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Superradiance has been observed in the far infrared on a pure-rotational transition in optically pumped methyl

Auoride. Observed behavior included single pulses, shot-to-shot fluctuation, dependence on the pump pulse length,

preferential polarization, and longitudinally asymmetric emission (the onset of swept-gain superradiance}. A

numerical solution of the Maxwell-81och equations including degeneracy, Doppler broadening, and population and

polarization source terms, and taking into account all the transitions which might possibly contribute, produces

results which agree well with the observations. To do this, only a single free parameter is used; this is a factor of
about 10 multiplying the expected initial tipping angle (which is of the order ofE '").

I. INTRODUCTION

Superradxance, as fxrst discussed by Dxcke, '
is the coherent spontaneous emission of an ensem-
ble of atoms or molecules. The emitting atoms
act cooperatively as a result of being coupled by
their common radiation field and the superradiant
emission is characteristically a pulse of peak in-
tensity proportional to the square of N, the num-

ber of cooperating atoms. The emitted pulse is
delayed from the time of simultaneous excitation
by an interval inversely proportional to N, has a
duration inversely px oportional to N, and has a
spectral width proportional to ¹

In the 25 years since Dicke's work appeared,
many papers on the theory of superradiance have
been published. '~' These have greatly extended
and xefined the treatment of cooperative spontan-
eous emission in a system of initially inverted
two-level atoms. The theories fall into two main

groups, fully quantum' "and semiclassical" "
theories. The latter treat the atoms quantum
mechanically but the fields classically, using the
coupled Maxwell-Bloch equations" and requiring
as initia1 condition a slight tipping angle of the
Bloch vector, i.e., incomplete inversion. The
former employ quantized fields and naturally in-
clude spontaneous emission so that no "initial tip-
ping angle" is necessary; the emission process
may begin from a state of full inversion. If this
fully inverted initial state is px'oduced incoherently,
coherence will develop spontaneously as the emis-
sion proceeds; this special case of cooperative
spontaneous emission is called superfluoresc-
ence." Our use of the term "superradiance"
rather than "superfluorescence" is intentional; we
do not want to imply that the initial excitation is
totally incoherent.

In contrast to the extensive theoretical litera-

ture, relatively few superradiance experiments
have been reported. " 4' The first experiment, in

optically pumped HF gas, "showed, rather than a
single pulse, several of successively decreasing
amplitude ("ringing"). This was interpreted as an
effect of propagation. " Later experiments in op-
tically pumped Cs vapor" showed that single pulses
could be obtained under conditions, unlike those in

px evious experiments, where Doppler broadening
was insignificant; however, some of the Cs pulses
also exhibited a form of ringing. This is thought

to be a transverse radiation effect. 'o The com-
parison of theory and experimental results has
been, on the whole, rather inconclusive; some of
the reasons for this include the questions of the
proper form of the semiclassical initial condition,
the detailed dependence of the delay on N, the
shot-to-shot fluctuation, and the pulse shapes. In
part, this inconclusiveness results from rather
large experimental uncertainties in N, a difficult
quantity to measure.

In this paper, we cannot claim to present the
final solution to any of these problems. %'e do be-
lieve, however, that the excitation process, level
degeneracy, emission polarization, and line broad-
ening must all be considered in comparing our ex-
perimental results with the semiclassical theory.
%hen they are, quite good agreement results for
a wide range of experimental conditions from the
judicious choice of a single free parameter. %'hen

any one of them is not considered, poorer agree-
ment results; agreement with the mean-field
theory is also poor and will not be discussed here.

Our experiment" involves the observation of
superradiant emission at a wavelength of 496 pm
from methyl fluoride (CH, F) gas optically pumped
by a CO, transversely excited atmosphere (TEA)
laser. We observe no ringing, probably because
homogeneous (collision) broadening is a signifi-
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cant factor in our experiment. Our data range
from the regime of collision broadening to that of
Doppler broadening, and from the conditions of
Dicke superradiance (equivalent emission from the
two ends of the cylindrical sample) to those of
swept-gain superradiance '" ""(dominance of
emission in the direction of propagation of the
pump —forward emission). Finally, because of the
partial coherence and finite duration of the pump
pulse, the CH, F (neglecting degeneracy and paral-
lel transitions) should be treated as a three-level
system, prompting our use of the more general
term superradiance.

The experiment will be discussed in detail in the
next section. Section III is devoted to the semi-
classical theory: the Maxwell-Bloch equations and
their numerical solution and a comparison of their
predictions with our data. The main results of
this payer are summarized in Sec. IV.

II. EXPERIMENT

A. Properties of CH3F

Methyl fluoride was used as the experimental
system in order to follow up earlier results which
had suggested the occurrence of superradiant
emission in optically pumped CH, F." The present
study was made possible by development of new
techniques of optical pumping and detection, in

particular, the plasma-shutter method of pump
pulse truncation and a fast, sensitive far-infrared
(FIR) detector. In this system, it was also hoped
that it would be possible to study directly the in-
fluence of homogeneous broadening on the super-
radiant emission process. In addition, the spec-
troscopy of CH, F is well known, so that there
should be little ambiguity in the numerical model-
ing.

