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Spectroscopy is a key technology for both fundamental and applied science. A long-held desire has been
the development of a means to continuously acquire broadband spectral data with simultaneous high time
and frequency resolution. Frequency-comb technology can open this door: here, we use a spectroscopic
technique based on an electro-optic comb to make continuous observations of cesium vapor across a
3.2-GHz spectral bandwidth with a 2-us time resolution and with 10-MHz frequency sampling. We use a
rapidly switched pump laser to burn narrow features into the spectral line and study the response to this step
perturbation. This examination allows us to see a number of unexpected effects, including the temporal
evolution of the bandwidth, the amplitude, and the frequency of these burnt features. We also report on
the previously unobserved effect of radiation reabsorption, which slowly produces a broad pedestal of
perturbation around each feature. We present models that can explain these dynamical effects.
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I. INTRODUCTION

Spectroscopy has long played a dual role in science: as a
means to discover new and unpredicted behaviors as well as
a stringent test bed for verifying theoretical predictions.
Outside science, spectroscopy is a key industrial technol-
ogy for the detection of trace materials and as a monitor of
combustion, pollution, and chemical processes. The meas-
urement of optical-transition frequencies has proved to be
a powerful test for theoretical physics and finds practical
application in assaying materials [1-3]. The advent of
optical frequency combs has made the accurate determi-
nation of these transition frequencies almost routine.
More information can be gained if one measures the line
shape of an absorption or fluorescent process, rather than
just its central frequency. In dilute vapors, this measure-
ment can be used to elucidate state lifetimes, integrated
number density [4], gas temperature [5-8], and transition
probabilities between energy levels [9]. For high-density
vapors, or in liquids and solids, the line shape can provide
information on, e.g., vapor pressure [10,11], phonon
spectra [12,13], molecular interactions [14,15], and colli-
sional processes [16].

A wealth of new information could be gained with high-
speed quantitative measurements of the line shape during
a dynamical process driven by a chemical, optical, or
physical change. This frontier is still relatively unexplored
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experimentally: early examples of time-resolved observa-
tions can be seen in rapidly swept Fourier-transform
infrared spectroscopy [17,18] or cavity-ringdown spectros-
copy [19,20]. Here, the time resolution is usually limited to
the millisecond-to-second time scale. For a higher time
resolution, a stroboscopic-sampling approach can be used
[21,22], although, naturally, these data are not continuous
and the technique is only usable when the processes can
be reproducibly triggered externally. Alternatively, time-
resolved broad spectra can be obtained with the use of a
swept-laser source. Tunable lasers can reach speeds on the
order of 1-100 THz/s [23-25], with speeds exceeding
1000 THz/s just within reach [26]. Yet, high-speed tuna-
ble-laser spectroscopy faces two intrinsic challenges. First,
unless a coherent approach is used, rapid tuning of the laser
can distort narrow spectral features [27]. Second, the linear
chirp limits the probe power before nonlinear effects are
triggered. In fragile samples, such as those used in atomic
spectroscopy or biological samples, the system being tested
imposes a maximum instantaneous power (and thus a
maximum SNR for a given acquisition time) to avoid
saturation and damage. This constraint can be severe in
realistic circumstances.

Frequency-comb techniques [13,28,29] can circumvent
many of these problems by effectively observing the
sample continuously at a large number of spectral points.
Comb techniques have a theoretical limit of AtAf > 1
for a given time resolution A¢ and frequency-
sampling resolution Af. However, many experiments
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require broadband spectral coverage that greatly exceeds
the detection bandwidth; this requirement necessarily
results in an outcome that is far from the theoretical limit.
For example, VIPA spectrometers spatially resolve comb
spectra but can only reach resolutions on the order of the
millisecond limited by the relatively low frame rate of most
imagers [30-32]. Broad spectral coverage [33,34] can also
be gained with dual-comb spectroscopy [35-38], but it
suffers from a penalty because the intrinsic spectral
compression leads to a product ArAf that is necessarily
worse by the number of comb modes [39].

