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1. Generation of Short CO. Laser Pulses ky Means of a Bistable Optical

Element

Interest in obtaining short pulses from a CO, laser for use in studies
of coherent interactions and relaxation in gaseous systems has led to
the development of a bistable optical element which promises to be of
general applicability in a wide variety of laser systems, The device
consists of a Fabry-Perot cavity filled with a saturable absorber.
When used as one mirror of a 1asef cavity, the device can be operated
so as to switch rapidly from a high reflection, low transmission state
to a low reflection, high transmission state and thus dump all of the
energy stored in the laser cavity in a time comparable to the round
trip time of the cavity. Other configurations are possible which permit
repetitive Q-switching, stabilization of laser output intensity, conversion
of CW laser output to an infinite pulse train of controllable separation
and duration, and logical operations on two or more signals, Further

details are given in Appendix I.

2. Rotational Relaxation Eifects in CO%Observed in Standing Wave

Saturation Resonances in Spontaneous Emission

(This work.has been done jointly with Dr. Charles Freed of Lincoln

L.aboratories)

The rotational relaxation linewidth u{ COZ nas been measured as
a function of pressure by means or a standing wave saturation technique.

In the experiment a low pressure Co2 absorption cell at room temperature



is subjected to standing wave radiation from a single-mode
CO, laser oscillating on a preselected 10, 6w P or R branch
traxugition. The upper level of the transition belongs to the (001)
vibrational state. The saturation effect is observed as a sharp
decrease in spontaneous emission at 4, 3u { (001 —(000)] as the
laser lines tuned through the center of the corresponding 10, 6p
absorption line, At a low power level the width of the change signal
is a measure of the relaxation rate in the (001) vibrational level,
At higher powers, saturatioa broadening effects set in, Pressure shifts
have also been measured.

" The effect, which is closely related to the Lamb dip effect, may
be understood as follows: The intense laser field pr&duces anlincrease
in the population of the (00l) vibrational state, Because of rapid
rotational relaxation this population increase occurs over a whole set
of rotational levels, Accordingly, the 4, 3u fluorescence intensity
increases over the entire band by a'n amount AI which is a nonlinear
function of the laser field intensity, For a sufficiently intense laser
field, Aldecreases resonantly by a sizeable fraction as tae laser
frequency 'v. is tuned over a narrow frequency interval centered about
the peak frequency of the Doppler profile, V- The maximum of the
resonance occurs at v = v, and its linewidth as a function of v = Yo
is determined by the CO2 relaxation rate, the power broadening of
the absorbing transition, are the broadening due to the molecular
transit time across the diameter of the incident seam. This tecnnique is
applicable to other molecules, such as CO, and further experiments are

planned.



3, Influence of Molecular Relaxation in Coherent Optical Processes

A series of relaxation studies is currently under way in which the
fluorescence produced by short intense laser pulses passing through
a resonant gaseous absorber is used to monitor the excitation densiiy
remaining after the pulse has trav'ersed :che medium, One may obtain
considerable information on relaxation processes by studying the
fluorescence intensity as a function of input pulse intensity
("fluorescence curve'") under various conditions. The overall
features of the fluorescence curve depend on the relative
magnitudes of the pulse duration, 'rp, and the mean relaxation time,
T, and on the input pulse field intensity (electric field of magnitude E).
For sufficiently small values of'the input field (6 = % 'rp <Kl p=

transition matrix element), the excitation is proporiional to 02 and

hence increases linearly with the pulse intensity, This statement remains true

for l:%@ T > 1 provided &g, T << 1, except that in the latter case the slope of the
fluorescence curve would be proportional to T2 rather than -rp2 . Note,
however, that in any attempt to extract relaxation times from fluorescence
measurements in the weax-field limit, one would also have to take into account

the presence of non-radiative decay channels and radiation-trapping effects.

In the case of an inhomogeneously broadened line whose spectrum
is wide compared to that of the excitation pulse, the initial E2 dependence
of the excitation goes over into a linear dependence upon E, i, e, becomes
proportional to the square-root of the intensity, when the lesser
of ]Qh T

calibration of the intensity scaie, it is possible to obtain the relaxation

éf‘ T i~ & 1. Therefore, given a knowledge of u and the

time from this transition region of the fluorescence curve,



An even more direct way to obtain this information would be to
measure the fluorescence curve 'rp ’<< T where, at appropriate values of
field intensity (i.e., © =nx), the sel:‘:‘-induced transparency effect occurs. In
this case, the sample is left in a completely unexcited state after the
passage of the pulse, Accordingly, the fluorescence intensify from the
upper level to scne lower level is a minimum for this pulse, as compared
with pulses of higher or lower energy. One thus expects to see maxima and
minima corresponaing to © = n7 superimposed upon the background slope
of the fluorescence curve. This effect provides both a calibration of the
intensity scale and a direct measure of the relaxation time, since the
presence of the maxima and minima is very sensitive to having 'rp< T. The
latter technique has the advantage that it can be used in dilute systems where
the observation of self-induced transparency.is impractical because of the
small absorption coefficient. Furthermore, calculations show that the

effect should be observable, although smaller, in degenerate systems.

Experiments are currently in progress to observe these effects in
the 4. 3u (00°1 - 00°0) fluorescence of 002 excited by a 10. 6u CO2 laser.
Initial observations show the transition from the quadratic to the linear
dependence on E. As expected, this transition region shifts to lower power
levels as the: CO2 prescure is lowered. At very low pressures, some in-
dication of the presance of flattened regions in the excitation curve are
noted, but no dips of the magnitude expected have been observed yet., Computer
calculations using realistic pulse shapes and including relaxation effects
are being made and some of these,together with experimental results,are
shown in Fig. 1. Work is also proceeding on obtaining laser pulses with
better amplitude and frequency stability as well as spatial uniformity --
characteristics which are essential for observing the maxima and

minima in the fluorescence curve.