Several of the physical parameters of CH, F are
listed in Table I. The P(20) laser line of CO, at
9.55 pm is absorbed by several v, -mode vibra-
tional-rotational transitions in CH, F, as shown in
Fig. 1. This partial energy-level diagram for
CH, F shows three absorption-emission possibili-
ties; others, for values of K as large as seven have
been observed, "although in most cases, that for
K=2 dominates. Of the pure rotational emissions
shown, only the ones at 496 pm have been observed
by us; the other two wavelengths, if present, are
too weak to be detected. Of the collisional pro-
cesses shown in Fig. 1, only the rotational relaxa-
tion is fast enough to be of concern during the ten
to few hundred nanoseconds between excitation and
emission. Because the molecular vibration-rota-
tion constants of the v, mode are well known, "the
pump laser detunings and FIR emission frequen-
cies may be calculated. The fractional population
in each of the initial J=12 states of interest may
also be calculated, and these are given in Table II

TABLE I. Physical parameters of methyl fluoride.

Doppler width 4I L) at 9.55 pm

at 496 pm

T+ at 9.55 pm
1T Av~

at 496 pm

Homogeneous linewidth 4pz

67 MHz

1.29 MHz

7.01 nsec

364 nsec

40 MHz/Torr~

Rotational relaxation rate I'R (=1/T2)

K-changing coll.ision rate I z
Vibration-vibration relaxation rate I'z

Vibration-translation relaxation rate I'~z

Permanent dipole moment p (ground state)

(v =1, v3 mode)

Transition dipole moment p, «

7.96 nsec Torr

1.26 x 10 sec Torr
)b1.2 x 10 sec Torr '

~ C1.2 x 10 sec ' Torr '

600 sec 'Torr '

1.8585 Dd

1 9054 De

O.2O5 D'

~Estimated from theoretical (Ref. 47) and experimental (Refs. 48 and 49) results.
"Assumed to be gas kinetic; see Ref. 50 and references therein.
'Reference 50.
dReference 51.
'Reference 52.

Calculated from the results of Ref. 49.
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TABLE II. Absorption and emission parameters.
Here, f is the fraction of the population found in the
lower 4=12 state at 300 K. The quantity &, is the ab-
sorption detuning: absorption transition frequency
minus pump laser frequency. &, is the emission fre-
quency detuning relative to K=2, and X is the emission
wavelength. The spontaneous lifetime T,& is the real
lifetime, including emission into all polarizations.

K f (%%u&) 4, (MHz) ~, (MHz) X (pm) T,& tsec)

COg

P(20)
9.55)am

~VT
OIFFUSION

1 0.689

2 0.649

3 1.17 192 -66

496.07 224.9

496.10 229.8

496.16 238.4

') &R

GROUND STATE

K~2

FIG. 1. Partial energy level diagram of the v3 mode
of CHSF showing radiative and collisional processes.

with the detunings and FIR spontaneous emission
lifetimes for the values of K relevant to our ex-
periment.

B. Apparatus

The experimental setup is shown in Fig. 2. The
infrared (ir) 9.55 pm pulse from a CO, TEA laser
is truncated by a plasma shutter, its polarization

is rotated, it is passed through a cell containing
methyl fluoride, and the transmitted pulse is de-
tected and recorded. The subsequent FIR emis-
sion propagates in both directions, emission one
way being absorbed to eliminate feedback, and
emission the other way being detected and re-
corded.

The CO, laser is grating tunable and consists of
a transversely excited atmospheric pressure
(TEA) section in series with a low pres-sure cw
longitudinal discharge cell for single-mode opera-
tion. " Its smooth output pulse is about 150 nsec
long and has an energy of 250 mJ in an output spot
size of 0.5cm'. The entire CQ, laser is mounted
in an Invar frame for structural and thermal sta-
bility and the TEA discharge and i,ts associated
electronics are shielded for electrical noise sup-
pression.

The plasma shutter" consists of two confocal
germanium lenses between which clean nitrogen
gas flows. Near the focus, a small surface-di-
electric spark gap, driven by a fast Marx bank

cw COg
TEA COg

MARX
BANK

FIR CELL FILTER Si:P 2 K

I

/Ge COATEO Si
PHOTON
DRAG (Ge)

FIG. 2. Experimental arrangement showing C02 laser, plasma shutter, methyl Quoride cell, and detector.
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pulser" which is triggered by the TEA laser dis-
charge, seeds the focal volume with ionizing ultra-
violet radiation. When the laser pulse intensity
reaches threshold, the plasma formed by ac break-
down cuts off transmission in about 100 psec.
The entire shutter assembly is also shielded.

After truncation, the polarization of the pump
pulse is rotated and the pulse is weakly focused
into the CH, F cell, which consists of 1.68 to 10.21
m of 38-mm Pyrex tubing with an "input coupler"
on either end. These couplers are multilayer di-
electric-coated silicon Brewster windows" which

reflect the ir and transmit the FIR with minimal
loss. The pressure of CH, F in the cell is moni-
tored by a capacitive manometer. After exiting the

cell, the pump pulse is focused through an atten-
uating film of black polyethylene (for feedback re-
duction) onto a germanium photon drag detector
with a nanosecond response time. The FIR is fil-
tered to remove stray ir and is weakly focused
through a high-density polyethylene window onto a
fast phosphorus-doped-silicon photoconductor"
which is cooled to approximately 2.5 K.

C. Procedure

It was necessary to have smooth, intense, re-
peatable CO, laser pulses with a fast rise time in

order to make the truncated pulse as short and

jitter free as possible. Careful laser adjust ent
resulted in a smooth pulse that could be trun ated
to a full width at half maximum (FYVHM) of 15
nsec. This truncated pulse had an energy of 14

mJ, and jitter in the cutoff time was less than 1

nsec. However, this and other factors caused the
transverse intensity profile of the pump not to be
purely Gaussian; the profile deviated above the
Gaussian away from the beam axis. The trans-
verse profile was determined at several points in-
side the range of cell lengths by measuring the
transmission of a variable-diameter aperture.

