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We study the superfluorescence (SF) from a gas of rubidium atoms. The atoms of a dense vapor are excited
to the 5D state from the 55 state by a two-photon process driven by 100-fs laser pulses. The atoms decay to the
6P state and then to the 5§ state. The SF emission at 420 nm on the 6 P55 transition is recorded by a streak
camera with picosecond time resolution. The time duration of the generated SF is tens of picoseconds, which is
much shorter than the time scale of the usual relaxation processes, including spontaneous emission and atomic
coherence dephasing. The dependence of the time delay between the reference input pulse and SF is measured
as a function of laser power. The experimental data are described quantitatively by a simulation based on the
semiclassical atom-field interaction theory. The observed change in scaling laws for the peak intensity and delay
time can be elucidated by an SF theory in which the sample length is larger than the cooperation length.
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I. INTRODUCTION

Spontaneous coherent emission from a collection of excited
two-level atoms results in a burst of radiation. The peak inten-
sity of this radiation is proportional to the square of the number
of excited atoms in the medium. Dicke performed the first
calculation of coherence in spontaneous radiation processes
in 1954 [1] and he described this cooperative process as a
“radiation bomb.” In recognition of this groundbreaking work,
this phenomenon is now referred to as Dicke superradiance,
which is induced by a macroscopic dipole moment set up in the
medium. Such radiation, however, can also occur even when
an optically thick medium is prepared with a sufficiently large
population inversion so that, eventually, the medium develops a
macroscopic dipole moment resulting in superradiant emission
[2]. In general, this is called superfluorescence (SF) [3].

An experimental realization of SF was pioneered by
Skribanowitz et al. [4] using optically pumped hydrogen
fluoride gas. The first observation of SF in rubidium vapor
was reported by Marek [5].

Quantum and semiclassical theories of SF were initiated by
Arecchi and Courtens [6], Rehler and Eberly [2], Bonifacio
and Lugiato [3], and MacGillivray and Feld [7]. In the
framework of the semiclassical approach, it was shown that
the Maxwell-Bloch equations for the atomic system can be
properly derived using quantum mechanics and only two
parameters: an initial tipping angle 6, and superradiant lifetime
T are adequate to determine the whole superradiant process
[7]. The superradiant lifetime 7 is approximately the average
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time for the first photon to be emitted along the input beam axis
within the sample [8]. For the cylindrical sample, it is defined
as [9]
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Here 71, A, N, A, and i = 3/8m are the population decay time,
the SF center wavelength, the number of the excited atoms, the
sample area, and a geometrical factor [2], respectively.

One of the intriguing features of SF is a coherent ringing,
first studied by Burnham and Chiao [10]. The so-called
transverse effects for the ringing in SF were experimentally
studied by Mattar et al. [11] and Heinzen et al. [12]. Good
reviews of SF studies can be found in [13,14].

SFinvolving cascade three-level atoms is called cooperative
cascade emission. Both the theory and related experiment were
first reported by Okada er al. [15]. The time development
of cooperative cascade emission was also studied by using
a streak camera with about 10 ps resolution [16]. A crucial
example of cascade cooperative emission, the so-called yoked
SF, was first observed in cesium vapor by Brownell et al.
[17]. The experimental observation and theoretical description
of the yoked SF with omnidirectional character (in rubidium
vapor) were accomplished by Lvovsky ez al. [18,19]. Recently,
Paradis et al. obtained striking results while observing the
yoked SF in laser-cooled rubidium atoms [20].

Although SF has been extensively studied, to the best of our
knowledge no one has yet reported the generation of SF pulses
several picoseconds in duration in an atomic vapor. This can
be achieved if a dense gas of atoms is excited by laser pulses
that are considerably shorter than the SF evolution time.

In this work, we use a rubidium vapor in which the atoms
are excited into the 5D state from the 5 state by a two-photon

©2010 The American Physical Society
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process, which is enhanced by the 5 P intermediate level. This
transition is driven by laser pulses of 100 fs duration at 778 nm.
Many of the excited atoms decay into the 6 P state by emitting
infrared light at 5 um. SF emission occurs on the 6 P-5S
transition at 420 nm, which is recorded by a streak camera
with ~2 ps time resolution. The observed SF pulse duration is
tens of picoseconds.