4, Propagation of Intense Short Pulses Through SF,

Experimental studies of the pi‘opagation of short pulses of i0. 6y
CO2 laser radiation through an SF6 absorber as a function of absorber
pressure and of incident pulse intensity, have been completed together

with a detailed theoretical explanation of the observations.

It has been shown both experimentally and theoretically that pulse
reshaping and pulse delays can be obtained in systems with degenerate
energy levels even under conditions which preclude self-induced trans-
parency. The pressure and intensity regimes for which this is true in
SF6 have been elucidated. Complications due to apparent self-focusing
effects at high pressure anad high intensity have been noted. (See Appendix

II for further details.)

A theoretical treatment has also been given of the propagation of
"Zero r" pulses through degenerate media. Such pulses result if one
introduces a 180° phase change between the leading and trailing halves of
a pulse in such a way that SwEdt = 0. For coherent excitation, the effect
of the second half of the pul's°e°3 is essentially to undo the action of the first
half of the pulse, and this is true independent of the matrix element of the
transition. The propagation of these pulses is therefore not qualitatively
altered by level degeneracy, as is the case for the propagation of 2«
pulses. In the absence of relaxation, zero degree pulses are expected to
propagate with relatively little ioss of energy but considerable distortion,
and would be a much more sensitive indicator of relaxation processes than
2 r pulses in degenerate media, where the coherent interaction effects are

masked by the degeneracy.



S5, Study of the CO Laser and Plans for the Investigation of Chemical

Lasers in the Near Infrared

Plans aré under way for a detailea ex;sxmination of the excitation and
relaxation processes occurring in the efficient CO laser. These include
attempts towards observing laser oscillations on the vibrational overtones
corresponding to the v— v-2 transitions, *which fall in the 2, 5. region.
The investigation may possibly be extended to chemical lasers such as HF
and DF. O:i'xe goal is to obtain oscillations on vibrational overtones in these
molecules by inhibiting the v— v -1 oscillations. This would open the
possibility of obtaining efficient laser oscillations in the 1 to 1. 5u region.
The above studies are being planned simultaneously with an investigation of

detailed relaxation mechanisms.
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APPENDIX I

A BI-STABLE OPTICAL ELEMENT AND ITS APPLICATIONS

A. SzBke, V. Daneu, J. Goldhar, and N. A. Kurnit
Department of Physics, MIT, ‘“ambridge, Mass. 02139

In this publication we describe the operating principles and our first
experiments on an optical element which has two stable states in a certain
range of input intensities. The basic element is a resonant optical cavify filled
with a saturable absorber ( a ''saturable resonator"). R is passive in the sense
that .its only energy source is provided by the incident light beam itself, First
the operating principles are described, then some applications to produce
short and strong light pulses are given... An arrangement is described which
can produce pulses of variable length and intensity and also infinite optical
pulse trains when excited by a continuous wave laser, Finally, we remark on
switching characteristics,

Bi-stable and non linear optica'; devices using lasers, whose oscillation
is stopped by other lasers were described earlier(l). These used gain and
saturable absorbing elements in the same cavity, It will be shown below
that in the presence of an external light beam incident on a cavity a saturable
absorber alone can give these characteristics. As a consequencs many types

of lasers can be used; the device becomes more flexitle and has a large range

of applications,
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Consider a Fabry-Perot resonator filled with a saturable absorber. We
assume that a plane monochromatic light wave impinges on the resonator, and
that when the absorber in the cavity is bleached, the cavity is adjusted to exact
resonance, To simplify our discussion, we consider
steady state only, and we also

assume that exact resonance is maintained even when the absorber is not sat-

Y
A

urated, The mirrors are characterized by their electric field transmission
and reflection coefficients, 7 and p respectively, For complex fields these
are complex numbers, which for negligible mirror loss satisfy 1 = 7 - p,

1 ={p |2 + |-r] 2. R + T, where R and T are the usual reflectivity and trans-

missivity of the mirror. The cavity equations for the fields at mirror 1 at some

time t are
E' _ pEze-Zxkl-ai
. .
E2=TE1+pE2; (1)

subscripts are defined in Fig, 1. The absorption coefficient of the material,

is defined as usual, The solution of these equations exhibits the Fabry-Perot
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resonance,

E,= TE [1 - pl e kﬁe"”’q Ly (2)

The transmitted and reflected power can then be calculated from the equations

B . rE,e -i kﬁe-al/z‘ ,

E|=pE

!
] +'rE2. . . (3)

1

In a saturable absorber, a is a decreasing function of the local intensity
I = (c/8m) lE, |2. The crux of .6ur argument is that for a range of input inten-
sities, Il’ Eq. (2) can have tw‘o solutions, In one of them, the resonance is
prevented by the absorber, most of the energy is reflected, and the field pene-
trates but little into the cavity. There are not enough photons to saturate the
absorber; if the absorption is strong, 12 R I1 T and Il' N I1 R. In the other
state the absorber is bleached; the intensity inside fhe resonator is enhanced
toa value of I, = I1 /T, and in this ideal case ‘au the light is transmitted. There
is little reflection and all the light is "available" to bleach the absorber.

