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Strong and short coherent pulses of electromagnetic radiation propagate through extended
absorbing media with anomalously low absorption, they are delayed and reshaped. This article
presents experimental results and calculations for propagation of 10.6-u wavelength pulses
through gaseous SF¢. The degeneracy of overlapping levels of SF; in that spectral region is
important, and enables us to use a simple model to describe observed phenomena. We as-
sume a continuous distribution of dipole moments. Results are particularly interesting in
two regimes of excitation. One corresponds to very strong excitation and ~20 absorption
lengths in the medium: Pulses sharpen at their leading edge, while their front part gets
absorbed. The other pertains to much lower excitation and only 2 absorption lengths: Re-
radiation can be distinguished and long delays result which qualitatively resemble the behav-
ior of a two-level system in self-induced transparency. Fairly conclusive agreement is ob-
tained between a previous theoretical treatment of a homogeneously broadened multilevel
medium and experiment. The agreement is substantiated by computer calculations. In three
Appendixes we present the observation of focusing effects, the theory of an experiment re-
lated to transient nutation, and some remarks on photon-echo polarization experiments in

optically thick media.

I. INTRODUCTION

A number of results, both experimental and
theoretical, have been obtained on the behavior
of optical pulse propagation through an absorbing
medium. The experiment involved a @-switched
CO, laser as the source; the absorbing medium
was gaseous SF,. We also present some experi-
mental results on the spectroscopy of SF, which
bear on the pulse transmission experiments. On
the theoretical side, we present some analytical
results based upon a simplified model discussed
previously.' That model neglects inhomogeneous
broadening; in the degenerate case its use is en-
tirely justified. The calculations are substanti-
ated by some considerably more detailed computer
results.? Both calculations corroborate the ex-
perimental findings.

This article emphasizes the influence of level
degeneracy (whether spatial or otherwise) on the
propagation of coherent radiation. These con-
siderations arise in a natural way in connection
with the problems of self-induced transparency?®,*
and photon echo. ¢ It should be pointed out that
our experimental findings and interpretation do
not agree with some of the results published by
Patel and Slusher*® who apparently did not take
into account the importance of level degeneracy
and the overlap of spectral lines.

The article concludes with three Appendixes.
The first presents some unusual observations of
pulse reshaping in SF,. The experimental evi-
dence appears to indicate the presence of a fo-
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cusing effect.® The second Appendix gives the
results of calculations relevant to an experiment
on CO,, similar to the transient nutation well
known in NMR, that would enable the measure-
ment of the dephasing time 7,. This experiment
does not involve a propagation effect. The third
contains some remarks on the polarization depen-
dence of the photon echo®® and the modifications
that arise for an optically thick sample.

II. EXPERIMENTAL APPARATUS

A schematic of the experimental apparatus is
illustrated in Fig. 1. The cavity of the CO, laser
is bounded by the grating G and the curved Ge
mirror M. @ switching is accomplished by the
rotating mirror R. Adjustment of the grating G
enabled operation on a single vibrational- rota-
tional transition in the 10.6-u band. The wave-
lengths were determined by direct measurement
with the monochromator K, previously calibrated
with a 6328-A He-Ne laser and corrected to the
vacuum. The identification of the particular tran-
sitions used in this experiment was unambiguous.
A typical output pulse is shown in Fig. 2. Its
width is given by =300 nsec. The temporal co-
herence of the pulses was determined by direct
examination of the signal modulation generated by
beating the @-switched pulse against an indepen-
dent continuous wave CO, laser in a Au: Ge
detector. Since the two lasers were operating
independently, the variation of the beat note fre-
quency during the @-switched pulse establishes an
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FIG. 1. Schematic diagram of the experimental ap-
paratus. Key: A is the wideband amplifier, rise time
~3 nsec; B is the NaCl flat beam splitter, uncoated;
Dy, Dj are the Ge: Au liquid—N, cooled detectors; D, is
the Ge: Cu liquid-He cooled detector; G is the grating;
I;, I, I3 are the adjustable irises; K is the grating
monochromator; L, L, are the BaF, lenses; M, is the
7%-m radius Ge mirror, uncoated; M; is the 8-m mir-
ror; S; is the attenuator cell, 15 cm long; S, is the 3.4~
m SF; absorption cell; R is the flat rotating @-switch
mirror; T is the 3-m Brewster window laser tube.

upper bound on the change of the optical carrier
frequency which occurs during the @-switching
process. If Aw represents the total change in
optical frequency during the @-switched pulse, it
was found that Aw? 27/7; hence, enabling one to
validly represent the pulse in the form E(¢)= 8(¢)
coswt, with slowly varying &(¢). The pulse in-
tensity was varied by an adjustable linear attenu-
ator. This was accomplished by filling cell S,
with an appropriate amount of methyl ether (pres-
sure =1-100 Torr). The linearity of this attenu-
ator is assured by operating at a pressure suffi-
ciently high so that all relaxation rates are >1/r.
A fraction of the input pulse was passed through
the monochromator K and detected at detector D,.
The remainder was directed through a 3.4-m SF;
absorption cell in which the SF, pressure could
be reliably set to any pressure from 1 mTorr to
10 Torr. This SF, pressure was measured by a
McLeod gauge. The output pulse was detected at
D,, amplified (if necessary), and photographed
directly on the CRT of a Tektronix 585 oscillo-
scope. The detector D, sensed the @-switched
signal which was reflected from the grating zero.
This pulse established a trigger signal indepen-
dent of the intensity of the pulse passing through
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the cell S,. Two types of pulse measurements
were made. One involved the recording of the
signal at D, for a fixed SF pressure in cell S,
while the input pulse intensity was changed by
varying the methyl ether pressure in cell S,. The
other corresponded to constant input pulse inten-
sity while the SF pressure in cell S, was slowly
changed.