The same atomic configuration and associated radiation
processes were recently considered by Lvovsky et al. [18,19]
and Paradis et al. [20]. The delay between the input pulse and
SF as a function of the number density of the atoms was
presented by Lvovsky [19] by varying input pulse energy
or the temperature of the vapor, and by Paradis [20] by
loading different numbers of atoms into the magnetooptical
trap.

In our work, we follow the former approach. The initial
population of the upper level (the 5D state) is varied by
adjusting the laser input power. For relatively high laser
powers, one can observe saturation and Rabi oscillations in
both the 5 um and 420 nm emissions [19]. However, for low
powers, far below the onset of saturation and/or oscillation, a
simple correspondence between the input power and number
of the excited atoms can be established. In this regime, we
study the dependence of the time delay between the reference
pulse and SF as the input beam power is varied, effectively
changing the number of participating atoms.

The paper is organized as follows. In Sec. I, the experimen-
tal setup and measurement method are presented. In Secs. III
and IV, the experimental and numerical results are listed. A
comparison between the numerical and experimental results is
also given in Sec. IV. Related discussions based on existing
theories are given in detail in Sec. V. Section VI concludes the

paper.

II. EXPERIMENTAL DETAILS

The atoms are initially prepared into a coherent superposi-
tion of the excited level 5D and ground level 5S. Eventually,
atoms decay to the ground state through the intermediate state
6P. The wavelengths of the generated fields in the upper,
5D-6P,and lower, 6 P-5S, transitions are at 5 um and 420 nm,
respectively (see Fig. 1).

A schematic of our experiment is shown in Fig. 2. The input
light was furnished by a commercial femtosecond laser system.
The pulses entered a rubidium vapor cell. The generated pulses
were analyzed by a spectrometer and a streak camera after
passing through a colored absorption filter which is transparent
for the 420 nm beam and blocks the 778 nm beam. Details of
the experiment appear in the following.

The 778 nm (center wavelength) laser pulses were gen-
erated by an optical parametric amplifier (OPA) driven by a
commercial femtosecond laser system. The resulting 778 nm
pulses with repetition rate of 1 kHz were vertically polarized
with respect to the laser table and had a duration of ~100 fs
as measured by a commercial autocorrelator. The beam was
focused by a 20 cm plano-convex BK7 glass lens. The beam
spatial profile at the focus was somewhat elliptical: full width
at half maximum (FWHM) was 68 pum (vertical) by 82 um
(horizontal) as measured by the knife-edge method. Next the
laser beam entered a rubidium vapor cell [21]. The cell was
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FIG. 1. (Color online) The rubidium atomic level scheme. After
essentially instantaneous two-photon excitation of the input 778 nm
pulse from the ground state (55) to the upper level (5D), the atoms
emit SF light at 5 wm which triggers SF at 420 nm.

fabricated from a sapphire body and garnet windows, and had
a cylindrical shape with a length of 7 cm and a diameter
of 1 cm. A narrow tube was attached to the bottom of the
cell, which is called the cold spot. The cell permitted high
temperature operation and, except for the windows, was heated
uniformly. To avoid atomic condensation, the windows were
kept a bit hotter than the body of the cell. The data displayed in
this paper were taken at the cold-spot temperature of 204°C,
as measured by a thermocouple, giving a rubidium density
of ~9 x 10'* cm™3. The beam at 778 nm passed through a
beam splitter and provided a time reference pulse for a streak
camera. The reference beam passed through a corner-cube
retroreflector mounted on a translation stage that provided an
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FIG. 2. (Color online) Diagram of experimental setup. OPA:
optical parametric amplifier, 778 nm: input laser beam, BS: beam
splitter, T: translation stage, M: mirror, L: lens, F: filter which is
transparent for the 420 nm beam and blocks the 778 nm beam,
SC: streak camera, S: spectrometer, Ref: timing reference beam,
Rb: rubidium vapor cell.
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adjustable time delay. A second beam splitter combined the
light from the cell with the time reference beam before both
entered the streak camera (Hamamatsu). The violet light at
420 nm generated in the rubidium vapor was emitted primarily
in a narrow beam, parallel to the laser beams. The 420 nm
beam had a divergence of about 8 mrad. Upon exiting the cell,
the beam was collimated and made parallel by a lens with
a 10 cm focal length. The 778 nm beam was isolated by a
filter. This filter was transparent to the 420 nm beam. The
420 nm light was focused by another lens (focal 15 cm) into
the streak camera’s entrance slit. The beam splitter reflected
some 420 nm light toward the input fiber of the spectrometer.
The power of the input and reference beams were adjusted by
two variable neutral density filters, which are not shown in
Fig. 2.