We proceed now to present a more detailed though oversimplified solution
for a simple two-level absorber and a resonator with high reflectivity mirrors,
T=1-R <<, For high refiectivity mirrors, little absorption is needed to
sppil the resonance: in particular, the strength of the resonance is determined
by the dimensionless parameter k = R a,e/ (! -R). Thus, there is a range
of absorption coefficie.nts such that a/ << 1, but k>> 1. These conditions
are overly restrictive, but they allow simplification of the above equations

which then yield (on resonance):

I, = Il 1 (4a)
2 = T (14 k)z
I
' ] kK \2
L% (-mr) (4D)
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e —Ll .
(1+Kk)

3 (4c)

1

Our absorber model is a simple two-level system with a single relaxation

time 7 . It obeys the rate equation
—

dnu _ ¢rI2 i nu .

where n, is the no. of molecules in the upper (excited) state, a is the intensity-
dependent absorption coefficient, and 12 /n «w is the incident photon flux., The
absorption coefficient a satisfies the equation of stimulated emission,

a/“o’(nl'nu)/No (6)

where n‘ = N- n,. N is the total number of molecules per cm3 and a is

the low light level absorption coefficient. In steady state Eqs. (5) and (6) give

asag(1+L /1),

h N &
(") &
Io'ﬁ zo) -

The threshold intensity I, depends on the ratio of the relaxation rate 1 /-rR to
the mean molecular absorption cross section ao/N. Substitution of Eq. (7) into

(4a) shows that Il /uo'r)- z, can be expressed as a single-valued function of
I [lg= 2,
k 2
0
2, "2 (l +r——‘_ i, ) (8)

The general behavior of this function is sketched in Fig. (2a). For high values
of 22 the slope z, /z2 = ]; this is the resonance condition, 'For low values of
zo we get the siope of the resonance in the presence of absorption z, /ar.2 .

1+ ko)z. Calculation of the derivative shows that for values k, > 8 there is

a maximum and a minimum on the curve, We can ther; predict for ko > 8,

that if &u slowly increased when a point of maximum of the curve of Fig. (2a)
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is reached, the resonator will switch over discontinuously from a "low
intensity -high absorption' to a "high intensity-low absorption" state, If a
point of minimum is reached, coming from the high intensity side, a reverse
transition occurs, Thus, a bistable optical element is obtained, exhibiting
hysteres?s. It can be shown that the steady state solutions are stable with re-
spect to infinitesimal perturbations,

In the more general case, where | - R is not small enough to warrant
the above approximations, the curves can be plotted with the aid of a digital
computer, using the more correit form of Egs. (1) - (3) whereexp | - a l ]
is always replaced by exp | -OS a(z) dz ] . The absorption coefficient o (2z)
is still given by Eq. (7) using I2 (2) = 12 (0) exp | -052 (z' ) dz' ]. One such
plot is given in Fig. (2b) for 1 - R = 0.2, Note the similarity of the curves in
Fig. (2)te the pressure vs.density isotherms of a gns-liquid phase transition with a
. Our calculations are still oversimplified since we do not:‘k:ﬂu:ti:‘ alcggi:t:i
the standing-wave nature of light that will bleach the absorber in the form of a
grating and the variation of light intensity across the beam, Also, real life
saturable absorbers are not two ievel systems; in particular they may have a
large residual absorption,

A time-dependent version of Eq. (1) can be easily obtained. If the input

field is suddenly switched on, the field inside the cavity rises exponentially:
B0« (B, /r)l)-exp-(thr,)]

the risetime beingt_ « ( 2£/c) (1 - R)™). Examination of the equations with
the absorber present shows that the risetime is even shorter., A saturable re-
sonator of . 1 cm thickness and 95% reflectivity has a switching time of

~10710 seconds. In a gaseous saturable absorber, if the length of the pulse is
longer than the inverse Doppier width, this risetime is lengthened to the inverse
Doppler width: this is the time it takes for : <) unsaturated molecules to move

througn one wavelength and thus be ssturatea by ine standing wave field,
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Our first experiments demonstrate the above characteristics, We put
a saturable resonator in the output beam of a single Q-switched frequency,
single axial mode CO, laser (2 (3) on the P(16) 10,6 u transition, Thc reson-
ator is 2 cm long, and it has Ban mirrors coated with a single \/4 layer of
Te. The mirrors are flat to better than 1/5 red (6328.7\) fringe. The reson-
ator is tuned by heating its spacers to a stabilized temperature, It is con-
nected to a vacuum pump, and it can be fflled to various pressures of SF6 gas,
a strong absorber of this transition, (4) Fig. (3) shows clearly the nonlinear-
ity obtained this way, although the pressure of the absorber was not high enough
to bring us to the bistable region.

The saturable resonator was used in a cavity-dumping device, This
device (at least in its ideal form) accomplishes the same essential function as
those described by Bridges and Cheo(s’ and others'®) without the use of an ex-
ternal modulator. As illustrated in Fig. (4a), we replace one of the laser mir-
rors by a saturable cavity, Q-switching or mode-locking is initiated in the
usual way. (In our experiment, we used a rotating mirror,) U the saturable
cavity operates in its bistable region, if its switching time is short, and if the
cavity is tuned to resonance, we expect a sudden increase in the transmission
of the cavity at the appropriate intensity of the laser. Thus in the ideal case
of 100% tranismission of the saturable resonator, a pulse is obtained whose phy-
sical length is twice the length of the laser, R should be emphasized that in
the high absorption region the laser light does not "sce'' the third mirror, thus
alignment of the laser is not critical, Experimental results are presemted in
Fig.(4b), (c). Fig. (4b) shows the laser output with an off-resonance, empty
Fabry-Perot. The upper trace is the output of the cavity through the single
mirror; the lower one is the outpwt through the resonator. The difference in
the shape and timing of the pulses is instrumental, The oscilloscope is trig-
gered externally so any change in the relative poaition of the pulses is signifi-
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cant, Fig. (4c) shows a picture siniilar to (-ib) with the saturable resonator ad-