The CO, laser is of standard design with NaCl
Brewster windows and a flowing CO,-N,-He gas
mixture. Detectors D, and D, were Ge: Au oper-
ated at 77°K while detector D, was Ge: Cu oper-
ating at liquid-helium temperature. The system
rise time (detector and electronics) for detector
D, was less that 8 nsec as determined by direct
measurement. ’

III. EXPERIMENTAL RESULTS
A. SF¢ Spectroscopic Data

A series of experiments was performed with the
object of determining the relative absorption and
absorption-versus-pressure behavior of various
CO, laser oscillations in gaseous SF,. Figure 3
shows the linear absorption data corresponding
to the P(16), P(18), and P(20) CO, lines for SF,
pressures under 50 mTorr. These measurements
were made with the apparatus illustrated in Fig. 1
but with the rotating mirror R replaced by a sta-
tionary one to permit continuous wave operation,
and detector D, followed by a lock-in amplifier
system. Input signal intensity was ~1 mW. Sig-
nificant attenuation occurs on all three lines with
the P(16) line experiencing the greatest absorption.
Since the Doppler width at 10. 6 u for SFy is 30
MHz, these lines should be essentially inhomo-
geneously broadened for the SFy pressures less
than 50 mTorr. It should be noted that previous
work® reports observations that are contrary to
those shown in Fig. 3. They® describe the absorp-
tion as appreciable on only one line for SF, pres-
sures below 1 Torr and identify this as the P(20)
line of CO,.

The behavior of coherent excitations is strongly
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FIG. 2. Typical @-switched laser pulse. Horizontal
scale=100 nsec/cm.
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FIG. 3. Linear absorption data for the absorption
of the P(16), P(18), and P(20) lines (10%° =001 band)
of CO, in SF¢ for SFg pressures below 50 mTorr.

influenced by the precise nature of the states in-
volved. As an example, a simple model describ-
ing the effect of spatial degeneracy has previously
been described. ' In the case of SFg, it is not ob-
vious a priovi that the transitions in the 10, 6-p
band are resolved with respect to their Doppler
widths. Indeed, in the region of a @ branch, there

FIG. 4. The SFg spectrum in
the region of 10.6 u as taken
from Brunet (Ref. 8). The up-
per numbers are associated wit
with points on the SFg spectrum.
The relative positions of the
P(16), P(18), and P(20) transi-
tions of CO, are described by
the lower arrows.

——ABSORPTION

THE v BAND OF >2SF at 10,5/

is considerable likelihood that this is not the case.
For definiteness, let us consider the absorption of
the P(16) line of CO,. If this were caused by a
single well-resolved transition, then one would
expect the absorption to initially increase linearly
with pressure and then become, at sufficiently
high pressure, pressure-independent when the
transition is fully pressure broadened. At even
higher pressure, neighboring lines overlap and the
absorption rises again. Experimentally, no such
pressure-independent region is observed. On the
contrary, the absorption exhibits no inflection
points and rises linearly all the way from 0 to

17 Torr,which is well above any reasonable limit
for pressure broadening. We believe that this
constitutes unequivocal evidence against the hy-
pothesis which states that the strong absorption of
P(16) is due to a single well-resolved resonance in
SF,. (See note added in proof.) Similar behavior
was also recorded for the P(18)-CO, line. This
is an unfortunate complication, but a crucial one
in the understanding of self-induced transparency
and photon echo experiments in SF,.

From a spectroscopic point of view, our findings
can be summarized as follows: The P(16) line of
CO, exhibits the maximum absorption in SF,, al-
though the P(18) and P(20) lines are also appre-
ciably absorbed. The transitions involved in these
absorptions of P(16) and P(18) are not well re-
solved in relation to their Doppler widths. Figure
4, taken from Brunet,® shows the 10, 6-u band of
SF, and the relative positions of the CO, lines ac-
cording to McCubbin. ® It is significant that the
absorption of the laser radiation is in rough agree-
ment with the low-resolution spectrum obtained by
Brunet.® This strongly suggests that the band has
many overlapping transitions and behaves like a
continuum absorber. Indeed, in a later section,

a continuum model will be introduced in the de-
scription of the behavior of SF,.

946,86
947, 91

-~ 945,59

942 944 946 948 9% = 9% 954 cm-!
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B. Pulse Experiments Conducted at Low-
Radiation Intensity and Low SF
Pressure (- 10 mTorr)

In order to examine carefully the transition from
the linear absorption region tothenonlinear region,
we worked at greatly reduced intensities for these
runs (~1073 of available intensity). We also op-
erated at low pressures (~10-mTorr SF;) so that
the inequality T, > =300 nsec would be beyond
suspicion. In particular, we were concerned with
the time delay of pulses in this nonlinear transi-
tion region together with the relative intensities
of the transmitted radiation. It should be pointed
out that the electronics were all triggered by de-
tector D, which was independent of the intensities
of the incident and transmitted pulses. Thus, the
relative positions of the photographed pulses with
respect to one another are real, not artificial.
Three CO, transitions were examined in detail:
p(16), P(18), and P(20). Figure 5 illustrates a
sequence of output pulses, at constant SF, pres-
sure, for varying input amplitude of the P(16)
lines. The first pulse in the sequence was nearly
the minimum detectable intensity; its shape is
that of the input pulse and its delay is observed to
be very small. As the input intensity is raised,

