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Measurements are reported of the quantum fluctuations in superfluorescence delay times.
The fluctuations depend strongly on the Fresnel number F of the sample. For F =1 fair agree-
ment with recent theories is obtained, while for larger F the fluctuations are smaller. A qualita-
tive explanation for this F dependence is proposed. No correlation has been found between the
delay times of pulses emitted from opposite ends of the same sample.

Superfluorescence (SF) is the cooperative emission
of a large number of two-level atoms, initially all
prepared in the excited state. For pencil-shaped sam--
ples, the power is radiated in two narrow beams along
the axial directions. The intensity, very weak at first,
grows rapidly to reach a peak value I, after a delay
time 7p. For a given sample length /,,,, is propor-
tional to n2, and 7p to 1/n, where n is the initial
number density of the excited-state atoms. These
characteristic properties, first observed by Skri-
banowitz et al.! have been confirmed by several ex-
periments.>3 Many theoretical papers have been de-
voted to SF since the original work of Dicke.* Full
references can be found in the paper by Polder et al.’
According to recent treatments>® the SF emission
can be visualized as follows. Eventually, a macro-
scopic coherent pulse develops. Initially, however,
the evolution of the pulse is driven by the quantum
fluctuations in the vacuum electromagnetic field, and
in the polarization of the fully inverted atoms. As a
result the macroscopic parameters of the SF pulses,
such as the delay time, the peak intensity, and the
pulse shape, show fluctuations. Each individual pulse
represents one element out of an ensemble. The en-
semble can be scanned by repeating an experiment
many times with fixed initial conditions.

The quantum fluctuations are among the most in-
teresting aspects of SF. Direct measurements of their
average strength have recently been reported.” In this
Communication experiments on the quantum fluc-
tuations in the delay time will be described. The ex-
periments have been performed in cesium vapor.® A
cell of length L =3 cm is placed in an oven and a
homogeneous transverse magnetic field is applied. A
dye-laser pulse of wavelength 455 nm, duration 1.5
to 2 ns and bandwidth about 800 MHz passes
through the cell and excites a thin pencil of atoms.
Delay times are measured from the peak of the pump
pulse. Cesium atoms are raised from the ground-

state level 6S1/2, my=— %, my=— % to 7P3/2,
my=— i, my =—-:-, from which SF then occurs to

18172, m:-—%, my=— % The pump beam has an

approximately Gaussian transverse profile. The full
width at half maximum (FWHM) diameter of the
pump beam d defines a nominal Fresnel number
F*=S/\L, where \ is the SF wavelength (2.931 um)
and S =md*/4. The actual Fresnel number of the
excited volume F could not be measured directly. It
is certainly larger than F* because of the strong sat-
uration of the pump transition. From the intensity of
the pump pulse and from the divergence of the SF
beam it is concluded that F exceeds F* by a factor of
3 to 4. Values quoted for F are estimated to be accu-
rate to within a factor of 2. The cesium density is
typically adjusted for an average delay time between 7
and 10 ns. For such delay times it has been found
that the peak intensities are only weakly affected by
inhomogeneous broadening (T; =5 ns from Doppler
dephasing).

In principle the measurement of the delay time
fluctuations is very easy. The sample is excited re-
peatedly and the distribution of the delay times is col-
lected. Unfortunately, however, the pump pulse is
not completely reproducible. As a result the density
of excited-state cesium atoms varies from shot to
shot, and thus extrinsic fluctuations, due to those
density variations, are superimposed on the intrinsic
fluctuations caused by the quantum initiation. The
problem has been overcome by making a two-beam
experiment as illustrated in Fig. 1. The pump beam
is split into two parallel beams with the help of a
beam divider. Two samples are thus prepared simul-
taneously, and their SF delay times are measured
separately by two detectors. The difference in the de-
lay times on the same shot can be attributed to the
intrinsic fluctuations alone, provided the two pump
beams are identical. The relative intensity  of the
two pump beams can be adjusted by a translation of
the beam splitter. The latter consists of a plane
parallel plate of optical quality. Its back has a reflec-
tivity of 100%. One-half of its front is antireflection
coated, whereas the reflectivity of the other half
varies linearly in the direction normal to the plane of
the drawing, allowing the adjustment of r mentioned
above (the variation of the reflectivity over the cross
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FIG. 1. Two-beam apparatus used to measure the delay
time differences of SF pulses emitted by identically prepared
samples. The relative intensity of the two pump beams can
be adjusted with the help of the beam divider (see text).

section of the pump beam is smaller than 1%). It has
been checked that the experimental results do not
change significantly when r varies from 0.9 to 1.1, so
that one may be confident that unintended differ-
ences in the pump beam intensities (certainly smaller
than 5%) are of no importance. For each shot the
two detector signals are recorded on the same trace
of a Tektronix Transient Digitizer, after one of them
has been suitably delayed. A waveform such as that
sketched in the inset of Fig. 1 is then stored in the
hard disk memory. From each trace two delay times,
71 and 7,, are determined, and from these the param-
eters 7= (r;+7,)/2 and 8= (7, —7;) are derived.
Distributions of & have been measured for several

values of F. Examples are shown in Fig. 2. The
width of the distribution depends strongly on F.

