in (a), while negative (lower frequency)
detunings are shown in (b). These data are recorded under
conditions of the peak transverse optical depth bt = 165. The
bin size on the time axis is 25 ns.

yields a response of the atomic sample.. The analysis is
largely done with a time resolution of 100 ns in order
to obtain improved signal to noise in comparison with
smaller bin sizes. However, for the short period during
turn on of the probe pulse, we use a smaller grid of 50
ns, in order to better resolve the relatively rapid changes
in the spectrum during this period. The result of that
analysis for the early time part of the turn on spectrum is
shown in Fig. 9. There we can see that the initial width
is very large in comparison with the approximate 6 MHz
natural width of the bare atom transition. In the figure,
the solid lines through the data points represent fits of
a Lorentzian line shape to the measured spectrum. This
choice is not essential, though the correlation of the fit to
the data is quite high. The full width of the spectral re-
sponse, which is the main extracted quantity, is within a
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FIG. 8: Color online. Theoretical spectral variations of the
transient light scattering response associated with the F =
2 → F’ = 3 probe transition. Positive (higher frequency)
detunings are shown in the upper panel, while negative (lower
frequency) detunings are shown in the lower panel. The ∆ = 0
result is included in each graph for convenience. These results
are calculated for a peak density of no = 0.05.

few percent for either Lorentzian or Gaussian fits. What
is clear is that the spectral width of the excitation spec-
trum is very broad for short times, and narrows quickly.
A similar behavior is seen in the theoretical results pre-
sented in Fig. 10, and again, the qualitative agreement is
quite good. We can broadly understand the short-time
behavior by realizing that for time scales on the order
of the Wigner delay time [67], the scattered light sig-
nal comes from those atoms very near the surface of the
atomic cloud. If we take that thickness to extend until
the optical depth b ∼ 1, corresponding to a decrease in
the probe intensity by e−1, then this occurs for a detun-
ing of the probe frequency such that ∆o = γ/2

√
bo − 1,

where bo is the on resonance transverse optical depth
through the center of the cloud. For our experiment bo

= 165, giving a full width of ∆o = γ
√
bo − 1 ∼ 77 MHz.

This is in very good agreement with the width at very
short times (see Fig.9).

FIG. 9: Color online. Time dependence of the spectral
response of the atomic sample during the turn-on of the
weak field probe excitation as a function of probe laser fre-
quency detuning from bare atomic resonance. These data
are recorded under conditions of the peak transverse optical
depth bt = 165.

FIG. 10: Color online. Calculated time dependence of the
spectral response of the atomic sample during the turn-on of
the weak field probe excitation as a function of probe laser
frequency detuning from bare atomic resonance. These results
are calculated for a peak density of no = 0.05.

Upon turn off of the probe pulse the spectral width
of the excitation spectrum decreases from a value sev-
eral times the natural width to approximately 8 MHz.
The experimental results illustrating this are presented
in Fig. 11, while corresponding theoretical results are
shown in Fig. 12. As in the spectral response upon
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turn-on of the prober pulse, the line shape here is also
well fit by a Lorentzian form. It is important to note
that the spectral width of the probe laser itself is about
3 MHz, and has a measured Gaussian power spectrum.
This means that the widths determined by these mea-
surements are slightly larger than that determined by
the physical processes involved. We also note that there
appears to be a small shift of the resonance response to
frequencies lower than the single atom resonance. The
frequency shift of about -0.4 (4) MHz suggested by the
data is of the right magnitude to correspond to the well-
known Lorentz-Lorenz (local field) shift at these densities
[69]. However, further measurements at higher density
and with a spectrally narrower probe would be necessary
to quantitatively examine the size of the shift.

FIG. 11: Color online. Time dependence of the spectral
response of the atomic sample during the turn-off of the
weak field probe excitation as a function of probe laser fre-
quency detuning from atomic bare resonance. These data
are recorded under conditions of the peak transverse optical
depth bt = 165.