III. EXPERIMENTAL RESULTS

We first recorded the spectra of the 420 nm light for different
input powers. In Fig. 3 the magnitude at 420 nm light from
the measured spectra is plotted as a function of input power,
and shows a monotonic dependence. However, for sufficiently
high power the dependence becomes much more complex
[19].

Next, to detect the temporal characteristics of the generated
signal, we used the fast streak camera. We concentrated on the
measurement of the average time delay. The main results are
shown in Fig. 4. The 420 nm light and reference beam were
recorded by the streak camera. The set of measurements was
done for several input powers ranging from 0.3 to 2.1 mW
(note that 1 mW average power corresponds to ~1 uJ/pulse).
Because the signal was not stable, mostly due to laser jitter,
up to 100 shots were averaged after jitter correction. This
correction procedure results in an additional systematic error
in time resolution. The time duration of the reference pulse
was about 100 fs, which should ideally be displayed by streak
camera as an ~2 ps pulse, the limit of its resolution. In our
case, the FWHM of the reference signal was approximately
~6 ps (>2 ps).
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FIG. 3. (Color online) The power dependence of the magnitude
at 420 nm from the recorded spectra.
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FIG. 4. The streak camera data for the reference and 420 nm
pulses. The input beam power was varied from 0.3 to 2.1 mW.

One of the intriguing temporal properties of SF is ringing.
The result for ~0.3 mW input power clearly exhibited this
feature. In Fig. 4, the 420 nm signal was normalized: Each
measurement was taken with different gain settings of the
camera and attenuation of the neutral density filters to improve
the signal-to-noise ratio. As a result, in Fig. 4, the peaks of
the reference beam have different heights. The peaks of the
reference beams are adjusted to coincide with each other in
time, thus enabling us to distinguish relative delays for each
pulse. Generally, the temporal behavior of the 420 nm signal
had a steep rising edge with moderately long tail. The delay is
defined as a time interval between the reference and 420 nm
pulses, as shown in Fig. 4. The delay was calculated at the half
maximum of the rising edge of the reference and 420 nm pulses
and summarized as a function of input power in Fig. 5. The
error bars are estimated to be ~3 ps for the average delay and
~0.05 mW for the average power measurements. It is obvious
from the observed data that SF appears sooner as input pulse
energy increases.

IV. NUMERICAL RESULTS

The semiclassical theory is presented in this section. To
include the pulse excitation explicitly, we consider a five-level
atomic system. Figure 6 defines |c) as a ground level (5 state),
|a) as an upper level (5D state), |b;) and |b;) as the interme-
diate levels (two D lines, 5Py, and 5 P3, states, respectively)
for two-photon excitation, and |b) as another intermediate level
(6 P state) for yoked-SF emissions. The frequency v, and the
Rabi frequency .4 stand for the field mode coupled to the
transition |a) <> |B). Note that the initial value of the Rabi
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FIG. 5. (Color online) The relation between the relative time
delay with respect to the arrival time of the reference pulse and input
power.

frequency €2, is a very small phenomenological parameter,
to start the temporal development of the system [17]. The
two-photon detuning is A; = (w, — w.) — 2vi,, Where w;
is the frequency of the ith level and v;, is the frequency
of the input field. In contrast, the single-photon detuning
is Ay = vin — (wp, — o). The splitting between D lines is
Ay = wp, — wp,. One of the important parameters is the input
field’s Rabi frequency €2;,. In the semiclassical treatment, the
interaction of the atom with the classical field is governed by
the Maxwell-Bloch equations in a retarded time frame. The
semiclassical Hamiltonian in the interaction picture for this
system can be written as (& = 1)

V(6)=—Qin(e """ a)(bi] + e~ |a) (ba] + €7 4 b1)(c|
+ e A8 by (¢]) — Qupla) (b] — el b)(c| + Hee.,
where ¢1 = 2vip — (Vap + Vpe) = —Az and ¢y = ¢ + Ag —
Aj. The equation of motion for the atomic density operator p
is given by
ap
ot

Note that no population decay or atomic coherence dephasing
is included here.

