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Slow-light dynamics of large-bandwidth pulses in warm rubidium vapor
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We study slow-light propagation dynamics in warm Rb vapor. We present data showing significant pulse
reshaping when the bandwidth of the pulses is increased and present a model that qualitatively explains the
observed behavior. Our data and modeling emphasize how the Doppler broadening in a warm vapor strongly
affects the propagation of high-frequency components and leads to unintuitive features on the transmitted pulse

shapes. This has important consequences for applications involving the delay of large-bandwidth pulses.
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I. INTRODUCTION

Slowing of light pulses using resonant coherent interac-
tions in atomic vapors has been demonstrated recently by
several groups [1-4]. In most slow-light experiments the ef-
fect is demonstrated by delaying light pulses, in which the
delays are experimentally measurable but are only a small
fraction of the original pulse width. From an applications
standpoint, real interest lies in demonstrating delays ap-
proaching and exceeding the probe laser pulse width [5]. It is
well known that electromagnetically induced transparency
(EIT) [6,7], the mechanism responsible for the slow-light,
has a region of linear dispersion of finite bandwidth, usually
a fraction of the Rabi splitting of the atomic levels. As the
pulse bandwidth is extended beyond this linear region, it is
expected to experience nonlinear dispersion and losses that
lead to pulse distortion. For applications that will require
maximum use of the available bandwidth within an EIT me-
dium, understanding slow-light behavior in this transition re-
gion becomes critical for evaluating the performance param-
eters of potential devices.

This work is focused on the measurements and theory of
pulse propagation through a gas of ¥’Rb atoms, as the band-
width is increased beyond the linear EIT region. The tran-
sient response of slow light has been investigated both ex-
perimentally and theoretically for cold atomic vapor in a
magneto-optic trap [8]. However, our results on warm gases
lead us to emphasize the importance of including Doppler
shifts in the transition energies. The Doppler shifts result in
significantly narrower EIT windows, yet lower overall losses
for high-frequency components of pulse bandwidths. Only
by including these effects can the experimental results be
reproduced.

II. EXPERIMENT

Figure 1 shows (a) the schematic diagram of our experi-
ment and (b) the simplified level structure for the ’Rb D,
transition. In this figure vg and vp represent the frequencies
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of the strong control field and weak probe beams, respec-
tively. States |0) and |2) are ground states (F=1 and F=2
hyperfine levels, respectively), separated in frequency by A
=6835 MHz, and |1) is the excited state F'=2. The Doppler
shift vp shifts the excited state with respect to laser field
frequencies and is of the order of 300 MHz for our param-
eters. Frequency detunings from resonance (in the absence of
Doppler broadening) for the control and probe beams are
given by Ag and Ap, respectively. The laser is locked to a
%Rb D, transition in the center of its Doppler profile using
saturated absorption. An electro-optic modulator (EOM),
driven by a pulsed rf signal, is used to produce collinear cw
control and pulsed probe beams. The efficiency of the EOM
is low (~1%) so that the control laser power stays mostly
constant. The output of the EOM consists of the original
laser frequency and two sidebands. To detect only the correct
sideband a portion of the control beam is shifted in fre-
quency by 80 MHz and is used as a local oscillator for het-
erodyne detection of the probe pulse after it goes through the
Rb cell. The 1-mm-diam control and probe beams have the
same circular polarization, with intensities at the cell of
30 mW/cm? and 0.3 mW/cm?, respectively. The heterodyne
signal corresponding to the probe beam is demodulated, and
512 pulse traces are averaged on the oscilloscope and stored
on the computer.

The signal from the other EOM sideband is also demodu-
lated and stored as a reference. The 7.5-cm-long ®’Rb cell is
magnetically shielded and contains 30 torr of Ne as a buffer
gas. Its temperature is held at 65 °C.

Figure 2 shows averaged traces of the reference and of the
probe pulses after passage through the Rb cell. The experi-
ment was performed for Gaussian (top) and near-square (bot-
tom) shape pulses. As expected, the reference (solid) pulses
propagate through the cell without any change. For the signal
(dashed) pulse, the Gaussian pulse shape changes little,
while the square pulse shape undergoes striking distortions.
The slowed pulses are attenuated by more than two orders of
magnitude. In other experiments we have observed reduced
attenuation, accompanied by shorter delays, when the buffer
gas is not present. For the incident square pulse, the trans-
mitted pulse retains sharp features as the pulse turns off,
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FIG. 1. (a) Experimental setup for the generation and detection
of slow-light pulses. (b) Atomic-level diagram.

discharging” pulse behavior with a relatively sharp knee for
various duration square pulses with and without buffer gas
present. We approximate the delay through the cell to be
10 us based on the center of the pulses. This corresponds to
a group velocity of 7.5 km/s.