3. Time-Dependent Spectral Response: Discussion

We now turn to the excitation spectra for the full tem-
poral range of the data; the experimental results are pre-
sented in Fig. 13. There we see the prompt narrowing,
as mentioned before, of the spectral width of the exci-
tation spectrum to a nearly steady level of around 20
MHz in about 500 ns. This approximately steady state
level persists until the probe is shut off, when there oc-
curs a second fairly sharp decrease to a level just a bit
larger than the 6 MHz natural line width of the reso-
nance transition. Similar results are seen in the calcula-
tion of the full spectrum, as shown in Fig. 14. We note
that the spectral width of the action spectra decreases
slightly through most of the time period during which
the probe pulse is on. We attribute this effect to the

FIG. 12: Color online. Calculated time dependence of the
spectral response of the atomic sample during the turn-off of
the weak field probe excitation as a function of probe laser
frequency detuning from bare atomic resonance. These results
are calculated for a peak density of no = 0.05.

fact that for off resonance excitation the effective optical
depth is quite a bit less than for near resonance excita-
tion. This means that it takes longer for steady state in
the scattered light intensity to be reached for near res-
onance excitation. This behavior is also evident in Fig.
7, where the on-resonance intensity is increasing for the
first µs or so of the signal. As the approach to steady
state leads to an increased intensity near resonance, the
effective full-width at half maximum would be expected
to decrease slightly, as it does.

FIG. 13: Color online. Time dependence of the spectral re-
sponse of the atomic sample to weak field probe excitation at
different detunings from atomic bare resonance. These data
are recorded under conditions of the peak transverse optical
depth bt = 165.
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FIG. 14: Color online. Theoretical calculations of the time
dependence of the spectral response of the atomic sample to
weak field probe excitation at different detunings from atomic
bare resonance. These results are calculated for a peak density
of no = 0.05.

We may gain some understanding of the experimental
and theoretical results by recalling that the light scatter-
ing amplitudes may be determined by the poles of the
projected resolvent matrix, as defined in the Appendix.
In each realization of the atomic sample, for which the
locations of the atoms are generally different, there is
a set of poles, each consisting of a real and imaginary
part; these determine, respectively, the spectral location
and the width of a resonance associated with a collective
mode of excitation of the sample. For many realizations
of the sample, a distribution of such collective states are
found. Distributions for the real and imaginary parts of
the poles are shown in Figs. 15 - 16. Plotted on the
ordinate in each case is the number of states obtained
normalized to the number of atoms. We note that di-
viding this quantity by the energy bin size in each case
would result in a density of states. For the real parts of
the poles (Fig. 14) this quantity is 0.1 γ = 600 KHz.
For the imaginary parts of the poles (Fig. 16), the scale
is 0.0025 γ = 15 KHz. Note also that the number of
states for the real parts of the poles are grouped accord-
ing a range of decay rates, as indicated in the legend of
Fig. 15. Similarly, in the legend of Fig. 16 the grouping
of the number of states for the imaginary parts of the
poles is given in terms of different detuning ranges. This
grouping allows us to make qualitative insights into the
experimental behavior seen in Figs. 7, 9, 11, and 13, and
the theoretical results of Figs. 8, 10, 12, and 14.
In considering the results of Fig. 13, we first reiterate

that the initial response of the system consists of collec-
tive scattering from the atomic sample as a whole. This
signal constitutes a very small part of the total scattered
intensity at any time, and is observable at only during the
probe pulse turn-on period, a time interval on the order
of the 50 ns scattering time [67], see Fig. 7. It is spec-

trally broad and weak because the signals arise from a
surface layer of about one absorption length in thickness
and thus only a relatively small number of the atoms in
the sample contribute. Multiple scattering becomes in-
creasingly important at longer times, and steady state
closely reached after a few hundred nanoseconds. Here
the probe laser excites a distribution of quasimodes [44]
having a characteristic resonance frequency and decay
rate which correspond to the real and imaginary parts of
the resolvent poles. In the steady state mode excitation
is balanced by mode decay and the nearly constant spec-
tral width of the excitation spectrum reflects this. Once
the probe laser is extinguished, the width of the excita-
tion spectrum rapidly decreases. This is a reflection of
the mode distribution having different lifetimes, as seen
in Fig. 15. There the distribution of states is binned
according to different decay rate bands, as defined in the
legend. We see that the distribution of pole real parts
indeed narrows as the modes of larger Γ die away.