In this article, we report the real-time, simultaneous
observation of 320 spectral channels covering two optical
transitions from the cesium (Cs) ground-state manifold
with a microsecond time resolution and an approximately
10-MHz spectral sampling. We use an auxiliary laser that
pumps the same manifold and observe rapid changes
induced in the spectrum by making use of a recently
demonstrated technique [40], based on a comb generated
by the modulation of a continuous-wave (cw) laser
[41-44]. The comb is directly mapped to the electrical
domain without any spectral compression [40,45] in order
to approach the ultimate Fourier limit. A tunable laser
would need to scan at 3000 THz/s in order to make an
equivalent measurement using a scanned approach. In order
to aid the reader, we first summarize the salient elements of
the apparatus, although we refer the reader to Ref. [40] for
full details. We then describe our new findings on the
evolution of multiple narrow-band features during optical
pumping and relaxation back to equilibrium. We observe
the real-time evolution of processes that are rather surpris-
ing: (a) an evolution of the amplitude, the frequency,
and the bandwidth of the spectrally burnt features during
the pumping process, and (b) the previously unobserved
influence of radiation reabsorption on the transmission
spectrum. We create models of the atomic-level dynamics
and show good agreement with these new observations.

II. METHODS

Figure 1(a) shows the apparatus for the experiment. It is
based on a comblike probe generated from a single Ti:
sapphire cw laser tuned near 895 nm. Light from the laser,
emitting at the frequency v,, is split into two paths: a
fraction of the power is sent to an electro-optic modulator to
generate a frequency comb by pseudorandom phase modu-
lation [40]. A 2° — 1 = 511 maximal length sequence is
generated at 5 Gbits/s and delivered to the modulator to
generate a comb with modes at frequencies of v, + nf,,
where f, =5 GHz /511 = 9.784 74 MHz is the repetition
rate of the digital code. The resulting comb has a sinc’-
shaped envelope, with its first zeros at +5 GHz. Here, the
relative amplitude of the component at v, to that of
neighboring modes is approximately 10 since the signal
driving the modulator is not perfectly matched to its half-
wave voltage. This stronger component does not affect the
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FIG. 1. (a) Experimental setup. The probe laser is split into two
signals—one path is modulated with a pseudorandom number
code to produce a user-controllable frequency comb, while the
second is frequency shifted by an AOM to provide a local
oscillator. The combined optical signals are then incident on a
vapor cell. We separately detect the incident (D 1) and transmitted
(D2) light in two channels of a fast oscilloscope and then
calculate the transmittance. (b) Cesium energy-level diagram
showing the four possible arrangements for optical pumping
between the two ground states and the two excited states, together
with the transitions probed by the frequency comb. (c) Simplified
three-level diagram which aids the calculation of the expected
temporal response.

dynamic range of the instrument as long as it is shot-noise
limited and the local oscillator (LO) is much stronger than
the total comb power [46].

The advantage of electronically generated combs, when
compared with combs generated by mode-locked lasers
or microresonators, is the ability to optimize the comb
characteristics to match the needs of the experiment. We
have exploited this flexibility to generate a comb that
efficiently translates the cw laser power into a comb that
matches the spectral width of the cesium D1 manifold
(the figures below only show a subset of the sampled data,
focusing on the transitions), while also delivering a
selectable high-density spectral sampling. The total aver-
aged comb power incident on the atoms is approximately
100 W, which corresponds to around 0.2 4W per mode
near v,.

The remaining power from the cw laser is sent to an
acousto-optic modulator (AOM) to generate a frequency-
shifted signal to be used as a heterodyning LO for the
comb. The comb and LO signals are combined in a 50:50
coupler: one output is used as the input reference spectrum,
while the second is sent through a 75-mm-long cesium
vapor cell at a temperature of 22.2 °C, corresponding to a
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vapor pressure of approximately 1 uTorr [47]. The fre-
quency of the LO (v, 4+ faom) 1s chosen so that the mixing
product from each comb mode sits at a unique frequency.
We independently detect the reference and sample trans-
mittance on two fast photodiodes and acquire their output
simultaneously on the two channels of an 8-GHz oscillo-
scope operating at 20 GS/s. The experimental setup
delivers both the amplitude and the phase through the cell,
although, in this paper, we focus only on the transmittance.
More details together with the calibration procedure are
described in Ref. [40].