The absence of ir and FIR feedback was verified
and, for several cell lengths, the FIR polariza-
tion (relative to that of the pump) was measured
for the forward and backward waves at various
CH, F pressures by measuring the transmission of
a grating polarizer. In addition, for a similar set
of cell lengths and CH, F pressures, the effects of
lengthening the pump pulse (by means of a delayed
cutoff) wer'e investigated. Then for seven cell
lengths from 168 to 1021 cm, oscilloscope traces
of five or more superradiant and pump pulses were
photographed. ' This was done for at least ten
pressures at each cell length for both forward and

backward emission.

D. Results

Representative pump (upper trace) and forward
superradiant pulses are shown in Fig. 3. The

656 cm

0.078 Torr

Ol

O

- 50 nsec

1021 cm

0.213 Torr

(c)
20 nsec

1021 cm

0.165 Torr

I
20 nsec

FIG. 3. Typical pulses, showing (a) superradiant
pulse shape, with overshoot on trailing edge due to
pulse amplifier; (b) a short superradaiant pulse without
overshoot (amplifier was not used); (c) multiple expo-
sure showing shot-to-shot fluctuation. In each case,
the upper pulse is the truncated pump pulse and the ver-
tical scale applies only to the FIR superradiant pulse.

pump intensity varies nearly quadratically with

time before cutoff; the fall time observed is that
of the pulse amplifier, not the plasma shutter.
The pump and FIR, recorded on alternate traces,
are synchronized to within a nanosecond. In Fig.
3 are seen (a) an example of a nearly sech' super-
radiant pulse, (b) one of the shortest superradiant
pulses observed with a width (FWHM) of 14 nsec
and a less regular shape, and (c) a multiple expos-
ure of ten shots, displaying five pump and five
superradiant pulses, and showing the shot-to-shot
fluctuation observed. Note the shape of the FIR
pulses in Fig. 3(c); they are not sech', and they do

not quite exhibit ringing. This has an explanation
in terms of parallel transitions, as will be dis-
cussed. None of these superradiant pulses over-
laps the pump, and the results to be given include
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no overlapping pulses, even though some of these
seemed to indicate that the superradiant evolution
could proceed unperturbed by the trailing edge of
the pump pulse.

The dependence of the forward superradiant
pulse parameters on pressure (hence on N) (Ref.
61) is shown in Figs. 4-7 for four cell lengths
from 168 to 1021 cm. Each point plotted in these
figures represents an averages' of five or more
pulses. The lines in these figures are linear least-
square fits to the data within specific ranges of
pressure. In Fig. 4, for a 168-cm cell, the delay
and width vary linearly with inverse pressure,
characteristic of superradiant emission. The de-
lay, measured from pump cutoff, has a high-pres-
sure limit of —22 nsec; this reflects the finite
width of the pump pulse. " The intensity data are
not inconsistent with a linear dependence on pres-
sure squared, but it appears that different slopes
may be obtained for low pressures and high pres-
sures; the break, at P'= 0.01 Torr', becomes
more pronounced for longer cells. Fig. 5 (351 cm)

shows similar behavior, including the same nega-
tive delay intercept and break in intensity depend-
ence. There is less scatter in the data from this
longer cell, because of smaller fluctuations. For
this and longer cells, all superradiant pulses have
widths less than the dominant relaxation time T,.
Figure 6 shows the same qualitative behavior for
the pulses from a 656-cm cell, but now breaks are
apparent in the delay and width plots as well.
These breaks occur near 0.07 Torr, approximately
the same pressure as that where the break occurs
in the intensity dependence. This pattern is re-
peated in the data from a sample of length 1021 cm
(Fig.7), all breaks occuring in the pressure range
from 0.06 to 0.10 Torr.

From the data, the constant-pressure pulse
parameter dependence on sample length has been
determined. This allows comparison of the power-
law (L ) dependence of the pulse width, delay, and
intensity with that which is predicted by mean-
field theory. It is found that for the delay and the
width, m seems to lie between —0.5 and —1.5,
with the dependence becoming stronger as cell

I20

400

I 60
O I'

200
O

0

80-

4 6

p '(Torr )

IO

0
0 IO I5

p '(Torr ')
20 25

200

~ 40
Cl

0'
0

p (Torr ')

IO

IOO
CI

0 IO I5

p (Torr )

25

INTENSITY 60-

4

50.

0
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FIG. 4. Pressure dependence of the superradiant
pulse parameters: forward emission, 168-cm CHSF
cell. The error bars in this and following figures repre-
sent the average fluctuation rather than the uncertain-
ties of the means.

0
0 0.05 O. IO O. I5

p (Torr )

0.20

FIG. 5. Pressure dependence of the superradiant
pulse parameters: forward emission, 351-cm CH3F
cell.
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FIG. 6. Pressure dependence of the superradiant
pulse parameters: forward emission, 656-cm CH3F
cell.

0 O.OI 0.02 0.05
p {Torr )

0.04 0.05

FIG. 7. Pressure dependence of the superradiant pulse
parameters: forward emission, 1021-cm CH3F cell.

length increases. For the intensity, m lies be-
tween 3 and 4 and decreases with increasing L,.