We point out that the results in Fig. 15 allow us to
make direct qualitative conclusions about the behavior of
the optical response of dense clouds after the probe laser
is switched off. However, the knowledge of the pole dis-
tribution is indispensable for accurate calculation of the
dynamics of the system under study through all stage
of its time evolution. In addition to the sub radiant
states analyzed in Fig. 15, in steady state regime, as
well as during switching on of the probe, the super ra-
diant collective states also play an important role. In
these stages it is very important to describe correctly the
excitation of different collective states of the multiatom
system by the external radiation. We emphasize that all
these circumstances are taken into account in the general
theory reviewed in the appendix. Finally, let us reiter-
ate that the calculations shown in Fig. 15 describe only
the subradiant mode distribution, though the superradi-
ant distribution is quite similar. This is important for
other aspects of the spectral response, because the over-
all width is determined by both the spectral position and
lifetime (width) of all states (sub and super radiant) and
by the nature of their excitation by the external field. In
our case, as shown in an earlier report [61] the geometry
of observation also plays an important role. In that pa-
per we show that, for dense media, scattering in different
directions has different spectral dependences.

Last, we turn to the longest time decay evident in Fig.
7 as the longer tails appearing after the probe pulse has
been turned off and the shorter lived transients have died
away. These transients have an associated lifetime of
about 650 (50) ns, and are independent of detuning over
the range ± 6 MHz (reliable results could not be ob-
tained for larger detunings). This is expected, as the
longest lived mode in the sample, the so-called Holstein
mode, has a characteristic lifetime, but it is excited with
lower efficiency at larger detunings. Inspection of the cal-
culations in Fig. 15 shows the distribution of pole imagi-
nary parts for different detuning bands. The graphs show
that for detunings ∆ larger than ± 6 MHz (± γ), the
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longest lived modes (smallest Γ) are indeed suppressed.
The longest lived mode here implies a statistical value,
because each realization of the atomic sample has a dif-
ferent spatial distribution of atoms. In Fig. 16, this is the
peak of the ’all states’ distribution, and shows that for
this particular average atom distribution the peak corre-
sponds to a decay rate of about 0.025γ, and an associated
lifetime of about 1 µs. Considering the physical differ-
ences between the model sample and the experimental
one, as discussed earlier, this is in qualitative agreement
with the experimental value of 650 (50) ns.

FIG. 15: Color online. Distribution of the number of states
per atom as a function of the real part of the pole of the re-
solvent. Results are shown accumulated within the indicated
range of imaginary parts of the poles of the resolvent. The
quantity Γ scales the relaxation rate associate with each pole
according to 1/Γ = 26.24 ns. These results are calculated for
a peak density of no = 0.05.

IV. CONCLUSIONS

In this paper we have reported studies of near reso-
nance light scattering from dense and ultracold atomic
rubidium. The density is sufficiently large that the exper-
imental conditions are close to satisfying the Ioffe-Regal
criterion for light localization on the optically closed
F = 2 → F ′ = 3 transition. We have observed collective
effects associated with the density and detuning depen-
dence, and suggestion of the influence of the dipole dipole
interaction between the Rb atoms. We have also observed
evolution of the excitation spectral distributions towards
spectrally narrow features indicative of long lived modes
within the sample. Results are also presented of theo-
retical treatments of the quantities determined in the ex-
periments; very good correspondence between the exper-
imental and theoretical results is obtained. Although the
experimental results show collective effects, there was no

FIG. 16: Color online. Distribution of the number of states
per atom as a function of the imaginary part of the pole of
the resolvent. Results are shown accumulated within the in-
dicated range of imaginary parts of the poles of the resolvent.
Note that all pole imaginary parts are negative; the magni-
tudes are plotted here. The quantity γ scales the detuning
range associated with each pole according to γ = 6 MHz.
These results are calculated for a peak density of no = 0.05.