An auxiliary pump-laser beam (2.2 mm diameter,
200 uW ~ 21, propagates through the vapor cell, and it
crosses the probe beam (2.2 mm diameter) with an
approximately 2° angle in the middle of the cell. The
pump beam is switched on at = 0 with a rise time of about
250 ns, held at constant power for 250 s, and then
switched off in approximately 250 ns. That pumping
sequence runs continuously independently from the probe
comb. An AOM is used as a fast optical switch because
of its excellent extinction ratio. In this article, we demon-
strate the influence of the pump in four separate arrange-
ments where it connects either of the Cs ground states
(6815, F=3 or 4) to either of the exited states
(6P, F' =3 or 4), as shown on Fig. 1(b). Figure 1(c)
shows a simplified three-level diagram that is used to model
the expected temporal response.

III. RESULTS AND DISCUSSION
A. Spectral analysis

In Fig. 2, we show a spectrogram of the cell’s response to
pumping on the F = 4 — F' = 4 transition. Video 1 also
shows the time evolution of the cell’s response for all four
pumping arrangements. The electro-optic comb measures
the cell transmittance on both the F =4 — F' =3 and
F =4 — F' =4 transitions [see Fig. 1(b)]. We observe
spectral modifications induced in both transitions when the
pump is switched on at ¢ = 0, which then rapidly disappear
when the pump is switched off at r = 250 us. Here, 40
repetitions of the pumping sequence are measured in real
time and are averaged to improve the SNR. We show cross
sections across Fig. 2 at some specific time steps on the
left-hand side of Fig. 3. The experimental data are shown
by the red dots, while a fit to the experimental data is given
by the black solid curve. In the left-hand panels, the pump
is detuned by approximately +13 MHz with respect to the
center frequency of the F = 4 — F’ = 4 transition (as in
Fig. 2), while the right side shows the pump at about
49 MHz with respect to the center of the F =3 —» F' =
transition.

In each panel, we show the unperturbed resonance that is
seen prior to the pump being switched on (the blue curve).
This unperturbed resonance shows the standard Cs doublet:
two Doppler-broadened absorption features with their
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FIG. 2. Spectrogram showing the frequency-temporal response
of the cesium F =4 — F’' =3, 4 transitions. A strong pump
laser tuned to the F = 4 — F’ = 4 transition is switched on at
t = 0 and switched off at r = 250 us.

expected Voigt line shape [7]. The upper panels show
the spectrum 2.2 us after switching on the pump: on the
left-hand side, we see a spectral hole arising from the
pumping population from the F =4 ground state into
the F = 3 ground state. On the right-hand side, the pump
transfers the population from the unobserved F = 3 ground
state into the observed F = 4 ground state, and hence we
see a narrow excess absorption feature (a spectral bump).

The middle panel shows the situation at t = 168 us—the
pumping feature is both deeper and broader than at the
2.2-us point. Furthermore, by comparing the unperturbed
resonance and the pumped spectra, we observe a broad
pedestal of decreased absorption around the spectral hole,
or a pedestal of excess absorption around the spectral
bump. The lower panels show the transmission measured
at t =260 us, 10 us after the pump is switched off. The

F=4 — F'=3 F=4 — F'=4

0.5

0 Frame: 25
F=3 — F'=3 |Time:42.60pus| F=3 — F'=4

Transmittance

0 1 2 30 1 2 3
Frequency (GHz)
VIDEO 1. Time evolution of the transmittance measured on the

cesium F =4 — F' =3, 4 transitions for all four pumping
scenarios around f = 0 and t = 250 us. Some frames correspond-
ing to a steady state between those two transition events are
omitted to shorten the video.
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FIG. 3. Measured transmittance of the F =4 —- F' =3, 4

transitions. The left-hand column shows the outcome when
pumping on the F =4 — F' =4 transition, while the right-
hand column displays pumping on the F =3 —» F' =3 tran-
sition. The top row shows 2.2 us after the pump is switched on,
the middle row shows the transmission at ¢t = 168 us, and the
bottom row at t = 260 us (10 us after the pump is switched off).
In each panel, we superimpose the unperturbed transmission
spectrum (at # = 0, the blue line), together with a nonlinear fit to
the experimental data (the black line). The wavelength markers
are retrieved from Ref. [47].

narrow spectral feature has decreased rapidly in size by this
time, while the amplitude of the pedestal decreases more
slowly. For times beyond 268 us, we see only the pedestal,
and by t ~ 285 us, the spectrum returns to looking obser-
vationally identical to the initial #+ = O spectrum.