FIG. 5. A sequence of output pulses at an SFg pres-
sure of 6 mTorr, for varying input intensity of the CO,
P(16) transition. In the sequence, the input intensity
rises monotonically from the top left to the lower right
reading successively across the page. The time scale
for all photographs is 100 nsec/cm.
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OBSERVED DELAY CLRVE FOR
or CO, P(I6) LINE ABSORBED IN

—-K\ SFg at ém Torr
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FIG. 6. A delay curve; the position of the output
pulse maximum versus the input pulse intensity of the
CO, P(16) line. The SF; pressure was 6 mTorr. The
delay times are in units of the SF¢ inhomogeneous width,
Tz* =50 nsec.

the delay is observed to increase while the pulse
reshapes dramatically. As the input intensity is
raised further, the delay of the pulse peak is re-
duced, and the pulse assumes the shape corre-
sponding to the input pulse. Figure 6 illustrates
the relative time position of the output pulse peak
as a function of output intensity for the P(16) tran-
sition. It is significant to note that the reversal
of the delay curve, Fig. 6, occurs at an intensity
which corresponds to the knee (inflection point) of
the saturation curve, Fig. 7. Some recent calcula-
tions by Hopf and Scully'® indicate such effects.
Similar behavior was noted on both the P(18) and
P(20) transitions. However, in these cases, the
results are not as prominent, since the P(18) and
P(20) lines are absorbed less strongly than the
P(16). However, a central point remains; the be-
haviors of all three transitions P(16), P(18), and
P(20) were qualitatively similar.

The sequence of photographs in Fig. 5 shows that
the pulses possess a sharp peak at the leading edge
corresponding to the sharp peak at the front of the
input pulse. This small peak has precursor-type
behavior. The saturation curve for this peak
drawn in Fig. 7 shows that it is transmitted lin-
early as a function of input intensity in contrast
to the remainder of the pulse.

C. Pulse Experiments Conducted at High-
Radiation Intensity and Moderate SF,
Pressure (- 40 mTorr)

An interesting effect was observed at high input
intensities, i.e., intensities well above the knee
on the saturation curve shown in Fig. 7. In
this experiment, the input intensity was held con-
stant while the pressure in the SF¢ cell was contin-
uously lowered at a slow pumping rate. Figure 8
shows a sequence of photographs taken during one
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FIG. 7. The saturation curve which corresponds to
the data illustrated in Fig. 6; output pulse intensity
versus input pulse intensity. The SF; pressure was
6 mTorr. The small peak on the input pulse has pre-
cursor-type behavior as indicated by the linear plot
that represents its response.

such run for the P(16) transition of CO,. The
largest pulse corresponds to an empty cell and
thus, is really the input pulse itself. The other
pulses are at progressively higher pressure, in
the obvious order. The photograph clearly shows
a reshaping of the leading edge at an intermediate
SF¢ pressure around 40 ~50 mTorr. This steep-
ening corresponds to a rise time of 30 nsec. Care

FIG. 8. An output pulse sequence for the CO, P(16)
line as the SFg pressure is slowly swept. The pulse
steepening occurs at an SFg pressure corresponding
approximately to 40 mTorr. Pulse intensity is plotted
vertically while the time scale on the horizontal is 50
nsec/cm.

must be taken to have a properly loaded detector
as ringing can occur which will distort the pulse
shape. This steepening can occur from a trival
population saturation effect, but as we will show,
the behavior also occurs in a system with many
overlapping levels even with a fully coherent ex-
citation. This will be called an effective popula-
tion saturation effect and as in the simple inco-
herent population saturation effect if corresponds
to an energy loss from the propagating pulse.
Machine calculations? have been made which ex-
hibit this sharpening effect in the limit of coherent
excitation, T,>7 pylge- The computations will be
described in a later section of this paper. The ef-
fect was seen appreciably only on the P(16) line of
CO,; probably on the P(18) and P(20) lines there
were not enough absorption lengths in the sample
tube.

IV. THEORY AND CALCULATIONS

A. Calculations Corresponding to the
Conditions of Sec. IIl B

In this section, we present a simple model to ac-
count for the results obtained at low SF, pressure
(~6 mTorr) and relatively low excitation (i.e., in
the region of the knee of the saturation curve Fig. 7).
Since the absorption measurements described
in Sec. IIIA strongly suggest that a number of
overlapping transitions are involved in the absorp-
tion of the CO, P(16) transition, we introduce a
continuous distribution of dipole moments n( ).
The quantity n(u) du equals the density of systems
possessing dipole moments betwee p and p+du.
That is, we approximate the true physical situation
with an effective continuum of dipole moments.

The extent to which this assumption is valid depends
upon the nature and density of the overlapping
levels. We simply remark that this is not unrea-
sonable, since the @-branch electric dipole ma-
trix elements for a symmetric top are proportional
to the product mk/j (j +1) for linearly polarized
radiation, where —j <m <j and —j <k <j, with m
and k integral. This dependence, for sufficiently
high j, will produce a large distribution of matrix
elements, particularly if several overlapping
transitions are involved in the absorption.