evidence of cooperative effects, or clear evidence of very
long lived states which might be associated with Ander-
son localization of light in three dimensions. The experi-
mental results are then understood, by comparison with
theoretical calculations, in terms of multiple scattering
at low temperatures where the effect of atomic velocity
is minimal, and the time scales for effects associated with
atomic recoil have not been attained. We conclude that,
for the F = 2 → F ′ = 3 transition, the large optical
depth of the sample does not permit efficient injection
of optical excitation to the highest density central por-
tion of the sample. Observation of localization effects
then seems difficult using this scheme. One alternative
is to use light shifts to manipulate the optical depth to
achieve optical control of light injection into the samples;
such exploration is now underway.
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VI. APPENDIX. THEORETICAL APPROACH

In this section we provide a sketch of the approach we
have used for the theoretical results presented in this pa-
per. In this sketch, we follow the descriptions in our ear-
lier papers [43, 61] We consider the temporal dynamics of
a system consisting of N +1 motionless atoms. N atoms
form the cloud. These atoms are identical and have a
ground state of angular momentum J = 0 separated by
the energy h̄ωa from an excited J = 1 state. The decay
constant of this state is taken as γ. One atom plays the
role of the light source. It is located far from the cloud
and has the same J = 0 ↔ J = 1 structure of levels but
a different transition frequency ωs and a different decay
constant γs. We assume that initially all atoms of the
cloud are in the ground state and the spatially separated
source atom is in a coherent state which is a superposi-
tion of the ground and a small admixture of the excited
state.
The system dynamics can be described by a non sta-

tionary Schrodinger equation for the wave function ψ of
the joint system consisting of atoms and the field gener-
ated in the process of the evolution

ih̄
∂ψ

∂t
= Hψ. (6.1)

The atom-field interaction is described in the dipole ap-
proximation

V = −
∑

a

d
(a)

E(ra), (6.2)

E(r) = E
(+)(r) +E

(−)(r) = (6.3)

= i
∑

k,α

√
2πh̄ωk

V ekαakα exp(ikr) + h.c.

where E
(±) are the operators of the positive and nega-

tive frequency components of the field; akα is the photon
annihilation operator in a mode with wave vector k and
polarization α; V is the quantization volume; d(a) is the
dipole moment operator of the atom a, ekα are polariza-
tion unit vectors.
We look for a solution of the Schrodinger equation as

a superposition of eigenstates of the operator H0

ψ =
∑

kα

bkα(t)|g, g, ...g〉 ⊗ |kα〉 +
∑

j

bj(t)|g, g, ...g, ej, g, ...g〉 ⊗ |vac〉+

b′0(t)|g, g, ...g〉 ⊗ |vac〉+ (6.4)
∑

kα,j,l

bkα,j,l(t)|g, ...g, ej , g...g, el, g, ...g〉 ⊗ |kα〉

In the rotating wave approximation it is enough to take
into account only the two first items of this expression.

States without excitation both in the atomic and field
subsystem allow us to describe coherent states of the
source atom. Non resonant states with two excited atoms
and one photon are necessary for a correct description
of the dipole-dipole interaction at short interatomic dis-
tances. Note that, in the considered case, there are three
excited states for each atom e = |J,m〉, which differ by
the value of angular momentum projection m = −1, 0, 1.
As an initial condition for Eq. (6.1) we will consider

the case when at t = 0 the field is in a vacuum state, all
atoms of the cloud are in the ground state and the source
atom, which we denote by index s, is in superposition of
ground and one of the excited states |J,m〉. Designating
the corresponding amplitudes as b′0 and b0, we can write

ψ(0) = (b′0|g, g, ...g〉+ b0|es0, g, g, ...g〉)⊗ |vac〉, (6.5)

where the index es0 corresponds to the one of the three
possible states of atom s which is populated in the initial
moment of time.
In the framework of the assumptions made, the ampli-

tude b′0(t) does not change during the evolution of the
system b′0(t) = b′0, because transitions between this and
the other states taken into account are impossible.
To determine all other amplitudes we solve the set of

equations which follows from (6.1). We exclude ampli-
tudes of states with one photon and obtain a finite closed
system of equations for be(t) ≡ bej (t); j 6= s. For Fourier
components be(ω) we have (at greater length see [61])