justed to resonance and filled to 1.5 torr SI-‘6 ( @, £ ~ 2,5-3,5)., AS0
nsec wide pulse of ~ 100 watt peak power comes out through the saturable reson-
ator ( the laser round trip time, 2 L./c= 35 nsec). At the same time, the output
on the other ead of the cavity drops., Th's experiment clearly demonstrates the
working principles of the device, Switcning levels at which cavity dumping oc-
curs can be designed at will using the length of the cavity - affecting principally
ko - and the relaxation time Te which, in the case of gaseous absorbers (SF 6"
can be affected by the addition of a buffer gas (He).

The rest of this letter presents some other interesting applications of
saturable cavities, They all operate on paper; we also demonstrated some of
them in the laboratory. J. ) Inthe configuration of Fig. (4a), the resonator can
be operated outside the bistable region, either by low absorption ( kg < 8) or by
choosing the laser intensity too high. In this region, if the time behavior does
not become unstable, we expect to stabilize the laser output intensity and thus
also operate it i a single mode: {f the laser ir.'tenshy grows, the dye bleaches
and the output increases, thus decreasing the round-trip gain of the laser, (6

2.) In the same configuration of Fig. (4a), the saturable cavity can be detuned
from exact resonance; in the high absorption region region the reflectivity is
essentially R A" 1 = T, while if the absorber is bieached, the reflectivity

changes to RB e]l- 'rz.

Thus, ar. increasing .aser intecasity leads to an in-
creasing 100p gain and the laser performs repetitive Q-switching at intervals
determincd by the pumping rate. This benavior was sees by us experiment-
any(". 3.) The arrangement shown in Fig. (5), if desighed properly, produces
an infinite pulse train from a constant {CW) light input; it behaves like a mono-
stable multivibrator. The saturable cavity (mirrors 2, 3 has to opcrate in the
bistable region. The light intensity in the empty cavity (miirors 1, 2) grows,

then it switches out and the cycle repeats. The pulse duration is 21./c, and
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the time between pulses is determined by the input intensity, the Q of the empty
cavity, and the switching level, The time bctween pulses cunnot be longer than
the ca‘vity holding time, Q (2L/c). If the samc arrangement is fed by a pulsed
(Q-switched) laser of appropriate duration, a single pulse of duration 2L/c can
be obtained. For a ruby laser input pulses of 10-1000 psec range can be rea-
lized. 4.) A saturable cavity can be brought from one state to another (e, g.,
to high transmission) by shiring light on it from an external source (e, g.,
another laser). Such an arrangement performs a basic logical operation on two
signals. Furthermore, if the hystezesis is large enough, once switched over to
a high transmission state, the device will stay in that state as long as the input
i{s maintained, thus performing a basic memory operation, Particularly inter-
esting is the case where the two input beams are both parallel to the resonator
axis; we know from the mode structure of cavities that an incident light beam of
widthr = (£ )1/2 , where l is the length cf the cavity and A the wavelength,
interacts weakly with a similar beam parallel to it at a distance comparable to
r. Consequently, many adding and memory operations can be performed in par-
allel,
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FIGURE CAPTIONS

Schematic diagram of a Fabry-Perot resonator. The electric fields
are defined on the mirrors 1 and 2. Arrows show direction of propa-
gation,

Static characteristics of a Fabry-Pcrot resonator filled with a satur-
able absorber. (a) From Egs. (4), and (b) from computer calculation.
Multiple oscilloscope photograph of Q-switched pulses from a CO2
laser operating on the P (16) 10, 6 u line after light has passed through
2 cm long Fabry-Perot resonator tuned to resonance. The two traces
show the outp\ut pulse from an empty cavity with ~ 70% transmission,
and from a cavity filled with 1 torr SFy. Note the cutoff of the tail end
of the pulse in the latter.

"Passive" cavity dumping device. (a) Experimental arrangement (b)
and (c) iaser output: upper trace, output through single mirror; lower
trace, output through resonator. (b) resonator empty, off resonance,
(¢) resonator on resonance, filled with saturable absorber, Output
through resonator ~ i00 watt,

Double-cavity arrangement to produce light pulses of duration 2 L/c.

The saturable cavity (mirrors 2, 3) operates in the bistable region,
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APPENDIN il

TRANSMISSION OF COHERENT OPTICAL PULSES IN GASEOUS Skg

C. K. Rhodes and A. SzBke
Physics Department, MIT, Cambridge, Mass. 02139

I. Introduction

A rumber of results, both experimental and theoretical, have been
obtained on the behavior of optical pulse propagation through an absorbing
medium. The experiment involved a Q-switched coz laser as the source;
the absorbing medium was gaseous Sl—‘a. We also present some cxperimental
resuits on the spectroscopy of SFg which bear on the pulse transmission
experiments. On the theoretical side, we present some analytical results
based upon a simplified mode!l discusscd previously. ) That model reglecta
inhomogencous broadenir.g. in the degenecate cane its use i» entirely
jJustified. The calculations are substantiated by some considerably more de-
tailed computer reoulu.‘z) Both calculations corroborate the experimental
findings.