The basic properties of such a model are illus-
trated with the choice of n(u)=n, (a constant) for
— Wi S <up and n(p)=0 otherwise. As further
approximation, it is assumed that all the systems
are on exact resonance, w=w,; any inhomogeneous
broadening is ignored and the pulse length 7 is re-
garded as much less than the inverse of the homo-
geneous linewidth, 7,. These conditions are pre-
cisely those presumed in Ref. 1. We define

e(u)e%f 8(Ndt=pé , a)
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where 8(¢) is the optical electric field amplitude
and 7 is the pulse width (<« dephasing time T,).
Then, in analogy with Ref. 1, the polarization
density P(¢) of the medium after the pulse has
passed'! is given by

P(¢)=N 25 psiné(p)
{u}

)
~ [ " n(p)using(p)dy , (2)
—“m

where N describes the density of systems, and the
sum is converted to an integral because the distri-
bution n( ) is continuous (cf. Ref. 1, formulas 5,
7, and 8). The evaluation of the integral in ex-
pression (2) yields

P(p)=2nqu *j (u @), (3

where j, (x) is the spherical Bessel function of
the first kind of order one. For comparison, the
polarization density P,(¢) for a simple nondegen-
erate two-level system with matrix element p,, is
written

P,(¢)=Np,sin(p.0) , “)

where N designates the density of atomic systems.
Figure 9 shows plots of 1P(¢)|% and | P,(¢)I2
versus ¢ with p.m/ Ko appropriately adjusted so
that the first zeros of P(¢) and P,(¢) coincide

for finite ¢> 0. The extent to which the continuum
model can be approximated by a two-level system,
parametrized with p,, in the domain 0 <¢< 4.48
is indicated by the similarity of the two curves.

In this region, effectswill occur that have a quali-
tative similarity to self-induced transparency.?®
Considerably greater deviations begin to appear
for larger ¢ as a consequence of the coherent
dephasing of the ensemble of dipoles. Indeed,

in the limit of high excitation the polarization is
arbitrarily small since

lim P(¢)=0.
[

This statement is not true for the nondegenerate
system and it constitutes an essential distinction
between degenerate and nondegenerate media. A
direct implication of this result is that for high
excitations (cf. Fig. 9) degenerate systems tend
to reradiate very little as compared to the com-
parable nondegenerate case. Finally, we point
out that energy loss is associated with this be-
havior. Again, following Ref. 1, we calculate the
energy loss per unit volume W(¢) as

W(¢)=3 Niiw [n(p)[1-cos(op)ldu/ [n(p)du

(5)

giving W(¢)=%N7iw[1—(sin¢um)/¢>l-1m]. (6)

Hence, at high excitations one approaches a con-
stant loss given by

lim W(¢)=3Nhw . (7)
¢~

The loss, coupled with the fact that the degenerate
system is qualitatively similar to the nondegen-
erate case only in the relatively low-excitation
range (cf. Fig. 9), restricts the sample thickness
for observation of reradiation effects. A sample
that is too thin will not absorb and, hence, not
reemit. On the other hand, an overly thick sam-
ple will present an overwhelming amount of loss,
hence, leading to a diminished effect. The maxi-
mum observable effect will correspond to an inter-
mediate sample thickness. On this basis the
model predicts that coherent reradiation (pulse
reshaping) should occur most dramatically at low

3
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§ 10~ 7a //\(IF;(«#)' //\
> \ PR N FIG. 9. Plots of the polarization
g 08 - \ / \ I/ \ density functions squared, |P(¢)!% and
g II \\ / \ / \\ 1 Py() !2, for the continuum model and
wS o ) \ / \\ / the quasiequivalent two-level system,
E.G:: II \ / \ / respectively, versus ¢ The condition
= 04— A \ / 2\ /’ for the coincidence of the first zeros of
Ol A \\ ,I |,,( ¢)| \ P(¢) and Py(¢) for finite ¢ >0 is p,,/n¢
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pressure (r < Tz) and in a narrow range of input

intensity for a sample corresponding to a few ab-
sorption lengths. 2 Our attitude is supported

by both pulse propagation experiments in SFg and
more detailed computer calculations? discussed
below.

The experimental behavior, as described in
Sec. III B of this article, is substantially in agree-
ment with this simple interpretation. The sample
corresponded to nearly two absorption lengths.
Examination of Figs. 5- 7 shows that a significant
coherent reradiation effect!® was observed mainly
in the region corresponding to the nonlinear tran-
sition region of the saturation curve in Fig. 7.
Very little, if any effect, was observed for input
intensities above or below this range.

More elaborate computer calculations? produced
results essentially in agreement with our experi-
mental findings. Specifically, the delay curves
agree to within 50%, and the saturation curves
fit to within 15%. These computations incorpo-
rated the complications of a finite inhomogeneous
width, a finite homogeneous width 7,~!, and con-
sequently, rendered a reasonable simulation of
the SF, experiment. The continuous dipole mo-
ment distribution #(p), discussed above, was
approximated by a uniform distribution of discrete
values spaced at equal intervals in u. Equiva-
lently, the calculations thus performed corre-
sponded to a Q(10) transition of a symmetric top
with the 2 degeneracy removed. The saturation
curve, the dependence of the pulse delay on input
power, and the broadening of the pulse by reradia-
tion are all very similar to our experimental re-
sults. This pulse broadening effect, as in the ex-
periment, disappeared for input conditions corre-
sponding to points either above or below the non -
linear transition region on the saturation curve.