III. THEORY

As a starting point for our analysis, we consider an EIT
model for the three-level system shown in Fig. 1(b). This
well-known model calculates the EIT susceptibility using
density matrix formalism in the cw regime [2]. In particular,
we note that since the velocity-induced energy shifts are
greater than the intrinsic linewidth, a proper calculation must
include an ensemble average over the Doppler-shifted atoms.
Here we examine the effect of various specific Doppler shifts
and then perform the weighted average over all velocities to
obtain a transmitted pulse. Only by including the Doppler
shifts in the model were the simulations able to match the
experimental data. From this point on angular frequency is
implied for all frequency-dependent quantities, including de-
tunings Ap and Ag.

Our equation for the EIT susceptibility, including detun-
ing of both the probe and control frequencies, Ap and Ag,
respectively, is given by
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FIG. 2. Measured reference (solid) and signal (dashed) pulses
after the Rb cell for Gaussian and square inputs plotted on a loga-
rithmic scale.
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FIG. 3. Calculated susceptibility as a function of the probe an-
gular frequency for different control field detunings Ag. The shaded
region for Ag=0 represents the standard operating region for EIT:
small Im(y) (low loss) and steep, linear slope in Re(y) (low group
velocity).

X(Ap,Ag, wp)

_ Nu? 4[(Ap — Ap) +iyy]
e, Tt [|Qg)* = 4[(Ap — Ap) + iy20](Ap + wp +iy10)]

(1)

Here N is the number of atoms per unit volume, () is the
Rabi frequency of the control laser, u is the dipole matrix
element between states |[0) and |1), 9,y and 7y, represent
dephasing rates between the appropriate states, and wp, the
Doppler shift. The numerical values are taken from Ref. [9].
Most values, including 7.5 cm length of the cell and optical
beam properties, correspond to the experimental parameters
described earlier in the paper. The values used in the model
included an oscillator strength of 0.23 and spatially uniform
pump intensity of 30 mW/cm?, giving a Rabi frequency
Q=54 MHz. We used the number density of ¥Rb as an
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FIG. 4. Canonical slow-light behavior for a simple, zero-
velocity three-level system. Higher frequencies (the ripples) are at-
tenuated in the transmitted wave form, while the overall pulse shape
is delayed with respect to the input pulse.

adjustable parameter for a better fit with the experimental
results choosing N=7.4 X 10'° cm™. Our simple model does
not take into consideration the nonuniform beam profile, ab-
sorption of the control laser in the cell, nonzero magnetic
fields due to imperfect shielding, the presence of other
atomic levels, or effects of nonuniform distribution among
the various Zeeman sublevels. Due to the presence of the
buffer gas, we assumed the reduced dephasing linewidth
¥20=107%7y,,. Our results on the pulse reshaping effects are
not sensitive to the exact values of vy,, for small vy,, Note
that because we have not included any detailed modeling of
these various causes of pulse attenuation in our model, our
theoretical results do not address the observed pulse attenu-
ation in Fig. 2.

We consider first the case of no Doppler broadening wp
=0, analogous to an experiment in cold Rb atoms such as
those trapped in a magneto-optic trap (MOT). Example
curves are shown as a function of probe detuning Ap in Fig.
3 for different control field detunings Ag. The EIT transmis-
sion window, as mentioned previously, has a finite band-
width. This bandwidth is represented schematically by the
shaded region in the uppermost curve of Fig. 3. Within this
window the losses are low, because Im(y) is small, and the
group velocity is low, because Re(y) has a very steep, linear
slope. This is the signature behavior of slow-light schemes.
For A;=0, the transparency occurs at Ap=0 and is the region
of low loss and widest linear dispersion. For nonzero A the
transparency window is shifted to the point of two-photon
resonance (Ap=Ag) and the EIT feature is somewhat dis-
torted and asymmetric, though we still have a small region
with low absorption and linear dispersion. For very large
detuning (Ag> v, the absorption profile eventually goes
over to a normal, lifetime-broadened Lorentzian peak at one-
photon resonance (Ap=0) and a very narrow peak just above
the two-photon resonance.