In a second set of experiments a single sample has
been excited in the cell and the delay times of the SF
pulses emitted in the forward and in the backward
direction have been compared. In Fig. 3 the relative
standard deviation of 8, o(8) = (8%)'/%/(r), is plot-
ted as a function of F, both for the forward-backward
and for the forward-forward (independent samples)
experiments. For the two configurations the standard
deviations are essentially the same; thus it may be
concluded that the emissions from the two ends of
the same sample are largely uncorrelated.

For a comparison with theory the distribution of
the delay times 7p arising from quantum fluctuations
alone, or at least its relative standard deviation
o(7p), must be derived from the measured distribu-
tion of 8. Two complications should be considered.
First, o(3) contains a contribution from instrumental
effects, i.e., from the limited signal to noise of the
detected pulses. Indeed, if the detectors are adjusted
so that they both detect the pulses from the same
beam, o(8) assumes a minimum value o¢(8) = 6%.
A corrected value o.(3) is obtained from o2(5)
= ¢?(8) — 0§(8). Second, even though the delay-
time differences & are supposed to be due to quan-
tum fluctuations alone, the distribution of & does
depend on the extrinsic fluctuations too. Fortunately
it can be shown® that o () is only affected negligibly.
Assuming statistical independence of the two samples
one then finds o(7p) = o.(8)/v2. The following
values are arrived at: o(7p) =(10 £2)% for F =0.8,
(6 +2)% for F =4 and < 4% for F =18.
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FIG. 2. Distribution of the relative delay-time differences 8/(7) as observed for three values of the Fresnel number F.
For easy comparison the plots have been normalized. The number of shots was 482, 393, and 468, respectively, for F =18, 4,
and 0.8, and the average delay time amounted to 6.8, 8.9, and 8.3 ns.
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FIG. 3. The relative standard deviation in & measured in
a number of experiments for various values of the Fresnel
number F. Closed circles represent pulses emitted from op-
posite ends of the same sample, open circles pulses emitted
from two simultaneously prepared independent samples.
The dashed horizontal line represents the instrumental con-
tribution (see text).

Delay-time fluctuations in SF were first studied by
Degiorgio® in the spirit of the mean-field treatment.'
A value o(7p) =1.2/InN was predicted, where N is
the number of atoms in a volume of F =1. For the
present experiment 1.2/InN =6.5%. More recently
Polder et al.’ have derived the expression o (7p)
=2.3/InN in the context of a quantum-mechanical
.theory which includes propagation effects; it amounts
to 12.5% for the experiment reported here. Haake
et al.>!! have numerically obtained a similar result.
The above mentioned theories all assume that the
amplitudes of the field and the polarization within the
sample can be described by uniform plane waves pro-
pagating along the axis. It has also been assumed
that the theories apply best to experiments on sam-
ples with F =1, the argument being that such sam-
ples will emit a diffraction-limited beam with a
minimum of diffraction loss. For F =0.8 the experi-
mental result is in reasonable agreement with the
predictions of Refs. 5, 6, and 11. The absence of
correlation between the delay times of forward and
backward pulses is also to be expected. In the early
stages of SF evolution the equations of motion are
linear.>*® The amplitudes of the two oppositely
traveling waves are superimposed and independent.

Any correlation must arise from the interaction of the
waves in the later nonlinear stages of the evolution.
No strong interaction is expected because for the two
waves the largest amplitudes are located near opposite
ends of the sample.!? 13

The dependence of o(7p) on F has not been treat-
ed so far theoretically. We wish to suggest here that
it is caused by the fact that for F =1 the sample can
radiate in several (approximately F2) independent
transverse modes. Extending the linear theory® to in-
clude off-axial modes we estimate that the delay-time
fluctuations decrease roughly with the square root of
the number of modes

o(rp) =23/[FIn(N/F)] , (1)

where N is the number of atoms in a sample with

F =1 for a given atomic density » and sample length
L. The same argument also predicts that the average
delay time (7p) varies proportionally to [In(27N/
F))% A reduction of (7p) with increasing F at con-
stant n and L has been reported by us before.!* In the
present experiment (7p) decreased a factor 1.7 for F
from 0.8 to 18, which is to be compared with a
predicted factor 1.4. Substituting the experimental
number N =108 into (1) one calculates a(7p)
=12.5% for F=1, 3.4% for F =4, and 0.8% for

F =18. The predicted dependence of {(7p) and
o(7p) on Fis qualitatively in agreement with the ex-
periments. Finally, it should be mentioned that
Haake ef al.!! had predicted a marked dependence of
the fluctuations on the inhomogeneous dephasing time
T5. Our data do not allow a test of his prediction.

In conclusion, delay-time fluctuations resulting
from the quantum initiation of SF have been mea-
sured. The fluctuations depend strongly on the di-
ameter of the sample. For the smallest Fresnel
number used, F =0.8, the emission is nearly diffrac-
tion limited and the fluctuations are comparable in
magnitude with the predictions of recent one-
dimensional theories. For larger Fresnel numbers
the fluctuations are significantly smaller. A qualita-
tive explanation, based on the number of transverse
modes participating in the emission, is proposed. No
correlation has been found between the delay times
of pulses emitted from the two opposite ends of the
sample. An earlier conclusion to the contrary'’ was
based on preliminary data and has been invalidated
by the final results. The outcome of the present ex-
periments emphasizes the limitations of one-
dimensional theories. It is hoped that the data re-
ported here will stimulate further theoretical studies
of the three-dimensional nature of SF.

Stimulating discussions with Professor D. Polder
and Dr. M. F. H. Schuurmans are gratefully ack-
nowledged.
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