This article emphasizes the influcnce of level degeneracy (whether
spatial or otherwise) on the propagation of coherent radiation. These con-
siderations arise in a natural way in conr ection with the problems of self

(1.3, 4) and photor. ..cr.o.“"' 6)

induced transparency
The article concludes with three appendices. The first presentx some:

urusual observations of pulse reshaping in SF,. The experimental evidence

appears to indicate the presence of a focusing e!.‘ect.(s) The sccond appendix

gives the results of calculations relevant to an experiment on coz. similar

to the transient nutation well known in NMR, that would enable the measure-

ment of the dephasing time 72. This experiment does not involve a propagation

effect. The third contairns some remarks oa the polarization dependence of

the photor. echo(s'“ and the modifications that arise for an optically thick

sample,
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This article is divided into ke following sections.

1. Introduction

II. Experimental Appsaratus

1Il1. Experimental Results

A.
8.

C.

SFg Spectroscopic Data
Puise Experiments Conducted at l.ow Radiation Intensity
and Low SF, Pressure (~10mTorr)

Pulse Experiments Conducted at Migh Radiation Intensity
and Moderate SFg Pressure (~ 40 mTorr)

IV. Theory and Calculations

A,

n.

Calculations Corresponding to the Conditions of
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Il. Experimental Appearatus

A schematic of the experimental apparatus s illustrated in Fig. (1).
The cavity of the CO; laser is bounded by the grating G and the curved Ge
mirror M. Q-switching is accomplished by the rotating mirror R. Adjust-
ment of the grating G enabled operation on a single vibrational-rotational
transition in the 10.6u band. The wavelengths were determined by direct
measurement with the monochromator K, previously calibrated with a
63288 He-Ne laser and corrected to the vicuum. The identification of the
particular transitions used in this experiment was unsmbiguous. A typical
output pulde is shown in Fig. (2). Ita wickh s given by + % 300 nsec. The
temporal coherence of the zulses was determined by direct examinution of
the signal modulation generated by beating the Q-switched pulse against an
independent continuous wave (?C)2 laser in @ Au:Ge detector. Sirce the two
lagers were operating independently, the variation of the beat note frecuency
during the Q-switchec puise establishe: arn upper bourd on the change of the
optical carrier frequency which occurs during the Q-switching procesa. If
A w repreaents the total change in optical frequency during the Q-switched
pulse, it was found that AwC 2¢/7 ; hence, enabling one to validly represent
the pulse in the form E(t) = 2(t)cos w t, with siowily varying 2(1). The pulse
intensity was varied by ar. adjustabie, linear altenuator. This was accome
plished by filling cell S‘ with an appropriate amouat of methyl cther
(pressuice ¢ 12100 Torr). The lincarity of this attenuntor is assurcd by
operating st a pressure sufficiently high so that all relaxation rates arc >> /e,
A fraction of the input pulse was passec tarough the monochromator K and

detected at detector Dl' The remaincer was directed through a 3. 4 meter Sl-‘6



absorption cell in which the SF¢ pressure could be reliably set to any pres-
sure from | mTcrr to 10 Torr. This SFg pressure was measured by a McLeod
gauge. The output pulsc was detected at D,. amplified (if necessary) and
photographed directly on the CRT of a Textron:x 585 oscilloscope. The de-
tector D3 sensed the Q-switched signal which was reflected from the grating
sero. This pulse established a trigger ai gnal independent of the intensity of
the pulse passing through the cell Sz. Two types of pulse measurements were
made. One involved the recording of the signal at D2 for a fixed SF6 pressure
in cell S2 wnile the input pulse intensity was changed by varying the methyl
ether presaure in cell S:. The other corresponded to constant input pulse
inmtensity while the S!-‘. pressure in cell S2 was slowly changed.

The CO2 laser is of standard design with NaCl Brewster windov s and
a flowing COz-.\'Q-He gas mixture., Deteciors Dl and D3 were Ge:Au operated
at 77°K while detector D, was Ge:Cu operating at liguid helium temperature.
The system rise time (detector anfi electronics) for detector Dz was less that

, 7
8 ranosecconds as determinceu by direct mearurement. “

l11. Expeririental Results

A. SF‘ Spectrogcopic Data

A scries of experiments was performcd with the object of determine-
ing the relative absorption and absorption versus pressure behavior of
various C(')2 laser oscillations in gascous SFs. Figure (3) shows the linear
absorption data corresponding to the P(16), P(18) and P(20) CO, lines for
SFg pressures under 50 mTorr. Theae measurementas were made with the
apparatus illustrated in F:ig. (1) but with the rotating mirror R replaced by

a stationary one to permit continuous wave operation, and detector D2



followed by a lock-in amplifier system. Input signal intensity was ~ ImWatt.
Significant attenuation oceurs on all three lines with the P(16) line experienc-
ing the greatest absorption, Since the Doppler width at 10.6u for SI-’5 is
30 MHz, these lines should be essentially inhomogencously broadened for the
SF‘ pressures less than 50 mTorr. It should be noted that previous work‘s)
reports observations that are contrary to those shown in Fig. (3). Thcy(s’
describe the absorption as appreciable on only one line for St-" pressures
below | mm Hg and identify this as the P(20) line of CO,.