= —i[V(),p]. 2)

FIG. 6. (Color online) A model of a five-level atomic system, see
text for detail.
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A. Yoked superfluorescence

We consider the field generated in the axial direction, that
is, along the z axis. Assuming that the backward 5 um SF is
uncoupled from the forward 5 um and forward 420 nm SF,
the Maxwell equations for two copropagating modes in the
retarded time frame t — t — z/c, are given by [15,17,22]

8Qab .
8_ = NabPab
. 3)
agbc .
= 1N0bcPbc-
0z

Here the Rabi frequency can be expressed in terms of
the field amplitude E,g and transition dipole moment gqg
as Qqp = PapEqp. The relevant coupling constant n4g is
given by 2N |pys|*wep/c, where N is the atomic number
density, w,g = wy — wg is the transition frequency between
the ath and Bth levels, and c is the speed of light.

It is useful to simplify the present model and find analytical
solutions because it furnishes a qualitative understanding of the
observed experimental results. The input pulse duration used in
the experiment is 100 fs, which is an instantaneous excitation
compared to the delay and duration of the yoked-SF pulse.
Thus the three-level atomic configuration should be a good
approximation. In this case, the initial populations of the upper
and lower states are the control parameters rather than input
pump power. This model of copropagating modes for cascade
three-level atoms has been studied in [15,22] where the back-
ward propagating mode is assumed to be generated indepen-
dently. The reduced equation of motion for three-level atoms
can be obtained from the five-level case by eliminating levels
|b1) and |b,). For the sake of simplicity, assume that the pop-
ulations of the levels are time independent and expressed by
their initial values [i.e., pec(t) = Pcc(0), Pua(t) =~ paa(0), and
opp(t) = 0]. In the linear approximation [22], nonlinear terms
QpePap and Q2,5 ppe are neglected; thus, p4:(f) = pa(0). Simi-
larly, as found in [15,17,22], the Rabi frequencies are given by

Qap(z.1) ¢ =NabPac(0)1o(2y/ € 20),
Q. (z.1) X Npepec(0)1o(2y/E21),

where & = a5 0aa(0) = e ec(0) and | 04e(0)* = 4a(0) pcc(0).
From the approximate solutions in Eq. (4), we infer the
characteristic exponential growth [22] of the emissions on both
the upper (ab) and lower (bc) transitions (i.e., both the 5 um
and 420 nm pulses are SF emissions [17]). The growth rate
does depend solely on the main parameter £ leading to yoked
SF [17]. In other words, there is no delay between the 5 um and
420 nm pulses. Equation (4) also shows that the passage time at
which the field intensity reaches a specified value [23] depends
on the initial population p,,(0) since 1, > npc. The increase
of the population leads to a faster growth (i.e., a shorter
delay).

At the next stage, we numerically solve Eq. (2) together with
Eq. (3). The normalized 5 pum and 420 nm SF pulse shapes are
shown in Fig. 7. The excitation input pulse is assumed to be
a Gaussian with amplitude €y = 3. The coupling parameters
used here are 1,;, = 4 and 1, = 0.08, and the sample length
is L = 160. In addition, we assume that all initial populations
are zero except for p..(0) = 1. The other parameters are taken

“4)
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FIG. 7. (Color online) The time evolution of the normalized
intensities |,4,|?> (5 um pulse) and |Q.|*> (420 nm pulse) for an
input Gaussian pulse with amplitude €y = 3.

to be Ag = C(1/780 — 1/795) (splitting between rubidium
D lines), A} = C(1/778 — 1/795) (detuning between rubid-
ium D; line and the wavelength of the input pulse), where
C =7/(1/780 — 1/795) and A, = 0 (two-photon detuning).
Here Ay, Ay, Az, (napl), and (np-L) have units of THz;
time ¢ has units of ps. The SF delay can be calculated
at the half maximum of the pulse of the rising edge (see
Fig. 7). The delay varies when input pulse amplitude €2, is
changed from 2.5 to 4.5. The delay dependence on amplitude
of the input Gaussian pulse is plotted in Fig. 8. As is seen
from Fig. 8, the forward 5 um and 420 nm SF pulses
are developed simultaneously. While these numerical results
provide qualitative agreement with the experimental data,
they do not, however, provide quantitative agreement. This
is because we assume that the forward and backward SF