We make a nonlinear fit to every experimental trans-
mission measurement taken every 2.2 us: a complete
description of the fitting algorithm is given in Sec. I of
the Supplemental Material [48]. The simple Voigt profile is
a sufficiently good model in the conditions of this experi-
ment. At low pressure in the vapor cell (approximately
1 pTorr at 22.2 °C [47]), no speed-dependant corrections to
the line shape [49-51] are necessary. Furthermore, other
line-shape corrections associated with optical pumping
[7,52] are negligible at the signal-to-noise ratio of this
experiment. The parameters of the unperturbed Doppler-
broadened lines (widths of the Lorentzian and Gaussian
components, central frequencies, and amplitudes of the two
transitions) come from the initial transmittance curves (the
blue curves in Fig. 3) and yield results consistent with the
known atomic parameters [47] and the Doppler width at
the temperature of the cell (22.2°C) [7] (see Table 1 in the

Supplemental Material [48]). All but one of the parameters
relating to the Doppler-broadened resonances are then held
fixed for the rest of the series of fits; the one free parameter
is an overall frequency shift to allow for any slow frequency
drifts in the probe laser.

The necessity to include a broad pedestal to explain the
physics is emphasized by Fig. 4, in which we compare
the quality of the fits with and without the pedestal. In the
upper panel, we set the pedestal amplitude to zero and the
residuals show significant deviation from the data near
the center of the absorption peaks. The lower panel allows
for both pedestals and spectral holes and shows fit residuals
(in transmittance) with a standard deviation of 6 x 10~3:
this level is consistent with the broadband noise of the
detection process [40]. The pedestal is modeled with a
Gaussian spectrum (see Sec. III D for details) with a fixed
1/e half-width of 80 MHz. The spectral width is exper-
imentally determined by examining the temporal scans
after 265 us, where the pedestal is the dominant perturba-
tion of the transmission.

At each temporal snapshot after switching on the pump,
we fit the perturbed spectral curves with a function that
allows for a spectral hole (or bump) that is treated as a
Lorentzian function of arbitrary width, amplitude, and
frequency along with a Gaussian-shaped pedestal function
of arbitrary amplitude. The amplitude in both cases has

(a)

Transmittance residuals
o
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(b) Frequency (GHz)
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FIG. 4. Inclusion of a broad pedestal. (a) Fit using spectral
holes only. The absence of the pedestal forces the widths of the
resonant features to around 36 MHz. (b) Fit allowing for both
spectral holes and pedestals. The returned width values for the
resonant features are around 27 MHz. The displayed residuals are
expressed in terms of the optical-depth difference between the
model and fitted curves.
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been expressed in terms of a fractional modification of the
optical depth of the unperturbed resonance.

B. Temporal evolution

Figure 5 summarizes the evolution of the optical-
pumping characteristics when the optical pump is tuned
to the F = 4 — F' = 4 transition (lower panel, correspond-
ing to the left-hand side of Fig. 3), orthe F =3 - F' =3
transition (upper panel, corresponding to the right-hand
side of Fig. 3). We obtain two independent estimates for the
amplitude and the linewidth of the burnt features in each of
the two transitions monitored by the comb [blue (red) for
the F =4 — F' = 4(3) transition]. The amplitude of the
features nearly reaches its steady-state value within 2 us.
By contrast, the initial variation of the bandwidth (the right-
hand side of the plot) happens on a slower time scale with a
characteristic time of about 4 us. Following a period in
which the parameters maintain a stable value, we switch
off the optical pump and note a relaxation of the amplitude
of the features, with a characteristic time scale of approx-
imately 7 ps in both monitor transitions. The parameters of
the broad pedestal [the brown (black) curve for that
observed in the F =4 — F' =4(3) transitions] shows
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FIG. 5. Temporal evolution of the spectral modifications.
(a) Pump tuned to the F = 3 — F’ = 3 transition. The left plot
shows the fractional height (the fractional change in optical
depth) of the spectral hole in the F =4 — F’ =3 (red) and
F =4 - F’ = 4 (blue) transitions. The amplitude of the pedestal
feature is also shown as measured in the F =4 — F =4
(brown) and F =4 — F' =3 (black) transitions. The right-
hand-side plot shows the bandwidth of the burnt feature as
measured in the F=4 > F =3 (red) and F=4 > F =4
(blue) transitions. (b) Pump tuned to the F=4—> F' =4
transition. Color codes are the same as in (a). See Fig. 1 in
the Supplemental Material [48] for the cases where the pump is
tuned to the F =3 - F' =4 and F =4 — F' =3 transitions.