The dependences of the pulse parameters on
pressure and on cell length were also studied for
backward emission. For cell lengths less than 5
m the pressure dependences are qualitatively the
same as for forward emission, with breaks in the
slopes occuring in the same pressure range as
noted in Figs. 4-'l. In the case of the shortest
cell, the backward-wave data are quantitatively
the same as the forward-wave data, within our
experimental uncertainties. For cells longer than
5 m, there is a significant qualitative difference
from the forward-wave results; the broken-linear
behavior becomes more complex. This may be
due to the onset of swept-gain superradiance in the
longer samples. For reasons which are not well
understood, it was much more difficult to measure
the backward-wave characteristics, resulting in
uncertainties large enough to preclude a determin-
ation of the true shapes of the pressure-dependence
curves. The delay and width were much less sens-
itive to cell length than were those of the forward

pulses, but the backward pulse intensity showed a
rather erratic 1. dependence.

In spite of the large uncertainty in the backward
pulse intensity, it is interesting to consider the
behavior of the forward-backward intensity ratio

The criterion which has been proposed" to
distinguish swept-gain superradiance from Dicke
superradiance is the increase of R from unity. In
Fig. 8, R is plotted as a function of pressure for
two cell lengths and as a function of cell length for
two pressures. It appears that R is significantly
greater than one for pressures above 0.1 Torr and
cell lengths greater than 5 m, but the large un-
certainties in R make quantitative conclusions
problematic. However, we can say that R is large
compared to unity for high pressures in our longer
cells, and claim that this is a likely indication of
the onset of swept-gain superradiance.

The relative polarization of the FIR emission
was found to be approximately 3:1, polarization
perpendicular to that of the pump being favored
over parallel polarization. The values found
ranged from 1.5:1 to 5:1, with no strong dependence
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R vs p

200 - ~ l02I cm
& 656cm

IOO-
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0 ~~~ ~O I

0 0.05 o.lp 0.l5
p(Torr)

0.20 0.25

could be approximately taken into account by pro-
per calculation of the FIR initial condition. " Each
two-level system could then be described by the
Maxwell-Bloch equations, "which, for a bidirec-
tional plane wave in the rotating-wave and slowly
varying amplitude and phase approximations, take
the form

1
Bt
—n= -—(n —n}

1——Re(E,P~~+ E,P,*+E,P2*e "~'

R vsL
200-

Q. I ST Torr ~
0.!25Torr o

+ E P+ell2AX)

—P = — —+&A P+ "nE
at ' T, 1 I lt

(la)

(lb)

z IOO-
8—P =

2

1—+
Bx c

2
~j.2—+ ih P2+ nE2,

2

8—E = —~E +2@OP1 1 1&

(lc}

(ld)

0
0

Ci I

L(m)

l0 8 1 8——+ ——E = —~E + 2nkP.
Bg c Bt 2 ~ (le)

FIG. 8. Forward-backward peak intensity ratio R
= Iz/1~ as a function of pressure for two cell lengths
and as a function of cell length for two pressures.

on cell length or pressure. This cond asts with the
polarization ratio expected from stimulated emis-
sion, which would be much larger. This is indica-
tive of the characterization of the process as a
"noise-driven amplifier, ""rather than as a noise
(spontaneous emission) amplifier, and this will be
discussed in the next section in terms of level de-
generacy and pump efficiency. Varying the pump
duration by delaying the plasma-shutter cutoff
(by 5-20 nsec) had little effect on the superradi-
ant pulses, other than in the delay. This further
supports the conclusion that the negative delay in-
tercept is due to the finite width of the pump
pulse. "This will also be discussed in more detail
later.

III. SEMICLASSICAL MODEL

A. Maxwell-Bloch equations

Because the excitation was swept in our experi-
ment, it was considered necessary to treat propa-
gation explicitly; to this end, the semiclassical
approach was used. Since the coherent interaction
of the ir and FIR was estimated to be relatively
weak, these two-level systems were taken to be
independent except for the incoherent effects noted
below. It was felt that their coherent interaction

In Eqs. (1), n is the population density difference,
n, —n„between levels 2 (upper) and 1 (lower).
T, and T, are, respectively, the longitudinal and

transverse relaxation times. The equilibrium pop-
ulation density difference is n„and 4(= v —e,) is
the field detuning from molecular resonance. The
physical field and polarization (z components} are
given in terms of their complex amplitudes, E, and

P] by

E(x, t) =Re E,(x, t)e'"' "+E,(x, t)e'""", (2a)

P(x, t) =Re iP,(x, t)e' "' ' '+iP, (x, t)e'&""~'.

{2b}
Here 0 is the wave number (=2v/X) also appearing
in Eqs. (la), (ld), and (le). A linear loss term is
added to the wave equations (ld) and (le) to ap-
proximate diffraction. The constant a is taken to
be2

1~=—ln 1+
2L A

(~)

where A is the cross-sectional area of the cylinder
of excited molecules and the emission is treated
as a far-field Gaussian beam. The coupling be-
tween field-and polarization takes place through
the (z-component) electric dipole moment matrix
element, g», in Eqs. (lb) and (lc). It should be
noted that in the proper limits of Eqs. (1}, the
mean-field results" can be recovered, as can the
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yendulum equation, "the swept-gain results, "
and the small-pulse solution. "

In order to use Eqs. (I) to attempt to describe
our experiment, several modifications must be
made. For both the yump absorption and the FIB
emission, the M degeneracy of the states involved
must be taken into account, as well as the (optical)
yolarizations. Doppler broadening must also be
included for the pump absorption. Treating the
absorption and emission independently requires
that a source term for n must be included in the
FIB equations. Also necessary mill be a source
of polarization (P), including fluctuations, as an
initial condition for the FIR emission. The Max-
mell-Bloch equations mill then be solved separate-
ly for each value of K labeling a possible parallel
transition.

detuning using Hermite-Gaussian quadrature, and
the FIB population density source term is calcu-
lated, for each M, as a function of time for the
duration of the pump. The average over velocity
is justified by the fact that the FIR is influenced
only weakly by Doppler broadening, even at the
lowest pressures.