It should be noted that the critical input condition
for a nondegenerate two-level system would be
6in=7. The computer result for Q(10) indicated

a critical situation for 6 j5 = 1.47.'* Recall that
for low exciations we argued that the continuum
model could be approximated by a nondegenerate
system with an appropriately chosen uo(cf. Fig. 9).
A value of u,,/ug =1.43 was calculated in that
example. We believe that this compares favorably
with the factor of 1.4 suggested by the computer
results. Of course, such quantitative agreement
is completely unexpected in view of the crude esti-
mates that have been made. However, it does

inspire respect for the continuum model approxi-
mation.

It is worth noting here that in the continuum
limit, one can easily estimate the dipole moment
distributions corresponding to P-, @-, or R-
branch transitions of a symmetric top. We treat
separately the cases distinguished by the presence
or absence of £ degeneracy and include the effect
of inhomogeneous broadening. The quantity n( ., w)

is defined as a density in u — w space such that
n(u, w)dudw equals the number of radiators pos-
sessing dipole moments between p and p +dp
with resonant frequencies in an interval between
w and w +dw. The distribution in w is assumed
flat. This is a good approximation when the ratio
of the saturation width Awg = &8/7 to the inhomo-
geneous width is less than unity. Hence, it is
valid to put n(pu, w)=n(p)p(w)x<n(u). Since p(w)
is a constant, we can integrate over a finite width
Aw giving

wa[n(u)p(w)dp]dw=n(u)p(w)Awdu

=n'(p)du . (8)

Now, if the width Aw is identified as the satura-
tion width, then n'(u)=cun(u) since the saturation
width is proportional to the dipole moment y. The
number ¢ denotes an appropriate proportionality
constant which does not concern us here. Hence,
the inclusion of inhomogeneous broadening simply
multiplies the dipole moment distribution ()
by u. It remains to calculate n( ) for the specific
cases. This is accomplished by letting the pro-
jection quantum numbers m and %2 in the matrix
elements'® ; (m, k) represent continuous param-
eters in the interval [-3j,j] and assuming that
each value of m or % is equally probable. Only
transitions associated with light polarized along
the z direction are considered. The results for
the @ branches are quoted below. The quantity
Ky, denotes the maximum dipole moment of the
distributions so the results are valid only in the
domain O s p < [T
(a.)@ branch, k degeneracy removed,

n'(p)< .
(b.)Q branch, k degeneracy unbroken;

n'(p)oe pp,, =
Similar results can be obtained for the P and R
branches, although they are somewhat tedious.
These distributions show a tendency to peak more
nearly about the maximum dipole moment Ky, Of
the distribution than the @-branch results.

This section is concluded with some remarks
on the intensity dependence of the photon echo. 5,8
These considerations will affect the results of
photon echo experiments in that they will lead to
a substantial reduction in the echo intensity as a
function of the input intensities. Ordinarily, for
a nondegenerate system and a thin sample, the
echo intensity will be periodic in the input inten-
sities. However, in the continuum model, the
echo intensity will be strongly damped at high in-
put intensities, since

lim P(¢)=0.
¢} —~o0

Indeed, results consistent with this picture have
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been reported experimentally.® In this work, 5the
echo vanished completely and did not reappear at
higher input intensities.

Recapitulating, we have introduced a crude but,
we believe, descriptive model for some coherent
excitation processes in SF,. We find that for low
excitation, the behavior of the degenerate system
qualitatively resembles that of the simple nonde-
generate two-level system (cf. Fig. 9). The
predictions on pulse reshaping and absorption
agree well with both our experimental findings
and more sophisticated computer calculations. 2
And finally, it is shown that the anomalous inten-
sity dependence of the photon echo in SF, can be
understood as arising from the effects of degen-
eracy.

B. Calculations Corresponding to the
Conditions of Sec. III C

The considerations described here pertain to the
experimental results of Sec. III C. The entire
discussion assumes that no relaxation processes
are operative. The principal effect reported in
Sec. III C was a considerable sharpening of the
leading edge of the pulse under conditions of both
high input intensity and an extremely thick sample
(~ 20 absorption lengths). Figure 8, which illus-
trates this effect, shows that the decrease in the
rise time is directly attributable to the energy re-
moved from the leading edge of the pulse. The
entire pulse, however, experiences a modest ab-
sorption of less than 20% of the total energy and
the tail of the pulse is transmitted with no dis-
cernible effect. This behavior is typical of a
saturation process; the ultimate rise time being
determined by the time interval necessary, at
that intensity, to saturate the medium. Because
of the degeneracy of the SF, transition, this sat-
uration behavior will occur even in the limit of a
completely coherent excitation. We will call this
an “effective” saturation process. It arises be-
cause the distribution of dipoles associated with
the degeneracy cancel one another at high excita-
tion levels and put the system into a state of es-
sentially zero macroscopic polarization. However,
a finite and constant energy is absorbed in this
process. Hence, in this context, the term “satura-
tion” describes a situation in which an additional
increment of excitation does not change the mac-
roscopic state of the medium, either its polar-
ization or energy content. Naturally, the con-
stant absorption, for a fixed sample, is relatively
less and less as the input intensity and energy are
increased. Indeed, in the continuum model pre-
sented in Sec. III, the macroscopic dipole moment
left in the medium after the passage of the pulse
is given by Eq. (3). This is a damped oscillating
function which decreases rapidly as the pulse
angle 6 is increased. At the same time, the en-
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ergy loss per unit volume tends to $NFw as ex-
pression (7) indicates. In order to establish the
credibility of this reasoning, we present the fol-
lowing argument: Consider only the leading edge
of a pulse whose intensity I (#) is rising linearly
as given by