10F —#— Violet SF pulse
—— |R SF Pulse
9. E
T
]
o
©
£ 7F
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- 4
«
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2.
1k N N N N L
6 9 12 15 18 21

Input Power |Qo|2 [units of (nabL)Z]

FIG. 8. (Color online) The simulations for delay times of the
5 pm and 420 nm pulses as functions of the amplitude of the input
Gaussian pulse. The parameters are the same as used in Fig. 7, but
Qp=2.5,2.75,3,3.25,3.5,4,and 4.5.
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pulses are developed independently. In the following section,
we simulate the backward propagating SF pulse.

B. Phenomenological theory for backward superfluorescence
and its connection to experiment

The coupling between the backward and forward SF for
two-level atoms has been studied in [24]. Recently, Brownell
et al. [17] have observed a cascade SF in the backward
direction. Inclusion of all SF pulses simultaneously in the
general Maxwell equations is cumbersome. In the previous
section it is assumed that the SF emissions in the forward
and backward directions are independent [17,22] (i.e., the
backward 5 um SF is uncoupled from the forward 5 um
SF and forward 420 nm SF). In contrast, let us assume here
that the backward 5 um SF and forward 420 nm SF are
coupled, and the forward 5 um SF is independent. Further, we
make the following assumption. The propagation equation for
the backward 5 m SF is written in time frame r — z/c, while
the equation for the forward 420 nm SF is written in time frame
t 4+ z/c. Thus, the phenomenological propagation equations
for two modes traveling in opposite directions are given by

aQab .
9z = NabPab,
02 ®
- = NbcPbe-
9z

Here, the z axis is taken to be along the backward 5 um
light propagation direction. The 420 nm SF pulse shapes are
shown in Fig. 9 for several different input amplitudes. All
other parameters are the same as used in Fig. 7. The curves
in Fig. 9 are similar to ones in Fig. 4. In Fig. 9, if the square
of the Rabi frequency |2|? is scaled by some factor o, then
time should be scaled by 4/1/«. Comparing the pulse temporal
shapes for |Qo|> = 6.25 and 25 with the experimental results
for input powers 0.3 mW and 1.2 mW, we choose « = 0.0480.
We are now able to quantitatively match the simulation to
the experimental data. Note that, in the experiment, the
delay between the input reference (but not the pump) and
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FIG. 9. (Color online) The time evolution of the normalized
intensity |S2,.|> for different input pulse amplitudes. The input
Gaussian pulse amplitudes are 2y = 2.5, 3.5, 4.5, 5.5, and 6.5.
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FIG. 10. (Color online) The measured relative delay time for
the 420 nm pulse as a function of input power (full circles) and
simulations for both the 5 um (dotted curve) and 420 nm (solid
curve) pulses with scaling factor « = 0.0480.

420 nm pulse was measured. Because of the additional optical
pathlengths resulting from the lens, beam splitter, and filters
used in the detection configuration, an accurate time delay with
respect to the pump cannot be measured directly. However, in
a special case, there is a certain technique to measure this delay
accurately using the higher-order harmonics of the input laser
pulses [25]. It is important to know the delay accurately as this
knowledge helps us to understand the details of the experiment,
such as the number of atoms participating in the cooperative
emission. This particular example will be discussed in Sec. V.