The behavior of coherent excitations is strongly influenced by the
precise nature of the states involved, As an example, & simple model des-
cribing the effect of spatial degeneracy has previously been described. M
In the case of SF‘. it is not obvious a priori that the transitions in the 10.64
band are resolved with respect to their Doppler widths. Indecd, in the region
of a Q=branch there 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 trarsition, 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. A: even higher preasure neighboring lines overlap und
the absorption rises again. Experimentally, no such pressure independent
region is observed. On the contrary, the absorption cxhibits no inflection
points and rises lincarly all the way from zcroto 17 mm lig which is well above
any reasonable limit for pressure brodcening.  We helieve that this cinstitutes
unequivocal evidence against the hypotheais which states thiat the strong abisorp-
tion of POG) ix due 1o o single well resolved resoaance in Sl~'6. Similar helavior

Wite sobiave preennrrhesd G the ORI OO, e, Cloace e nnfebaite complieation,
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but a crucial one in the understancing of self-induced transparency and photon

.

echo experiments in S!-s.
From a spectroscopic point of view our findings can be summarized

as follows. The P(16) lire of CO, exhibits the maximum absorption in SFg
although the P(18) and P(20) lires are alno appreciable absorbed. The tran-
sitions involved in these absorptions of P(i6) and P(18) are not well resolved

(8 shows

in relation to their Doppler widths., Figure (4), taken from Brunet
the 10.6u bund of SFg and the relative positions of the CO2 lines according to
McCuboin, (9 it 18 significunt that the absarption of the laser radiation is in
rough agreem.ent with the low resolution spectrum otleined by Brunet. (8
This strongly suggests that ine band has many overlapping transitions and be-
haves iike a continuum absorber. indeed, in a later section, a continuum

model will be introduced in the descripiion of the behavior of SFg.

B.  Pulse Experimients Conducied at l.ow Radiation Intensity and low
SFq Presuure (~:0m7orr)

In order to examinc carefuliy the iransition from the linear absorption
region to the nonlinear region we workeu at greatiy reduced intensities for
these runs (~ 10'3 of avaiianie inteasity). We aiso operatet at low pressures
(~10mTorr SFg) so that the inequality T, >> 7 = 300 nsec would be bevond suspicion.
In particular we were concerned with the ime delay of pulses in this non-
linear iransition region together with the seiative intensities of the transmitted
radiation. it should be pointed out that the clectronics were all triggered by
detector D, which was independent of the intensitics of the incident and trans-
mitted pulses. Thus the relative positions of the photographed pulses with
respect 1o one another are real, not artificiai. Tnree CO, transitions were

examined in detail, P(16), P(18) and P(20). r.zurc (5) illustrates a sequence
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of output pulses, at constant SF6 pressure, for varying input amplitude of the
P(16) lines. The first pulse in the sequence was nearly the minimum detectable
intensity; its rhape is that of the input pulse and its del.y is observed to be
very small. As the input intensity is raised, the delay is observed to increase
while the pulse reshapes dramatically. As the input intensity is raiscd further,
the delay of the pulse peak i3 reduced 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) transi-
tion. It is significant to notice that.the reversal of the delay curve, Fig. (6).
occurs at an intensity which corressonds to the knee of the saturation curve,

(10) indicate such effects.

Fig. (7). Some recent calculations by Hopf and Scully
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) lires
are absorbed less strongly than the P(16). However, a central point remains;
the behaviors 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 sat-
uration curve for this peak drawn in Fig. (7) shows that it is transmitted

linearly as a function of input intensity in contrast to the remainder of the pulse.

C. Pulse Experiments Conducted at High Radiation [ntensity and!
Moderate SF, Pressure (~40mTorr)

An interesting effcct was observed at high input intensities (i. e. in-

tensities well above the knee on the saturation curve shown in Fig. (7). In
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this experiment the input intensity was held constant while the pressure in
the SFg cell was continuously lowered at a slow pumping rate. Figure (8)
shows a sequence of photographs taken during one such run for the P(16)
transition of C02. 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 SF6 pressure around 40 ~ 50 mTo\rr.
This steepening corresponds to a rise time of 30 nsec. Care 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 trivial population sat-
uration effect, but as we will show, the benavior also occurs in a system
with many overlapping levels even with a fully coherent excitation. This

will be called an effective population saturation effect and as in the simple in-
coherent population satur.ation effect it corresponds to an energy loss from
the propagating pulse. Machine calculationgzgmave been made which exhibit

this sharpeaning effect in the limit of coherent excitation, T2 > 7 The

pulse’
computations will be described in a later section of this paper. The effect
was seen appreciably only on the P(16) line of COZ; probably on the P(18 and

P(20) lines there were not enough absorption lengths in the sample tube.

IV. Theory and Calculations

A, Culculations Corresponding to the Conditions of Section III 13

In this section we present a simple modal to account for the results
obtained at low SF6 pressure (~6 mTorr) and rclatively low excitation (i, «,

in the regior. of the knec¢ ol the saturation curve Fig. 7). Since the absorption
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measurements described in section III A strongly suggest that a numbher of
overlapping transitions are involved in the absorption of the CO2 P(16_)
transition, we introduce a continuous distribution of dipole moments n(u).
The quantity n(u) du.equals the density of systems possessing dipole moments
between u and u +du. That is, we approximate the true physical situation
with an effective continuum of dipole mements. 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 unreasonable, since the Q-branch
electric dipole matrix elements for a symmetric top are proportional to the
product mk/[j(j+1)] for linearly poiarized radiation, where -j <= m < j and
-j < k< j, withm and k integral. This dependence, for sufficiently high j,
will produce a large distribution of matrix elements, paf'ticularly, if several
overlapping transitions are involved in the absorption.

The basic properties of such a model are illustrated with the choice
of n(u) = n, (a constant) for M, S y.s;,;m and n(u) = 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 T is re-

o
garded as much less than the inverse of the homogeneous line width, T2.