I(ﬁEIJ/TT, OstsTr. (9)

The quantity T, is defined as the pulse rise time.
We assume that the medium is saturated by this
leading edge so that

T, . T, i
M 1

m m 87

Tf E(t)dt- ﬁf (2 10) " a

=6 >»1 (10)

is valid for the characteristic value of the dipole
moments associated with the transition. Since I,
and T, are known from the experiment, one can
calculate a rough estimate for the matrix element
W, appearing in expression (10). With I, =1 kW/
cm?, T,=30 nsec, and assuming 6,, =20, a simple
computation gives p,, =3 Xx10~ % esu. This value
is in good agreement'® with estimates given for the
relevant matrix elements in SF,. The argument,
of course, is only approximate, but since no ad-
justable parameters are at our disposal, the
agreement is significant.

The reasoning and conclusions of the preceding
paragraph have been fully substantiated by com-
puter calculations.? These calculations take into
consideration, level degeneracy, inhomogeneous
broadening, and propagation effects arising from
an optically thick sample. The radiation field is
represented as plane, linearly polarized running
wave. 7 Specifically, the computations were per-
formed for a @-branch transition corresponding
to an angular momentum quantum number j =10,
Q(10). This particular choice was made because
the matrix element distribution for Q(10) provides
a discrete approximation to a continuous distribu-
tion of matrix elements used for discussion in the
preceding Sec. IV A. We are motivated in our
selection of a compatible case for discussion here.
These calculations, with the parameters appro-
priately adjusted to correspond to the experi-
mental situation, showed a pulse steepening ef-
fect remarkably similar to the one observed.

This result is not peculiar to a Q(10) transition.
The identical computations were performed for
a P-branch transition with angular momentum
quantum number j =21, P(21). The conclusion
was identical. Thus, as suggested in the re-
marks leading to Eq. (10), it appears that this
pulse steepening effect emerges as a general
phenomenon associated with the response of
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highly degenerate media to very intense, coherent
pulses. In principle, the minimum rise time of
this sharpening effect is limited by the effective
saturation linewidth of the system. This quantity,
from expressions (9) and (10) is given approxi-
mately by

T = (39mﬁ/2um) (c/81r10) vz (11)

This time, Ty can be made arbitrarily small by
increasing the intensity I,.

V. DISCUSSIONS AND CONCLUSIONS

Some of the complications of pulse propagation
through an absorbing medium which arise from
spatial degeneracy and overlapping levels have
been examined both experimentally and theoret-
ically. It is found that the effect of self-induced
transparency, first described by McCall and
Hahn, 3 is modified in an essential way. These
modifications tend to reduce certain features as-
sociated with the effect. As is now well known,
the strict case of self-induced transparency is
only possible under very special circumstances.
These conditions are described in Ref. 1, Un-
fortunately, these modifications tend to destroy
many of the features of the pure effect, namely,

a finite energy loss is associated with the pulse
propagation, delay times are reduced, and the
phenomenon of pulse breakup is suppressed. One
of the most disappointing features of this result is
that all these tendencies qualitatively modify the
pulse propagation behavior in the same way as
the introduction of a finite 7,. This will inevit-
ably complicate the extraction of information re-
lating to collisions when, in future experiments,
one operates in a regime where 7, is comparable
to the pulse width.

Our analysis is based on a degenerate homo-
geneously broadened model. This is done in order
to point out the differences between degenerate
and nondegenerate systems. Inhomogeneous
broadening, which is presentin our experiments,
apparently modifies both cases similarly.

Any study of this nature using SF, involves ob-
vious difficulties. It has been stressed that the
detailed behavior of pulse propagation depends
crucially on quantum numbers of the absorbing
states. However, the precise level structure of
SF is both complicated and unknown. In our
analysis, we have attempted toutilize the apparently
continuous absorption through the introduction of
a continuum model (a continuum in wand ). This
program views the spectral complications in such
a way that a simplification obtains. On this basis
a number of statements concerning the behavior of
coherent optical excitations were made. All these
considerations were in the limiting case of 7, - «.

Thus, the main thrust of this research has been
focused on the examination of degeneracy effects
in a continuum limit. Basically, two different ef-
fects were observed and described on the basis of
the continuum model. The first involved high ex-
citation of a very thick sample. In this case, an
effective saturation behavior was observed which
led to a sharpening of the leading edge of the input
pulse. This is a fully coherent effect and a gen-
eral feature of degenerate system under a broad
range of circumstances. The second effect illus-
trated pulse reshaping and reradiation phenomena
as they occur in degenerate media. It was shown
that under suitable conditions (moderate excitation
and a sample around one absorption length) the re-
sults could be qualitatively understood by an equiv-
alent two-level system. A finite loss is associated
with propagation under all these conditions so no
strict transparency is observed. Note added in
proof. Results that directly confirm our spectro-
scopic conclusions have been obtained recently by
F. Shimizu, Bull. Am. Phys. Soc. 14, 619 (1969);
R. L. Abrams and A. Dienes, Appl. Phys. Let-
ters 14, 237 (1969); P. Rabinowitz, R. Keller,
and J. T. Latourrette (to be published).
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APPENDIX A: UNUSUAL EXPERIMENTAL
OBSERVATION IN SF,