Keeping in mind the fact that the simulated delay time is
relative to the pump, we find the offset to be ~3.2 ps. The
simulated (solid curve) and experimental (full circles) results
for delay times of the 420 nm pulse are shown in Fig. 10. An
excellent agreement between the experiment and simulation
is obtained. It must be borne in mind that there is no free
fitting parameter used in the simulations. We simply start with
the semiclassical Hamiltonian and numerically solve Egs. (2)
and (5). The streak camera, lens, and filters we used in the
experiment are not appropriate for detection of the 5 um pulse.
Lvovsky et al. [19], have obtained partial information for the
5 pmlight using a germanium detector. In this paper, the results
obtained for the 420 nm pulse reasonably predict the delay time
dependence for the 5 um pulse. The dotted curve in Fig. 10
stands for the 5 um pulse delay dependence on input power; it
increases as power decreases. A nonzero delay occurs between
the generations of the 5 um SF and 420 nm SF. Brownell et al.
[17] found that the backward SF pulse in the upper transition
arrived first in time, followed by the yoked-SF emissions in
both the upper and lower transitions in the forward direction.
In this sense, one should anticipate some delay between the
backward 5 um SF and forward 420 nm SF for both the
cascade and yoked SF in the forward direction; unfortunately,
we could not give a reasonable physical explanation for this
phenomenon. To do that one needs a rigorous analytical
treatment of the cascade three-level atomic system, which
would be beyond the framework of this paper.

PHYSICAL REVIEW A 82, 043421 (2010)
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FIG. 11. (Color online) The log-log scaled relations of the
population of the excited state max(p,,) (full circles) and its fit with
function |2|*° (solid curve) and input intensity.

Since the experiment and simulation are in agreement for
the 420 nm violet pulses, we can find the delay relative to the
pump. For instance, at 1.2 and 0.3 mW input power, the relative
delay is found to be 8.6 and 23.2 ps, respectively. Similarly,
for the 5 wm pulses at 1.2 and 0.3 mW input power, these are
7.3 and 18.1 ps, respectively. So far, the delay times have been
determined at the rising edge of the pulse. The 5 um pulse
delay defined at its maximum is given by 19.6 ps at 0.3 mW
(7.6 ps at 1.2 mW). Note that in the recent work [25], we probe
the excitation of the 5D state using an extra ir input pulses.
The delayed ir pulse probes the population of the 5D state
to show that it decays in ~16 ps which is consistent with the
results obtained here.

The population of the excited state is calculated numerically
as the amplitude of the input pulse varies. In Fig. 11, the
population of the excited state |a) (full circles) is plotted as
a function of the input Gaussian pulse intensity. A fit (solid
curve) is given by the formula |2|%* /1076 with x = 1.8. The
population is expected to be proportional to the square of input
energy, as is typical for the two-photon transient excitation.
Using the scaling factor o = 0.0480, we can estimate the
population of the excited state p,, as a function of input
power. In Fig. 11 it is shown that for particular input values
[€2]? = 6.25 and 25, the populations are ~0.02 and ~0.19,
respectively. This means that at 0.3 and 1.2 mW input powers
only 2% and 19% of the atoms are excited, respectively. Fifty
percent of the atoms can be excited at 2.1 mW. A simple
relation between population and input intensity supports the
assumptions for the three-level atomic model.

V. DISCUSSIONS BASED ON EXISTING THEORIES

In this section, we discuss the main results in terms of
existing theories. Let us estimate the number of atoms in
the focal region. The diameter of the focused beam at the
focus of the lens is d = 4A778 ym f/(w D) ~ 80 wm, where
the unfocused beam diameter is D = 2.5 mm, and lens focal
length is f =20 cm. This is consistent with the measured
beam sizes at the focal plane, which are 68 and 82 pum.
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The depth of focus Dor = 84778 nmfz/(n D% ~ 1 cm. Thus,
at a temperature of 204°C, the total number of atoms in
this volume is Ny = 7d?/4DopN ~ 4.5 x 10'° where the
number density N is 9 x 10'%, and the area is wd? /4.

It was first mentioned by Arecchi and Courtens in 1971 [6]
that there is a restriction to the number of cooperative atoms
due to the fact that the photons travel with finite speed. For
instance, if the sample length is longer than the product of SF
delay and the speed of light, then the remote atoms cannot
be considered as cooperative. This restriction is critical in our
case since the SF pulse delay and width are measured in tens
of picoseconds.