Short pulses can have sufficiently broad bandwidths to
exhibit effects of frequency-dependent absorption. An ex-
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FIG. 5. Calculated susceptibility as a function of the probe fre-
quency for different Doppler shifts wp.

ample of simulated transmission of a broad-bandwidth wave
form through the system is presented in Fig. 4. In this calcu-
lation, we assumed Ag=0 and a probe spectrum centered on
Ap=0. We used 20 Fourier components to represent an input
square wave with a period of 40 us, the higher-frequencies
of which extend just beyond the lossless region — to 27
X1 MHz. The output waveform is clearly delayed, but the
sharp edges and the ripples, which form as a result of the
higher-frequency components, have disappeared.

Next we consider warm Rb vapor, in which Doppler shifts
cannot be ignored. In this case, atoms moving with a velocity
component v, in the longitudinal direction z of the laser
beam will appear to have different transition energies. In
particular, the 0-1 transition and therefore both of the effec-
tive detunings of both lasers from resonance will be shifted
by some amount wp(v,). Figure 5 shows calculated real and
imaginary values of the susceptibility as a function of the
probe frequency for different Doppler shifts, keeping Ap=0.
Note the similarity to Fig. 3, except here the EIT transpar-
ency window stays fixed at Ap=0. This is because the Dop-
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FIG. 6. Calculated slow light for atoms Doppler shifted by wp
=240 MHz, Ag=0, and probe wave form centered about Ap=0.
The pulse shape is greatly distorted by the strong EIT dispersion,
but the high-frequency ripples demonstrate that at this Doppler shift
the losses on the high-frequency components are smaller than for
zero-velocity atoms.

pler shift acts to simultaneously shift both lasers and there-
fore affects the location of the one-photon resonance but not
the two-photon resonance.

In analogy to what we observed for control field detun-
ings Ag in Fig. 3, we see in Fig. 5 that for large wp the
absorption spectra contain a narrow peak slightly detuned
from the resonance, with the position of this peak depending
on wp. Meanwhile, the background absorption near Ap=0
becomes much smaller. This results in higher overall absorp-
tion for the pulse but lower absorption of higher-frequency
components. We also see a curvature in the slope of the real
part of the susceptibility for various wp. Figure 6 shows a
pulse propagated through a particular Doppler subgroup, de-
tuned from the zero-velocity frequency by wp=240 MHz.
Despite the distortion in the overall shape, the existence of
rapid oscillations demonstrates the reduced loss of high-
frequency components as compared to the zero-velocity case
of Fig. 4.

The last plot in Fig. 5 shows the result of a full convolu-
tion of the susceptibility over all velocity components. The
convolution was performed over a Maxwell distribution of
velocities for an ensemble temperature of 65 °C, correspond-
ing to the temperature of the vapor cell in the experiments,
which has Doppler shifts over a width on the order of 300
MHz. As can be seen from the data, the effect of integrating
over all Doppler shifts results in an EIT window that is ap-
proximately 50 times narrower than the zero-velocity case.
Furthermore, there is now a large, flat absorption coefficient
for light just outside this window, and the absorption here is
less than the peak values of the zero-velocity case by a factor
of about 20. This allows increased transmission of higher-
frequency Fourier components.

Figure 7 shows a pulse propagating through an integrated
Doppler profile. Most of the sharper features of a single de-
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FIG. 7. Calculated slow light integrated over a Doppler
profile.

tuning in Fig. 6 are gone, but the pulse undergoes a distinc-
tive distortion simultaneously with the delay. Some remnants
of higher frequencies are still present as we see a moderately
sharp feature on the pulse turnoff. This is the same feature as
that observed in the experiments. Interestingly, the shape of
the Doppler-integrated profile (last panel of Fig. 5) in the
limit of small detuning Ap—0 is the same as the non-
Doppler-broadened case (first panel). Thus the propagation
of extremely narrow band pulses (like long Gaussians) can
be modeled without inclusion of Doppler effects. However,
the Doppler broadening restricts the region of validity of this
treatment to a small region Ap < Qé/ Awp, where Awp, is the
Doppler width. Both the absorption and dispersion experi-
enced by frequency components outside this region are quite
affected by Doppler broadening, and this can strongly influ-
ence the resultant transmitted pulse shapes, as we observed
here.

IV. SUMMARY

In conclusion, we observed unexpected pulse distortions
of slowed, large-bandwidth pulses in warm Rb vapor. In par-
ticular, the transmitted pulses are not simply delayed pulses
with higher-frequency components absorbed. Studying a
model which takes into account one-photon detuning due to
Doppler broadening isolates the origin of these distortions,
and convolving over the full Doppler profile produces results
which qualitatively match the experimental observations. In
particular, this study isolates some important pulse distortion
effects present in warm atomic vapors, not present in cold
atom samples, which will be important in considering vari-
ous applications of slow-light pulses.
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