An unusual experimental result was obtained in
a pressure and intensity region well above that
described in Sec. III B. This result is highly sug-
gestive of a self-focusing effect. The SF; pres-
sure in the 3.4-m cell was around 50 mTorr, and
the input intensities were approximately 10° times
above the intensity for maximum pulse reshaping
as discussed in Sec. OIB. Figure 10 illustrates
one such result. The input pulse is essentially
the same as shown in Fig. 2. The pulse appears
to have broken up into two well-resolved pulses
with a node very nearly occurring between them.
This pulse configuration, the sharper one travel-
ing faster and both of nearly similar areas, is
precisely the waveform to which a 47 input pulse
is expected to evolve for a nondegenerate system
as discussed by McCall and Hahn.® However, this
is not happening here, at the very least, in view of
the effects of degeneracy. Indeed, careful exami-
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FIG. 10. A double peaked output pulse waveform
from the 3.4-m absorption cell. The SF; pressure was
~50 mTorr and the input pulse corresponded to that il-
lustrated in Fig. 2. Pulse intensity is plotted vertically
while the horizontal time scale corresponds to 50 nsec/
cm.

nation indicates that the two peaks are not passing
through the same volumes in the absorption cell.
The intensity ratio can be reversed by manipula-
ting irises. A complicated phenomenon appears
to be taking place. Experimentally, the situation
is ripe for violations of an infinite plane-wave
description. The sample has an optical depth
more than 20 absorption lengths, and our input
mode pattern is essentially diffraction limited.
The plane-wave model'? is very probably useless
for such circumstances. (i.e., diffracting input
and sample absorption lengths > 1), These effects
may be associated with an intensity-dependent de-
lay arising from a nonuniform input beam inten-
sity profile.

APPENDIX B: CO, FLUORESCENCE
CALCULATIONS

It was stated in the preceding sections of this ar-
ticle, that the unknown spectroscopic properties of
SF¢ considerably complicated the analysis of co-
herent pulse transmission experiments. On the
other hand, CO,, even though it possesses the
advantage of a known structure, is practically
useless in propagation experiments, because its
absorption is too small. In this appendix, we
present the results of calculations pertaining to
CO, in an experimental situation where the known
spectroscopic information is used to advantage.

It is a variant of the transient nutation effect well
known in NMR. The experiment is sensitive to

any irreversible dephasing time T,, but does not
operate on a propagation effect. This provides

a generous simplification in that only Schr&dinger’s
equation is used in this treatment, Maxwell’s equa-

tion being unnecessary since no propagation effects
are considered (i. e., optically thin medium). CO,
gas absorbs weakly at 10. 6 4, because the absorp-
tion occurs from an excited state~1300 cm™!

above the ground state (see Fig.11). However,

the 4. 3-pu transition 00°=00° is infrared active
and the spontaneous radiation radiated subsequent
to excitation at 10. 6 p is readily detectable. '® For
a fully coherent excitation from 10°0 - 00°1 the in-
tensity of the spontaneous emission from the 00°1
state is proportional to the sum of the upper-state
populations, We denote the upper-state amplitudes
by ay,(-) and consider excitation on only one of the
vibrational-rotational transitions in the 10. 6-pu
band. The spontaneous emission intensity has
been calculated as a function of input intensity for
a linearly polarized square-wave input pulse of
height &, and width r. The effect of inhomogeneous
broadening is included. If the upper state ampli-
tudes are assumed to be zero before the pulse, a
standard solution of the two-level problem, ignor-
ing antiresonant terms, gives the upper-state popu-
lations la,,(Aw, 8y, 7)12 as

(y,mgo)z
2_
o, (86, 8 P17 = g g

X sin¥{r[(w -w’ P+ (l-lm 50)]”2}, 12)

where Aw=w-w’,

T, =(upper, m| u0p|lower, my, n=1,
(um is diagonal in m, since inputis linearly polar-
ized along the z direction), w is the angular fre-

quency of optical radiation, and w’ is the angular
center frequency of irradiated system.

Partial CO, Level Diagram
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FIG. 11. A partial CO, energy level diagram show-
ing the vibrational states relevant to the 10.6-u ab-
sorption and the subsequent 4.3-u fluorescence.
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If the inhomogeneously broadened resonance has
a center at w, and is described by a Gaussian dis-
tribution of width Awp), then the 4. 3-u spontaneous
emission signal is proportional to

2
Y ’ w-w
I(w, 80)_“1(; dw exp—é—&;;‘l)

sin®{r[(w - w’)? + (umgo)z]”z}
(w— w2+ (um 80)2

j
z (umé’o)2

m=-j

X (13)

The summation extends over the 2j + 1 degenerate
levels associated with the molecular transition.
Naturally, we have assumed that 7 < T, in these
calculations. We have also ignored any depen-
dence on the input pulse shape as this is known
to be weak (square, Gaussian, or hyperbolic se-
cant waveforms probably result in a 5% deviation
or less).

Figure 12 illustrates the results for two cases
of interest. A curve corresponding to the oppo-
site case T, < 7, calculated by the normal steady
state saturation formula, is included for com-
parison. The modulation of the output intensity
arises from the coherent excitation of states
with differing dipole moments.