Let us first compare the delays at the specific powers, 0.3
and 1.2 mW. Earlier, we found that at 0.3 and 1.2 mW the 5 um
SF pulse has 19.6 and 7.6 ps delays (defined at the maximum
of the pulse), respectively. The corresponding cooperation
lengths are lyzmw ~ 5.9 mm and [, nw ~ 2.3 mm. At
this stage, we can estimate the Fresnel number Fs,y, =
2(wd? /4)/(LAs,m), which was used by MacGillivray and
Feld[7],as 1 < Fs5,m < 3. The maximum cooperation number
is given by N = AIN . Taking into account the percentage of
the excitation for two powers, the number of excited atoms are
estimated to be

Nosmw = 0.024lp3mwAN =5 x 10}

(6)
N1.2mW = 0«19All.2mWN =2x 109.

The ratio of these values is Ni2mw/No3mw ~ 4, whereas
the ratio for delay times is 19.6 ps/7.6 ps ~ 3. Therefore,
based on the above estimation, the emission on the upper
transition (5 um pulse) is SF in which the inverse of the delay
is approximately proportional to the number of the excited
cooperative atoms.

According to Polder et al. [26], the ratio between delay time
7p and the superradiant lifetime tf is

 _Lyon e, %

TR 4
In particular, for Njjmw = 2 X 10, this ratio is given by
Tp/Tr ~ 34. From Eq. (1) the superradiant lifetime is tz ~
0.6 ps for T =0.69 us and A =5 pum. Therefore, delay
time becomes tp ~ 20 ps. For No3zmw =5 X 10® the ratio
is tp/tg ~ 30. The delay time is Tp ~ 69 ps for Tg ~ 2.3 ps.
The experiment suggests that delay times for 1.2 mW and
0.3 mW are 7.6 ps and 19.6 ps, respectively. According
to the above estimation, we found 20 and 69 ps. These
values are off by a factor of ~3. This may be corrected
with a different geometrical factor. In any case, the ratio
between delays in theory and experiment are 69 ps/20 ps ~ 3
and 19.6 ps/7.6 ps ~ 3, respectively, yielding a consistent
result.

Next we study the changes in scaling laws for the peak
intensity and delay time in more detail. To be more precise,
let us consider the experimental data for powers from 0.3
to 1.2 mW. In Fig. 12 we plot the experimental data for
the relationship between peak intensity and input power. A
fit (solid curve) of the data (full circles) demonstrates that
the peak intensity of the 420 nm light is approximately
proportional to the square of input power as Ij,,x < P*, where
x = 2.0 + Ax. Taking into account the experimental errors in
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@ Experimental Data
— Fit: ~ P*?

Peak Intensity at 420 nm (arb. unit)

03 06 0.9 12 15
Input Power P (mW)
FIG. 12. (Color online) The power dependence of the magnitude

at 420 nm from the recorded spectra for the 420 nm SF light (full
circles) and its fit with function P> (solid line) in a log-log scale.

power measurement we find —0.2 < Ax < 0.2. For the case
of the two-photon pumping, the number of participating atoms
is proportional to the square of input power as N o P? (see
Fig. 11). This means that the peak intensity is proportional
to N, but not N2. In Fig. 13, we show the experimental data
(full circles) for the relative delay versus input power in a
log-log scale. In this figure, the dashed line and dotted line
correspond to the power laws P~! and P2, respectively. We fit
the delay data to the form a/ P* + b, where a fitting parameter
x provides information about the power law. In Sec. IV, we
estimated the temporal offset to be b = 3.2 ps. Using this
offset, from the fit (solid curve) we obtain x = 0.7 + Ax. In
view of the error bars in the delay and power measurements,
Ax is found to be —0.2 < Ax < 0.3. For pure SF [3], the peak
intensity and time delay scale as N2 and N !, respectively. For
the oscillatory SF [13,27], they are scaled by N and N~'/2.
Therefore, our observed data can be explained best by the

Delay (ps)

Input Power P (mW)

FIG. 13. (Color online) A log-log plot that shows the 420 nm SF
delay time relative to the reference pulse as a function of input power
(full circles). A fit is given by o« P~°7 (solid line). The data are also
compared to functions P~2 (dotted line) and P~! (dashed line).
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oscillatory SF theory. A little discrepancy between the fit
N—/2 and prediction for the oscillatory SF, N —1/2 can be
explained by the following. (i) The data for the delay were
measured at the rising edge but not at the peak of the SF
pulse. (ii) The data were taken for the SF at 420 nm rather
than the SF at 5 um. A delay between the 5 um SF and
420 nm SF is nonzero. Considering these points one would
obtain more precise agreement. Nevertheless, even without
the above-mentioned points, we can clearly recognize the
consistency of the data with N~!/2 dependence.