Because of the large experimental uncertainties
in the backward-pulse characteristics and the high
cost of including both degeneracy and bidirectional
emission in the FIB calculation, unidirectional
(forward) emission alone was calculated. Bidi-
rectional calculations mithout degeneracy indicated
that the formard-backward coupling mas small,
making this a good approximation. Including the
source terms, the Maxwell-Bloch equations take
the form (f is retarded time)

B. Numerical model

Consider first the absorption: Because the pump
is intense enough so that relatively little of it is
absorbed, me make the approximation of neglecting
the wave equation; the pump field is nearly inde-
pendent of x. In terms of retarded time f'=f x/c, -
the Bloch equations used are then

a 1—n =8 ——(n —n }——He(EP2)Bt 7,
1 p,

'—P=V- —P+ ' nE,at T,

(6a)

(6b)

(6c)
8 1 1—

22 = - (s —II )-——He(E P2)
T P Pe g P P

I
(4a)

(4b)

mhere n and P depend on M. The polarization
source mas calculated so that the polarization
initially created depended on the initial yopulation
density in the following may:

The prime on t has been dropped and the sub-
script p implies pump. Degeneracy and Doppler
broadening are included, as n~ and P~ are under-
stood to pertain to specific values of magnetic
quantum number M and velocity. The equilibrium
(and initial) population density difference n2, is
the negative of the ground state (labeled 0) popula-
tion density. The pump field is taken, to a very
good approximation, to be a real linear function of
retarded time from 0 to 55 nsec and zero else-
where. The detuning d includes both pump offset
(n, in Table II) and velocity detuning. The squared
dipole matrix element is given by

EM
PQ2(M) Alt g2(g+ l)2 t'

mhere J is the value of the rotational quantum num-
ber of the upper level (labeled 2). Use of Eqs. (4)
and (6) implies that the selection rule nM = 0 is
obeyed, and this results from taking the quantiza-
tion axis parallel to the electric field of the linear-
ly polarized pump.

Using initial conditions 222(t =0) = 222, and P2(t = 0)
=0, Eqs. (4) are solved using a second-order
Runge-Kutta or predictor-corrector method. The
solution n2(n2, M, f) Is then integrated over velocity

t t(tt, t) fu(ttt)a=t,
0

where

= p, »(M)22& (M, t)sin 8„

t
«t (M, t) f S(ttt, t)«t'

0
(Vb}

, (J2- Z2)(Z2 -M)
» l g2(4J I) 2

where J again pertains to the upper level. This is
for emission polarized parallel to the quantization
axis, that is, parallel to the pump polarization.
In order to calculate emission of the orthogonal

Is a quasIfree parameter (initial tipping
angle) discussed in more detail in the Appendix.
The equilibrium population density difference is
determined by rotational relaxation alone; the
emission is over before other relaxation processes
can contribute significantly. The square of the di-
pole matrix element depends on M as follows (b, M
=0)~
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polarization, the axis of quantization was rotated
according to the Wigner formula. 6' This resulted
in a different functional dependence of S and V on

M(in the new reference frame), and the same Eqs.
(6) could be used.
These equations were also solved by the predic-

tor-corrector technique, which has been shown to
give a stable solution. " The output of the com-
puter program included n(M, x, t), P(M, x, t), and

E(x, t) for fixed Mand t, FIR intensity I(@=I., t),
and the McCall-Hahn area of the emitted pulse.
The fraction of the ground-state population excited
for each M, as a function of time, was also in-
cluded in the output. (The program was checked
by reproducing the results of Ref. 24. ) The input
was determined by experimental conditions, with
the FIR cross-sectional area estimated (based on
numerical results) to be equal to the pump spot
size averaged over cell length. This area is given
in Table III, along with the estimated diffraction
loss, the Fresnel number, and the excited popula-
tion density.

As noted in the Introduction, many details of the
excitation and emission processes must be included
to allow a fit of the numerical results to the data
over the full range of cell lengths and pressures.
For reference purposes, the relative sensitivity
of the calculated parameters to variations in cer-
tain input variables is compiled in Table IV. Care-
ful note should be made that the indicated sensitiv-
ity is for a fixed length and pressure only. Two par-
ticularly interesting results are the strong sensi-
tivity to the collisional relaxation rate and the
smaller ratio of delay variation to intensity varia-
tion for changes in T,.

C. Numerical results and comparison with experiment

TABLE IV. Effect of input parameter variation on
calculated output pulse characteristics.

Parameter Variation

Resultant
variation in

I &t to

Tipping angle 80

Loss ~

Relaxation time T2

25-2007&) 20% 10% 10%

15%% 20% 10'fp 10%

5%%uo' 20% 10%

Results apply to a typical single point: cell length
(L) and CH3F pressure (p) fixed.

The results are markedly less sensitive to 80 as L
and p increase.