Experimentally, one measures the 4.3 p spon-
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APPENDIX C: REMARKS CONCERNING
PHOTON ECHO POLARIZATION FOR AN OP-
TICALLY THICK MEDIUM

Gordon et al.® have calculated the photon echo
polarization dependence on the relative polariza-
tion of the excited pulses for P-, @-, and R-
branch transitions for several values of angular
momentum j. They give the relative echo polar-
ization under the following conditions: (a) the
echo intensity is at a maximum and (b) the sample
is optically thin. These results have a dependence
on the excitation pulse intensities and will, there-
fore, not apply to an optically thick medium. In-
deed, their experiment, which was conducted on
an optically thick sample, led them to conclusions
that they themselves described as difficult to be-
lieve (to witj=0==3j’'=1or j=1=j'=1 transition).

A complete solution of the echo polarization
problem involving propagation effects necessitates
an elaborate computer analysis which is not pre-
sented here. Instead, we indicate how the quali-
tative effect of a thick sample can be understood
in considerably simpler terms as derived from
the calculation valid for a thin sample. At this
point, we follow the work of Gordon et al.® in
defining a vector Q ° which de_s_cri_kges the echo
polarization vector by €gcho=Q/IQI and the echo
intensity by a quantity proportional to |1Q|%. Con-
sider the geometry illustrated in Fig. 13. Then
Q is given® by

taneous emission intensity versus input intensity ¢, b,
parametrically as a function of CO, pressure, 6: > sin( —2ﬁ> sin( 2m ) sin(¢, ,)
In this way, T, can be roughly defined by the m,m',m" 2 2 1m
pressure at which the intensity modulation be- .
comes smeared. At this pressure 7,~ 7. An x{a,m|BP__|b,m"ya,m’ Ie-'wyla,m )
experiment of this type is presently under way OI,)
in our laboratory. x{b,m" Ieuprlb,m) , (14)
///’ > _‘,(//
//, /
///— \7_ /./~ FIG. 12. Intensity of spontaneous

/ .
- 7/ ‘
”~ rd
/ ~- 120 ==t
je16= 517

N - STEADY STATE,r » T,

SPONTANEOUS EMISSION INTENSITY (ARBITRARY UNITS)
~

emission at 4.3 i versus intensity (8§,
of a square-wave excitation pulse at
10.6 u. Two cases are shown; j=0
—j’=1and j=16—3j'=17. The third
smooth curve represents the result
for a steady state situation, T, <<T.

A Gaussian excitation pulse will pro-
duce different curves.

INPUT INTENSITY (ARBITRARY UNITS)

SPONTANEOUS EMISSION INTENSITY vs.
INPUT INTENSITY
ON EXACT RESOMANC!
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ECHO POLARIZATION GEOMETRY

FIG. 13. The geometry for the echo polarization;
21 is the polarization vector of the first pulse; 22= 1,
is the polarization vector of the second pulse; both in-
put pulses propagate along the y axis with wave vector
Ei = Ez = kfy .

where = j b,i F dt,
¢,; = Aa,ilP | ,z>ﬁ{st 1)
pulse

¢o.=2b,i|P_la,i) [ F,_,.adt,
21 z
second
pulse

where F;(;) is the envelope of the excitation pulse,
i=1,2; P, is the dipole moment operator;
(a,i| is the lower state a,ith sublevel; {b,i| is the
upper state b,ith sublevel; Jy is the y component
of angular momentum operator. The triple sum-
mation is taken over all the degenerate sublevels,
In a thick sample the excitation functions ¢9; and
¢1; vary considerably through the sample. Thus,
for m # m', the factor sin(¢g,y, /2) sin(¢ay,’/2),
appearing in Eq. (14), will tend to a small quanti-
ty due to the effective averaging over a range of
9, and ¢9,,/. However, for m=m’, the
sin®(¢9,y, /2) will tend toward a value of 3. This
averaging process then causes the summation to
be dominated by the_terms for which m =m’. The
vector property of Q is contained in the matrix
element (a,m| ﬁop' b,m") which for m =m’ goes
over to (a,m|P;| b,m), Py and Py vanishing.
Hence Q lies along the polarization of the second
pulse €2=1, independent of the angular momentum
quantum states of the participating levels., Of
course, this argument is incomplete in that it
ignores any propagation effects. In spite of this,
however, it fairly clearly establishes the tenden-
cy of thick samples with degenerate levels to pro-
duce echo polarizations which lie along the second
pulse polarization. However, this simple theory
does not give a cos?y dependence for the echo in-
tensity. This intensity behavior is, in general,
quite complicated.
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FIG. 10. A double peaked output pulse waveform
from the 3.4-m absorption cell. The SF; pressure was
~50 mTorr and the input pulse corresponded to that il-
lustrated in Fig. 2. Pulse intensity is plotted vertically
while the horizontal time scale corresponds to 50 nsec/
cm.



FIG. 5. A sequence of output pulses at an SF; pres-
sure of 6 mTorr, for varying input intensity of the CO,
P(16) transition. In the sequence, the input intensity
rises monotonically from the top left to the lower right
reading successively across the page. The time scale
for all photographs is 100 nsec/cm.



FIG. 8. An output pulse sequence for the CO, P(16)
line as the SF; pressure is slowly swept. The pulse
steepening occurs at an SF; pressure corresponding
approximately to 40 mTorr. Pulse intensity is plotted
vertically while the time scale on the horizontal is 50
nsec/cm.