∑

e′ 6=s

[(ω − ωa)δee′ − Σee′ (ω)] be′(ω) = Λes(ω). (6.6)

Matrix elements Σee′(ω) for e and e′ corresponding
to different atoms describe excitation exchange between
these atoms. Assuming that in state ψe′ and ψe atoms
b and a are excited correspondingly, in the framework of
the pole approximation, we have

Σee′ (ω) =
∑

µ,ν

d
µ
ea;gad

ν
gb;eb

h̄r3
× (6.7)

[
δµν

(
1− i

ωar

c
−
(ωar

c

)2
)
exp

(
i
ωar

c

)
−

−rµrν

r2

(
3− 3i

ωar

c
−
(ωar

c

)2
)
exp

(
i
ωar

c

)]
.

Here rµ is the projection of the vector r = ra − rb on the
axis of the chosen coordinate system and r = |r| is the
separation between atoms a and b.
If e and e′ correspond to excited states of one atom

then Σee′ (ω) differs from zero only for e = e′ (m = m′).
In this case Σee(ω) determines the Lamb shift and the
decay constant of corresponding excited state. Including
Lamb shifts in the transition frequency ωa we get

Σee(ω) = −iγa/2. (6.8)
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The term Λes(ω) in the right-hand side of Eq. (6.6)
describes excitation of the cloud atoms by the radiation
of the source. For modeling the time evolution of cloud
excitation in a real experiment (see part . . . above) we
assume that decay constant of the source atom is very
small γs → 0 and at the same time we employ the pres-
ence of special shutter between the light source and the
cloud. This allows us to simulate the effect of the shape
of the experimental probe pulse, which is normally well
characterized in experiments. The time profile of the
shutter F (t) is taken as trapezoid. Neglecting the sec-
ondary excitation of the source atom s by reradiation
from the cloud and assuming that the size of the atomic
ensemble is negligible compare with the distance from it
to the source, we have

Λes(ω) = b0F (ω)Σ̃es(ω), (6.9)

(6.10)

Σ̃es(ω) = −
∑

µ,ν

k2dµ
e;gd

ν
gs;es

h̄rs

[
δµν − kµkν

k2

]
×

× exp (ikrs + ikre) . (6.11)

Here k = ωn/c; re are radii locating the atoms; n is
a unit vector oriented from the source to the cloud and
F (ω) is a Fourier transform of the excitation time profile
F (t).
Knowledge of explicit expressions for Λes(ω) and

Σee′ (ω) allows us to determine the amplitudes of all one-
fold excited states.
Introducing the inverse matrix which, as shown in [43],

is a resolvent operator of the considered system projected
on the states consisting of the single atom excitation,
distributed over the ensemble, and the vacuum state for
all the field modes,

Ree′ (ω) = [(ω − ωa)δee′ − Σee′ (ω)]
−1
, (6.12)

we can write the solution of the system (6.6) as follows

be(ω) =
∑

e′ 6=s

Ree′ (ω)Λe′s(ω). (6.13)

For amplitude be(t) we get

be(t) =

∞∫

−∞

dω

2π
b0 exp(−iωt)F (ω)

∑

e′ 6=s

Ree′ (ω)Σ̃e′s(ω).

(6.14)

This relation gives the distribution of excited states
at any instant of time. Knowing the amplitudes be(t)
allows us to determine all other amplitudes b(t) incoming
in Eq.(6.4) and consequently to calculate the properties
of scattered light (for details see [61]), particularly the
angular distribution, polarization and time evolution of
its intensity.

In the present work to determine the time dynamics of
the system we calculate the integral like (6.14) by means
of the residue theory. The poles of the matrix of the pro-
jected resolvent Ree′ play a key role in the calculation.
These poles are determined in turn by eigenstates of the
matrix Σee′ . Decomposing the vector Σ̃e′s over the eigen-
vector of the matrix Σee′ we present the integral (6.14)
as the sum of separate pole contributions. The energy
and decay constant of each pole depend on both the real
and imaginary parts of the eigenvalues of Σee′ .
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