TABLE I.  Steady-state amplitude (fractional change in optical
depth) and bandwidth of the burnt features under the four
pumping arrangements.

Pump Fractional ~ Fractional Bandwidth Bandwidth
transition  amplitude  amplitude (MHz) (MHz)
F—F 43 4 -4 4-3 4 -4
4 -4 0.58 0.72 26.9 27.9
4-3 0.65 0.19 25.1 35.1
354 -0.45 —0.50 30.8 31.9
353 —-0.31 —0.36 31.6 29.1

an exponential or power-law-like increase and decrease
with time constants of 24-26 us that contrast strongly with
those observed for the burnt features (see Sec. III in the
Supplemental Material [48]). The response to pumping on
the F = 3 — F’ = 3 transition is similar to that seen when
pumping on the F = 4 — F’' = 4 transition (albeit with the
opposite sign of the amplitude of the perturbations). We
note, however, that the amplitude of the narrow feature
appears to show an overshoot and then a relaxation to its
steady-state value.

The steady-state amplitude and bandwidths of the
spectral holes and bumps are shown in Table [—we note
that the observed bandwidths are heavily broadened when
compared to the natural linewidth (4.55 MHz) because of
the saturation related to the optical pumping. The table also
lists the outcomes from the other two possible configura-
tions of the pump (F =4 - F/ =3 and F =3 —» F' = 4),
which show a qualitatively similar behavior to the F =
4 > F' =4 and F =3 — F' = 3 transitions, respectively
(see Fig. 1 in the Supplemental Material [48]).

Figure 6 shows an unexpected temporal evolution of the
frequency splitting between the spectral holes in the two
monitored transitions for two different pumping arrange-
ments: pumping on the F =4 > F =3 and F =4 —
F’ = 4 transitions. We display these particular pumping
arrangements, as the observed frequency shift has its largest
magnitude, although we see similar effects on all of the

1170
1168
1166
1164

1162

Frequency splitting (MHz)

1160

0 50 100 150 200 250
Time (us)

FIG. 6. Frequency splitting between spectral holes as a function
of time when pumped on the F =4 — F' =3 (blue) and
F =4 — F' =4 (red) transitions.
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tested arrangements. The magnitude of these frequency
shifts is in proportion to the difference in the coupling
strength between each of the two monitor transitions and
the pump field—in all cases, we see a reduction in the
frequency splitting as a function of time. It is possible that
the origin of this evolving splitting is a light shift (the ac
Stark shift) due to a change in the effective pump intensity
as a function of time. As the atomic transition saturates, the
pump light penetrates further into the cell and thereby
increases the average intensity in the cell. For all four
pumping scenarios, we find an initial (before saturation sets
in) frequency separation between the spectral holes of
1167.3 £ 0.1 MHz, which is in reasonable agreement
with the known value of 1167.68 4+ 0.08 MHz [47]. The
small difference between those values could also be
explained with light shifts associated with the pump, probe,
or LO beams.

C. Theoretical model

We model the temporal evolution of the optical pumping
effects on the atoms by transforming the four-level Cs atom
into a simpler three-level system—two levels represent the
ground states, |g;,), and the third level represents the
excited state |e) (see Sec. II in the Supplemental Material
[48]). When pumping from the F =3 ground state, the
pumping process cannot create strong polarization in the
Zeeman states of the ground state, so a simple three-level
model is sufficient to explain the observations. Our
theoretical model allows for decay from the excited state
to both ground-state levels, with a branching ratio, f, a
decay rate from the excited state of I', and an on-resonance
pumping rate, 216/ (hv), where [ is the intensity of the laser
and o is the optical cross section of the transition [53]. We
include a simple exponential relaxation process in each
atomic level to allow for the transit of atoms through the
optical-probe beam.