These conditions are precisely those presumed in Ref. (1). We define

ems%‘ Se(t)dtsw (1)

where
€ (t) = optical electric field amplitude
and

7 = pulse width << dephasing time T2.
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Then, in analogy with Ref. (1), the polarization density P(¢) of the medium

after the pulse has passed(ll) is given by
! T,
P(o) - N(Z  sin )= { nu) u sin 0 () an (2)
} “Km

where N describes the density of systems and the sum is converted to an in-
tegral because the distribution n(u) is contihuous (cf. Ref. (1), formulae 5,

7, and 8). The evaluation of the integral in expression (2) yields

P(g) = 20 o, iy (i ) | (3)

where jl(x) is the spherical Bessel function of the first kind of order one.
For comparison, the polarization density Pl(d;) for a simple non-degenerate

two-level system with matrix element u  is written

P1(6) = Nugsin (ugo) (4)

where N designates the density of atomic systems. Figure (9) shows plots

of IP(¢)I2 and IP1 (0)! 2 versus ¢ with “m/“o appropriately adjusted so that

the first zeros of P(¢) and P1(¢) coincide for firite ¢ >0. The extent to which
the continuum model can be approximated by a two-level system, parameterized
with u , in the domain 0 = ¢ = 4.48 is indicated by the similarity of the two
curves. In this region effects will occur that have a qualitative similarity to
self-induced transparency.(3) 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 ¢1_1_,m°° P(¢) = 0. This statement is not true for the nondegenerate
system and it constitutes an essential distinction between degenerate and non-

degenerate media as we have represented them. A direct implication of this
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result is that for high excitations (cf. Fig. (9)) degenerate systems tend to
reradiate very little as compared to the comparable nondegenerate case.
Finally, we point out that energy loss is associated with this behavior.

Again, following Ref. (1) we calculate the energy loss per unit volume W{g¢)

as
fw
N — n{u)[1-cos(pu)] d
W(p) = ,z_i K (5)
S‘n(u) du
giving
_ Nfw 1 .
W(p) = 5 [1 B, sin (¢uy ] (6)

Hence, at high excitations one approaches a constant loss given by

lim W(p) = N . (7)
¢—ow 2

This loss, coupled with the fact that the degenerate system is qualitatively
similar to the non-degenerate 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 sample will present an overwhelming
amount of loss, hence, leading tc a diminished effect. The maximum
observable effect will correspond to an intermediate sample thickness. On
this basis the model predicts that coherent reradiation (pulse reshaping)
should occur most dramatically at low pressure (7 << Tz) and in a narrow
range of input intensity for a sample cotrresponding to a few absorption

(12)

lengths. Our attitude is supported by both pulse propagation experiments

in SF6 and more detailed computer calculations(z) discussed below,
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The experimental behavior, as described in section IIi B of this article,
is substantially in agreement with this simple interpretation. The sample
corresponded to nearly two absorption lengths. Examination of Figs. (5), (6),
and (7) shows that a significant coherent reradiation effect was observed
mainly in the region corresponding to the nonlinear transition region of the
saturation curve in Fig. (7). Very little, if any effect, was observed for in-
put intensities above or below this range.

More elaborate computer calculations(z) produced a very similar
result. These computations incorporated the complications of a finite in-
homogeneous width, a finite homogeneous width Tz'l, and consequently,
rendered a reasonable simulation of the SF6 experiment. The continuous
dipole moment distribution n(u), discussed above, was approximated by a
uniform distribution of discrete values spaced at equal intervals in u.
Equivalently, the calculations thus performed corresponded to a Q(10)
transition of a symmetric top with the k-degeneracy removed. The satura-
tion curve, the dependence of the pulse delay on input power, and the
broadening of the pulse by reradiation are all very similar to our experi-
mental results. This pulse broadening effect, as in the experiment, dis- -
appecared for input éonditions corresponding to points either above or below

the nonlinear transition region on the saturation curve. It should be noted



that the critical input condition for a non-degenerate two-level system would
be 8, = r. The computer result for Q(10) indicated a critical situation for
em: 1.47. a4 Recall that for low excitations we argued that the continuum
model could be approximated by a nondegenerate systcm with an appropriately
chosen u o(cf. Fig. (9)). A value of “m/ Bo® 1.43 was calculated in that ex-
ample. 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 estimates that have been made.
However, it does inspire respect for the continuum model approximation.

It is worth noting here thet in the continuum limit one can easily
estimate the dipole moment distributions corresponding to P, Q, or R-branch
transitions of a symmetric top. We treat separately the cases distinguished
by the presence or absence of k-degene:*acy and include the effect of inhomo-
geneous broadening. The quantity n(u,w) is defined as a density in u - w space
such that n(u,w)du dw equals the number of radiators possessing dipoles
moments between u and u +du with ‘resonant frequencies in an interval be-
tweenw and w +dw, The distribution inw is assumed flat. This is a good
approximation when the ratio of the saturation width A w = &/ to the in-
homogeneous width is less than unity. Hence, it is valid to put n(u,w) =

n{u) p(w) « n(u). Since p(w) is a constant, we can integrate over a finite width
Aw giving
g(n(u) p(w)du)déw = n(u) p(w)Awdu = n'(u)du (8)

Aw
Now, if the width Aw is identified as the saturation width, then n'(u) = cu n(u)



since the saturation width is proportional to the dipole moment u. The
number c denotes an appropriate proportionality constant which does not
concern us here.” Hence, the inclusion of inhomogeneous hroadening
simply multiplies the dipole momert distribution n{u) by u. It remains to
calcuiate n(u) for the specific cases. This is accomplished by letting the

projection quanturn numbers m and k in the matrix elemems(ls)u (m, k)

represent continuous parameters in the interval (- j, j] and assum:ng that
each value of m or k is equally probable. Only transitions associated with
light polarized along the z-direction are considered. The results for the
Q-branches are quoted below. The quantity Bm denotes the maximum dipole

moment of the distributions so the results are valid only in the domain
O<u=< Bme

1. Q-branch, k-degeneracy removed; n'(u) < u.

2. Q-branch, k-degeneracy unbroken; n'(u) € u(um- u).

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 mome_nt Km of the distribution than the Q-branch
results.