(o) 0.6 .

o.e

0.2

is plotted versus M in the original and rotated ref-
erence frames. The pump is a Q-branch transi-
tion, so the excited population distribution in the
original frame is weighted in favor of large M
[see Eq. (6)]. When the quantization axis is ro-
tated, this distribution becomes more uniform and

weighted in favor of small M Since the FIR emis-
sion is R branch, its transition matrix element
[Eq. (6)J is greater for small M. The perpendicu-
larly polarized emission will therefore be favored.

Fig. 9(b) shows the calculated effect of Doppler
broadening on the excitation process for large and
small M and for the total population. Partial co-

Figure 9(a) shows the reason for a preferential
linear polarization of the FIR perpendicular to that
of the pump. There, the calculated fraction of the
initial ground-state population excited by the pump (b) pe-

0
0 10 I5

h h
gi g i II l1 II gi

TABLE III. Effective sample dimensions, linear loss,
Fresnel number, and density of excited molecules.

0.4-

L (cm) A (cm2) ~ (].0+ cm- ) F' & (10' cm- ) 0.2-

168
229
351
473
656
838

1021

2.08
1.88
1.55
1.29
1.04
0.95
1.03

8.44
7.91
6.90
6.14
5.25
4.51
3.82

'F =2A/~. L .
For K=2, p=0.144 Torr.

0.50
0.33
0.18
0.11
0.06
0.05
0.04

7.22
7.27
7.51
7.75
8.00
7.82
8.00

0
IO 20 50

t(niec)
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I
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FIG. 9. (a) Population fraction excited, by M sub-
level. Open points indicate the parallel polarization,
solid dots the perpendicular one (in the orthogonal re-
ference frame). (b) Effect of Doppler broadening and
degeneracy on Rabi oscillations of excited fraction, for
M =1 and 12 and for the total population.
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herence of the pump is evident in the presence of
Rabi oscillations for M = 12; Doppler broadening
helps to damp these oscillations faster than col-
lisional dephasing alone. The effect one =1 is
also shown for comparison. Averaging over all I
with Doppler broadening included, the differing
oscillations nearly cancel. Since different-M
cases are treated as evolving independently, how-
ever, the partial coherence of the pump should be
taken into account.

This is done by noting that the initial evolution
of the Bloch angle e(t} reflects the width of the
pump pulse and the possibility of coherent (Raman)
effects which would create an initial FIR polariza-
tion. This is discussed in the Appendix, where
the initial tipping angle is given as

200-

I IOO-
O

0

IOO-

CP

n 50-
CI

4 6
p (Torr )

10

8 =0.35 = Qg, .2

In Eq. (9}, the expected initial tipping angle is
given by

6IO, = 0.03
2

(9)

(10)

0
0

IO-

S-

4 6
p (Torr )

IO

calculated as in Ref. 24; this method takes into
account the bandwidth narrowing that occurs in
high-gain systems and includes the contribution of
thermal (blackbody) radiation to the tipping angle.
G is a scaling factor which m.ay be considered a
free parameter. A proper choice of G permitted
a quantitative fit to all our experimental results.

This fit was more effective as cell length in-
creased. The two worst cases were those for
I.=168 cm and 1.=229 cm; the latter is shown in
Fig. 10. In this figure the solid lines are theoret-
ical predictions for the single choice of G which
gives the best fit over all cell lengths. Theory
and experiment are seen to agree fairly well even
in the worst case. Similar plots for other cell
lengths would be practically indistinguishable
from Figs. 5-7 and so are not shown. Figure 11
shows how well the superradiant pulse shape is
reproduced by the calculation. All calculations
have been done in the rotated frame because the
cell's Brewster-angle output coupler preferen-
tially passes perpendicularly polarized FIR. In
these short cells (Figs. 10 and 11), only the trans-
itions with K=2 are found to contribute. To fit
the experimental data from longer samples, K=1
and K =3 transitions must be included. " Figure
12 shows two examples. The slight shoulder on
the upper experimental-pulse is explained by the
influence of the K=3 emission. In the lower pulse,
the three single-K pulses overlap to give a smooth
but asymmetric pulse.

The breaks in the linear dependences of the pulse
parameters noted in Figs. 4-7 occur in the range

00 O.OS O.IO O. IS

p (Torr )

0.20 0.25

FIG. 10. Semiclassical fit (lines) to experimental
points 229-cm cell, forward wave.

I.OO-

0.75-

229 ce
O.I

0.50-

0.25-

ah
0 20 60 SO IOO

t(nsec)

I20

~ Oq
140

FIG. 11. Comparison of the observed (solid line) and
calculated (dots) superradiant pulse shape; p =0.187
Torr, L =229 cm.

where Doppler broadening might begin to appear
as a line broadening in the FIR. However, the
lines would break the other way if the change in the
dominant line-broadening mechanism were the
cause of this behavior. In fact, Doppler broadening
is not included in the calculation because we found
separately that doing so had negligible effect on
the results, even at very low pressures. It is be-
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FIG, 12. Semiclassical fits (broken lines) to observed
pusles (solid lines), in cases where two (top) and three
(bottom) K emissions must be combined to give a re-

-production of the data. In the upper case, the experi-
mental pulse requires a threefold reduction in order to
achieve a quantitative fit to the calculated intensity.
This was the case for some of the data from the 473-cm
cell and may have been due to miscalibration of an at-
tenuator.

lieved that the breaks may be due to a change in

the interaction of the different K emissions from
coherent to incoherent as the pressure is de-
creased. At high pressures, the time scale for
the onset of cooperation [a few T„asgiven in Eq.
(A3)] is short enough that the corresponding fre-
quency spread will overlap at least the K=2, 3
transitions. These different systems will there-
fore evolve together in phase, approximately
doubling the number of cooperating molecules. As
the pressure decreases, the pulse time scale be-
comes long implying a narrower spectrum which
eventually reaches a point where the K transitions
evolve independently. The frequency separation
of the different K transitions (Table II) and the
calculated value of T~ give a transition pressure
which agrees with the observed value.