The output of an example calculation is shown in Fig. 7.
Two parameters have been adjusted in this figure to match
the experimental conditions in Fig. 5: the relaxation time
constant of the ground-state populations is set at 7.5 us to
match the observed amplitude decay when the pump is
extinguished. We can independently estimate the average
transit-time relaxation rates for our geometry by averaging
over the Maxwell-Boltzmann distribution as it crosses the
1.1-mm-radius probe and pump beams: this estimation
gives an expected transit-time relaxation of approximately
6 us. This number is in reasonable accord with the experi-
ment, with a slight difference perhaps being explained by
the few-degree misalignment of the pump and probe
beams. The effective pumping rate in the model is set to
7 MHz to produce a steady-state bandwidth that agrees with
that observed in the real experiment (see Table I). The
measured pump-beam intensity is twice the saturation
intensity of the Cs D1 transition, which would indicate a
pumping rate of 28 MHz ~ I', where I is the excited-state

(a) F=3 - F':S
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o -0.8[™ —
3 g 40
5-0.6 =
g = 30
< 04 220
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g 04 20
5 02 510
(g 0
0 50 100 150 200 250 0 50 100 150 200 250
Time (us) Time (us)

FIG. 7. Simulations of the atomic response using a three-level
atomic model. (a) Pump tuned to the F = 3 — F’ = 3 transition.
(b) Pump tuned to the F = 4 — F’ = 4 transition. In both cases,
the pumping rate has been set at 7 MHz and transit-time
relaxation at 7.5 us. The theory shows good qualitative agree-
ment with the experimental curves in Fig. 5.

relaxation rate. We believe that the effective pumping rate is
significantly lowered because of the lack of overlap
between the pump and probe beams because of their
angular mismatch. We show the results for a wide range
of different effective pumping rates in Sec. II of the
Supplemental Material [48].

A comparison of Figs. 7 and 5 shows many qualitative
features that are in good accord. The amplitude of the
spectral modifications induced by the pump changes
rapidly in the initial period at a rate proportional to the
pumping rate. The approach to the steady state occurs on a
time scale associated with the ground-state relaxation time,
so, for very high intensities, we see an overshoot in the
amplitude before a decrease back to the steady-state value.
This effect is seen in both the experiment and the model.
We also see an exponential increase in the bandwidth of the
burnt feature as the population saturates—the model shows
that the time scale of this process is set by both the intensity
of the pump and the relaxation processes. For the param-
eters in Fig. 7, the model predicts an exponential time
constant for the initial bandwidth change of 4.1 us, which
agrees with the observed value of 4 us. The model shows
that, at very low incident intensities, this time constant is
equal to the transit-time relaxation time (7.5 us), but at
higher intensities, it is shortened: for a vapor driven at the
saturation intensity, we see an approximate halving of this
time constant.

The model also demonstrates that the steady-state
amplitude of the observed spectral hole and bump depends
on the pumping rate, which in turn depends on the intensity
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of the pump laser and the optical cross section of the
transition. In the experiment, the overlap between the pump
and probe beams is not complete (an approximately 2°
misalignment), which lowers the fractional population
perturbation over that predicted by the model.

By reexamining Table I with the knowledge acquired
from the model, we can now explain some of the variation
seen there. The difference in the measured amplitude of the
burnt features in the two absorption dips is within 14%
when pumping out of the F' = 3 ground state. This result
reflects the case in which this pump arrangement produces
a simple population perturbation in the ground state
(F =4) that leads to a common optical-depth variation
in both observed transitions. By contrast, when the pump
drives from the F = 4 ground state, we see an asymmetry
in the apparent strength of the burnt features in the two
resonances, as well as relatively larger amplitudes than
when pumping from the F = 3 state; this effect is espe-
cially evident in the F =4 — F’ = 3 pumping case. The
asymmetry arises from optical pumping within the Zeeman
levels of the ground state (ground-state polarization), which
produces a dark state with an effectively higher trans-
parency. Optical pumping is particularly strong in the
F =4 — F' =3 transition because the branching ratio
from the upper state results in 3/4 of the atoms falling
back into the F = 4 ground state, allowing for more pump-
driven cycling. As expected, the dark state only appears
when the probe and the pump are connected to the same
transition—something that is evident when examining the
asymmetry in the first two rows of Table L.