Finally we discuss the temporal ringing in more detail.
The SF temporal ringing in two-level atoms has been widely
studied [7,10-12,27-29]. However, the ringing has not been
investigated in a cascade three-level system. The detailed
theory for temporal ringing in this case would be much more
complicated because of the cascade emissions. It can be sim-
plified under the yoked-SF condition where the SF emissions
on the upper and lower transitions occur simultaneously. In this
case, one can consider the yoked SF on the lower transition
as the same as that on the upper transition (i.e., the SF for
two-level atoms).

The origin of temporal ringing is twofold. The Maxwell-
Bloch theory predicts an intrinsic SF ringing [7]. In this case,
the temporal ringing results from the energy exchange between
field and atoms while the field is propagating inside a single
zone (slice) [27]. On the other hand, the ringing occurs when
the field is reabsorbed and reemitted while propagating through
multiple cooperation zones [27,29]. We did not perform a
specific experiment to distinguish the two types of ringing,
and in the present situation it could possibly be a mixture of
the two. However, in Fig. 4, the temporal ringing is caused by
the energy exchange between field and atoms within a single
cooperative zone. From Fig. 4, one can estimate that the width
is less than 5 ps (the width of the SF pulse at 0.3 mW), and the
delay is longer than 15 ps (a time interval between arrival times
of the SF pulses for low and high power). Their ratio is greater
than 3. According to [27], if the ratio is much greater than unity
then an intrinsic SF ringing is important. It is also interesting to
note that the observed temporal ringing was reproducible. The
temporal ringing demonstrated a quasiperiodic dependence on
the square root of time variable. Therefore the ringing was not
due to a succession of SF pulses from multiple cooperation
zones with diminishing intensity [29].

Both the diffraction and transverse effects can cause
the reduction of the ringing [13]. The diffraction effect is
negligible in this case because the Fresnel number is greater
than 1 for a single zone even if it is close to 1 for the entire
sample. The transverse effect is expected to be dominant since
the input light was focused into the sample. The transversal
plane of the input beam leads to a nonuniform excitation of the
atoms and the emissions smear out the ringing. In particular,
when input power increases, the length of the cooperative zone
decreases (i.e., the emissions from the atoms on the transversal
plane would be more noticeable).
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According to simulations based on the semiclassical atom-
field interaction, the ringing for the SF at 420 nm is different
than that for the SF at 5 um. Neither diffraction nor transverse
effects are included in the simulations. Therefore, the ringing in
Fig. 9 cannot represent the observed ringing in Fig. 4. However
the origins of the simulated ringing in Fig. 9 and observed
ringing in Fig. 4 are consistent.

VI. CONCLUSION

Rubidium atomic vapor was excited to the 5D from the
5S state via a two-photon process with 100-fs laser pulses.
The experiment was designed to measure the SF emission
on the 6 P-5S transition at 420 nm. The spectrum of the
420 nm light was measured as a function of pulse energy.
A simple correspondence between the 420 nm light intensity
and input power was obtained. The temporal characteristics
of the 420 nm SF was studied using an ultrafast streak
camera.

Our system furnished an observation of a SF pulse lasting a
few tens of picoseconds from a dense rubidium atomic vapor.
On this time scale, relaxation processes such as spontaneous
emission of the individual atoms, the Doppler effect and
atomic coherence or collisional dephasing are negligible.
The SF pulse shape changed considerably for different input
pulse energies. For low power, significant temporal ringing
was recorded. For high power, however, the ringing was not
observed.

A numerical simulation, based on a semiclassical theory
for five-level atoms with no free fitting parameters, yielded
excellent agreement with our experimental data. Furthermore,
the experimental results were compared with several existing
SF theories. The distinct change in the scaling laws for the peak
intensity and delay time versus input power is noticeable. The
oscillatory SF theory, in which the sample length is larger
than the cooperation length, explains the observed data most
successfully.

We believe this study will be useful in various applications
directly related to SF processes. For instance, the possibility of
rapid inspection of quantum interference using the temporal
characteristics of the coherent emissions of multiple atoms
could be of great interest [30].
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