When fluctuation is introduced into the calcula-
tion by assigning a randomly varying space-de-
pendent phase to the initial FIR polarization P&,
a fluctuation in the superradiant pulse intensity is

predicted. This varies from +50% to +10% as cell
length increases in the experimental range. Cor-
responding fluctuations in the delay and pulse
width are predicted to vary from +10% to +2%.
This is the same order as the observed shot-to-
shot fluctuation, but similar results could be
caused by variations in pump frequency and radial
intensity profile. Calculations show that the pump-
frequency Quctuation, expected to be a few MHz,
will produce fluctuations in the superradiant pul-
ses as large as those observed. We therefore can-
not claim that the observed fluctuations result
from quantum noise.

The calculated polarization ratio for the FIR
ranged from 100 to 2 as the length of the cell in-
creased; it seemed to be very sensitive to cell
length and to pump intensity. The observed range
was 5 to 1.5. The lack of agreement may be due to
an overestimate of the cross-sectional area (hence
an underestimate of the pump intensity) in the
shorter cells. This may also explain the relatively
poorer fit to the pulse parameters achieved for the
shorter cells.

The experimental and calculated length depen-
dence of the pulse parameters agree. They both
disagree with mean-field theory, which predicts
dependence of delay and width as L ' and of inten-
sity as L' in the disk limit (F& 1}, and dependence
of intensity as L and L-independent delay and
width in the needle limit (F&0.1). Taking the val-
ues of F from Table III, the disagreement is ob-
vious (cf. Sec. IID), but comparison is hampered
by the fact that A also depends on L. This disa-
greement supports the conclusion that propagation
is an important effect, and that swept-gain super-
radiance may be of importance for the longer
cells. As independent support of this, we have
also noted that the spatial growth of the intensity
for short cells scaled as exp(vL ) which is charac-
teristic of small area, swept gain, lethargic,
superradiant, and stimulated Raman emission
systems. ""

IU. CONCLUSIONS

The calculations support our claim that the ef-
fect that we have observed in the far-infrared
emission from optically pumped methyl fluoride is
superradiance. This is evidenced in the behavior
of the pulse parameters as N is varied. Whether
the emission is superfluorescent, that is, evolved
from full inversion, is another question. Based on
the semiempirical value of the initial tipping an-
gle, we believe that it is not; the swept excitation
and the observation of asymmetric emission also
support this opinion. We observed no ringing; the
calculations suggest that the reason for this was
either the small fraction excited (-0.35}or the
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large rotational relaxation rate. Some pulses ex-
hibited structure, as the upper one in Fig. 12, but
this is a result of the presence of several nearly
independent superradiant transitions. Ringing pre-
dicted by our calculations when the density or T,
was artifically increased was of the Burnham-
Chiao" type, as calculated in Ref. 24. This type
of ringing has not been observed in superradiance
experiments, except perhaps in HF (Refs. SS
and 24).

Some aspects of the comparison of calculation
with experiment deserve further discussion.
First, it must be pointed out that N is not directly
measured but, rather, ealeulated from the inter-
action of the pump with the ir transition. This de-
pends on pump intensity somewhat, and hence on
the estimate for the cross-sectional area, of the
beam. It will also depend on the damped Rabi
oscillation of each M subtransition. Even eonsM-
ering these possible complications, it is felt that
N is known to within 10%, or perhaps 20% for the
worst cases. Another uncertainty is that of the
values of T, and T,. Since homogeneous broaden-
ing is dominant in our experiment, it is important
to know these 1 otRtlonRl relaxRtlon times Rs Rccur-
ately as possible. They have been measured, how-
ever, only for low- J transitions in CH, F; compari-
son with the calculations of Murphy and Boggs"
for methyl chloride suggests that the measured T,
and T, should be taken to have uncertainty of ten
to twenty percent when applied to our high-J trans-
ition. This is supported by the results of Hodges
et al.~' and by our observation of the effect of in-
troducing helium into the cell to enhance relaxation
and dephasing. " %e observed a relatively small
change in delay while the intensity was substan-
tially reduced, both in accord with the calculated
behavior in Table IV.

The importance of including degeneracy in the
calculation is seen in the effect of the pump and
in the relative polarization of the FIR. Some of
the approximations made should be examined,
however. The pump was assumed to be negligibly
depleted by absorption; this is a good assumption
except possibly for the longest samples at their
highest pressures. In those cases, separate cal-
culations show small effect of a weakened pump on
our major results. An assumption is made in
calculating the perpendicular and parallel emission
separately; this is supposed possible because one
results mainly from high-M transitions and the
other mainly from low-M transitions. The two
will, however, overlap to some degree, possibly
explaining the disagreement between the theoreti-
cal and experimental relative FIR polarizations.
In addition, the three absorption-emission pro-
cesses for different values of K are treated inde-

pendently. This neglects the possibility of coher-
ent interactions, but the effect of this on the de-
termination of the initial tipping angle would be re-
duced due to the apparent T„dependence of the
initial condition (see Appendix). The net effect
would not be large enough to change the order of
magnitude determined for 6I„sincethe effective
twould increase by at most a factor of two.