D. Pedestal

The pedestal dynamics are quite different from that seen
in the spectral-hole and spectral-bump features. The ped-
estal increases in amplitude with a 26 + 10 us character-
istic time, in stark contrast to the time for appearance of the
narrow feature (approximately 2 us). The pedestal also
disappears more slowly than the narrow burnt feature, with
an exponential time constant of 24 +4 us across the
various monitor transitions and pumping configurations,
in comparison to the characteristic time for the decrease of
the amplitude of the burnt features, which is around 7.5 us.
This behavior is consistent with a cross-relaxation process
[54] arising from the reabsorption of radiation within the
cell, which perturbs the thermal-equilibrium populations of
the atoms outside the pump-beam volume. A naive estimate
of the pedestal time scale is set by the time required for an
atom to cross the vapor cell to enter the probe beam: this
value is given by the cell radius, 7 ~ 5 mm, and the typical
velocity, vy = 192 ms™!, suggesting a pedestal time con-
stant of r/vy ~ 26 us, in agreement with the observed time.
In Sec. III of the Supplemental Material [48], we present a
more sophisticated model of radiation trapping in an
optically deep, effusive vapor, which predicts fast and slow
time scales in the optical response to a switched pump

beam. Previous models of radiation trapping have assumed
either a static atomic vapor or a diffusive model for atomic
motion [55]. Here, based on a 1D phenomenological
model, we predict a slow time scale of around 20 us,
which is reasonably consistent with the observed time
scale. The model also predicts a power-law decay of the
pedestal response, as opposed to an exponential decay. We
show that the experimental evolution is statistically con-
sistent with a (modified) power law.

The spectral signature of such a reabsorption process has
not been deeply considered in the literature, perhaps
because it could not be easily observed. For the general
case, one would expect it to have a spectral signature that is
close to the Doppler width [54], although we observe a
much narrower distribution than that. Consider resolving
the velocity of some excited atom within the pump beam
into two directions: along the beam (longitudinal) and
transverse to the pump. The ensemble of excited atoms will
have a narrow range of longitudinal velocities determined
by the pump-beam frequency; however, spontaneous deex-
citation can occur in any direction, leading to a distribution
of Doppler shifts in the emitted photons associated with the
unknown transverse velocity of the excited atoms. If we
consider the direction defined by the vector joining the
emitting atom and the reabsorption event, then a reabsorp-
tion will occur only if the absorbing atom has a velocity
component along this vector that nearly matches that of
the emitting atom. However, these reabsorbing atoms will
again have a distribution of velocities in the plane trans-
verse to this vector. Some fraction of these reabsorbing
atoms, who now have modified ground-state populations
due to this secondary absorption, will recross the probe
beam and be observed in our transmission measurement.
The spectral width of the perturbation in the probe beam
will reflect the velocity spread of these reabsorbing atoms,
as projected along the beam direction.

For an infinitely large cell, these processes lead to a
Gaussian spectral signature with a width of the same order
as the Doppler broadening. However, for a finite cell, the
optical depth in an arbitrary direction may not be sufficient
to give a high probability of reabsorption. In our cell, at
room temperature, only a narrow cone of reemission angles
(@ ~ 15°-20°) around the pump direction will have a high
probability of reabsorption. These atoms show a reduced
velocity spread of the order of v/2sin(@)vys when pro-
jected into the probe-beam direction, where vy is the most
probable velocity in the Maxwell-Boltzmann distribution.
This prediction is in reasonable agreement with the spectral
width found experimentally (80 MHz vs the 214 MHz
associated with the full Maxwell-Boltzmann distribution at
this temperature).

IV. CONCLUSION

The acquisition of spectral data with both high frequency
and high time resolution offers new insight into dynamical
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processes. We make use of an electro-optic frequency-
comb technology to open a new window into nature. We
demonstrate an ability to make continuous observations of
several atomic transitions in cesium with microsecond
resolution. We perturb these lines with an auxiliary laser
source and observe a number of physical effects that are
unexpected. This set of effects includes temporal evolution
of the bandwidth and frequency splitting of burnt features,
as well as the influence of radiation reabsorption on the
spectrum. We show that many of these effects can be
explained using a dynamical model. Our findings on the
effects of radiation reabsorption, which are made distin-
guishable from other competing effects by the time-
resolved nature of the experiment, introduce corrections
to spectroscopic models involving burnt spectral features.
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