Coherent effects of the pump have been included
only implicitly, in the semiempirical value of 00,
where the effects of blackbody radiation and gain
narrowing have been included in an overall factor,
as suggested by Ref. 24; their effects, however,
may be unimportant if the initial condition is de-
termined by Raman scattering. Our semiempiri-
cal value of the initial tipping angle suggests better
agreement with N '~' dependence than with the
( pA) '~' dependence, but our results should not be
considered conclusive in light of the difficulty of
properly defining the initial condition in our ex-
periment.

The beginning of the transition from Dicke
superradiance to swept superradiance is observed
and agrees with the qualitative predictions of the
simpler model in which degeneracy is ignored.
This conclusion is also supported by the small
Fresnel numbers of the long samples and the fact
that these samples are many cooperation lengths
long. Another geometrical problem is that of the
observed shot-to-shot fluctuations, which are
probably due to laser frequency variation and
transverse mode instability. The entire question
of transverse effects is one which had to be ig-
nored except in the calculatioh of the cross-sec-
tional area A and in estimation of the resultant
fluctuations and of the diffraction loss a. The
form of the dependence of the delay on in% is
thought to be either linear or quadratic. Because
the dependence is so weak and because of the un-
certainty in N, we are unable to distinguish be-
tween these two possibilities. The calculation
shows that even a single-K emission pulse can
have a McCRD-Hahn area greater than m. This
may be an argument for the existence of a time-
varying emission frequency, or chirp. " This
would not be surpxising, as even a simple model
predicts a chirp. "

To summarize, our observation of superradiance
is in the homogeneously broadened regime, and
the effect of transition to the Doppler-broadened
regime was not seen even at our lowest pressures.
This is due to the relatively much greater effect
of homogeneous broadening on the superradiant
emission, which is evident even in the HF experi-
ment results. The tgansiton from Dicke super-
radiance to swept suyerradiance is observed to
begin to take place in long samples at high densi-
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ties. The predicted steady state, "'"however, is
not achieved; we estimate that a cell pexhaps three
times as long (-30m) would be needed to approach
steady state with a 15-nsec pump pulse width. In
comparing the Maxwell-Bloch predictions with the
data, it is found necessary to include the pump
process in detail, including the shape and duration
of the pump, its polarization, and the degeneracy
and Doppler broadening of the absorbing transi-
tion. It is also found necessary to include degen-
eracy in the FIR emission calculation to account
for the proper behavior and polarization of the
superradiant pulses. In addition, as many as
three parallel transitions (different values of K)
must be included to reproduce the experimental
results. However, all our forward-wave data can
be reproduced quantitatively by the choice of one
free parameter (G} in the expression for the initial
condition.

Finally, aside from the fundamental interest in

superradiant systems, the practicalities of em-
ploying this effect for the generation of ultrashort
far infrared pulses can be commented on. First,
using the analytical results for the steady-state
superradiant pulse intensity in Ref. 28, the maxi-
mum pulse energy expressed as a fraction of the
initial energy stored in the upper level scales as
(ttx) ' Sin.ce Its values of greater than ten are
needed to reach the steady state, the pulse energy
extraction efficiency is less than 10% which should
be compared with a normal pulsed laser efficiency
of 50%. In the steady state, the peak pulse inten-
sity and pulse duration are expected to be -10
kW/cm' and -200 psec for methyl fluoride at -1
Torr. Recent experiments utilizing a mode-
locked train of pumping pulses have resulted in

the generation of a train of sub-T, pulses from
methyl fluoride and other gases. e"'0 In particular,
pulse durations of & T,/10 or between 400-S00
psec and peak pulse intensitites of & 10 kW/cm'
were observed which compares favorably to single
pulse superradiance but obtainable in shorter dis-
tances, a few meters. The relationship between
these latter experiments and multipulse swept
gain superradiance and stimulated raman emis-
sion will be addressed later."
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APPENDIX

According to the method of Ref. 24 for calcula-
ting the effective initial tipping angle for an in-
verted system, we calculate an expected initial
angle of

8 = 0.03
2

(A1)

As usual, N is the number of excited molecules;
the multiplying factor is a constant here because
we are in the homogeneous limit.

Use of the form of 00 given above, however, is
warranted only if the exciting pulse is of negli-
gible duration. If this is not the case, the Bloch
angle will evolve during the pump pulse":

e(t ) =8„sin 2s exp —e 't'r2
R R R

ru„=po, (M)E~ /a. (A4)

The above assumes a pump of constant intensity.
Because the time evolution of the tipping angle

takes a different form in the presence of the pump,
the initial value00 which must be used as input for
the numerical solution will appear to depend on T„
and x (res depends on x because the pump is weakly
focused into the cell). Extracting this dependence,
according to Equation (A2), by choosing a time-
independent equivalent u„and averaging over M
results in the following value for the initial tip-
ping angle:

8~ =0.35 2

N
(A5}

This is to be understood as the tipping angle which
would be produced by a delta-function n-pulse
pump. Comparison with (Al) shows that this is
approximately ten times the value expected from
Ref. 24. This single factor of 10 allows a fit to
our data for all cell lengths and pressures.

(1 —e t 2cos(u„t) .

(A2)

Here, the superradiance time T„is given by

Te=BvAT, p/X V,

where T» is the spontaneous lifetime as in Table
II; v„is the pump Rabi frequency,
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