This section is concluded with some remarks on the intensity dependence
of the photon echo. (5,6) These considerations will affect the results of photon
echo experiments in that they will lead %o 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 in-
tensities. However, in the continuum model, the echo intensity will be strongly
damped at high input intensities sinlce ¢1me P{¢) = 0. Indeed, results consis-

tent with this picture have been reporied experimentally. (5) In this work(s)
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the 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 SFg. We find that for low ex-

citation the behavior of the degenerate system qualitatively resembles that of

the simple, non-degenerate, 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. @) And finally, it is shown
that the anomalous intensity dependence of the photon echo in SFg can be
understood as arising from the effects of degeneracy.

B. Calculations Correspondir.g to the Conditions of Section IIIC

The considerations described here pertain to the experimenta) results
of section IIIC. The entire discussion assumes that no relaxation processes
are operative. The principal effect reported in section IIIC was a consider-
able 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 {llustrates this effect, shows that the decrease in the rise
time is directly attributable to the energy removed from the leading edge of
the pulse. The entire pulse, however, experiences a modest absorption of
less than 20% of the total energy and the tail of the pulse is transmitted with
no discernible 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 SF6 tran-
sition, this saturation behavior will occur even in the limit of a completely
coherent excitation. We will call this an "effective' saturation process. It
arises because the distribution of dipoles associa;ed with the degeneracy
cancel one another at high excitation levels and put the system into a state of

essentially zero macroscopic polarization. However, a finite and constant
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energy is absorbed in this process. Hence, in this context the term "saturation"
describes a situation in which an additional increment of excitation does not

change the macroscopic state of the medium, cither its polarization or cnergy

content. Naturally, the constant atisorption, for a fixed sample, is relatively
less and less as the input intensity and energy are increased. Indeed, in the
continuum model presented in the preceding section, 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 9 is increased. At the same time the energy loss per unit volume tends

Nthow
2

this reasoning, we present the following argument. Consider only the leading

to as expression (7) indicates. In order to establish the credibility of

edge of a pulse whose intensity I(t) is rising linearly as given by

I(t)s!Io-'-rt—. 0<ts<T, (9)
r

The quantity T,. is defined as the pulse rise time. We assume that the medium

is saturated by this leading edge so that

Tp Ty
E-mS E(t)dt =ﬁm5 !/.8_1: I(t) dt=06_ > 1 (10)
h Yo h Y ¢ m

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 K aPpearing in expression
(10). With I, = 1kw/cm?, T.= 30nsec, and assuming 6 = 20, a simple

9esu. This value is in good agreement(ls)

computation gives u_ = 3x 10~}
with estimates given for the relevant matrix elements in SF6. The argument,

of course, is only approximate, but since no adjustable parameters are at



«40-

our disposal, the agreement is significant.

The reasoning and conclusions of the preceding paragraph have been
fully substantiated by computer calculations. @) These calculations take into
consideration, level degeneracy, inhomogeneous broadening and propagation
effects arising from an optically thick sample. The radiation field is re-
presented as plane, linearly polarized :‘unning wave. 1) Specifically, the
computations were performed for a Q-branch transition corresponding to an
angular momentum quantum number j=10, Q(10). This particular choice
was made becuase the matrix element distribution for Q(10) provides a
discrete approximation to a continuous distribution of matrix elements used
for discussion in the preceding section IVA. So we are motivated in our
selection of a compatible case for discussion here. These calculations, with
the parameters appropriately adjusted to correspond to the experimental
situation, showed a pulse steepening effect 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 remarks leading to Eqg. (10), it appears that this pulse steepen-
ing effect emerges as a general phenomenon associated with the response of
highly degenerate media to very intense, coherent pulses. In principle, the
minimum rise time of this sharpening effect is limited by the effective satur-
ation linewidth of the system. This quantity, from expressions (9) and (10)
is given approximately by

1/2

30mh c
T = 10 ) (11)
r 2um (81rIo

This time T, can be made arbitrarily small by increasing the intensity Io'
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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 theoretically. It is found that the
effect of self-induced transparency, first described by Hahn, 3 is modified
in an essential way. These modifications tend to reduce certain features
associated with the effect. As is now well known, the strict case of self-
induced transparency is only rossible under very special circumstances.
These conditions are described in Ref, (1). Unfortunately, these modifica-
tions tend to destroy many of the features of the pure effect, namely, a
finite energy loss is assoicated with the pulse propagation, delay times
are reduced, and the phenomenon of pulse break-up is suppressed. One
of the most disappointing features cf this result is that all these tendencies
qualitatively modify the rulse gpropagation behavior in the same way as the
introduction of a finite T2' This will inevitably complicate the extraction
of information relating to collisions when, in future experiments, one
operates in a regime where T2 is comparable to the pulse width.

Our analysis is based on a2 degenerate, homogeneously broadened
model. This is done in order to point out the differences between degenerate
and non-degenerate systems. Inhomogeneous broadening which is present in
our c¢xperiments apparcntly modifies both cases similarly.

Any study of this nature using SF6 involves obvious difficulties. It has
been stressed that the detailed behavior of pulse propagation depends crucially

on quantum numbers of the absorbing stutes. However, the precise level
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structure of SI"6 is both complicatec and unknown. In our analysis we have
attempted to utilize the apparently continuous absorption through the intro-
duction of a continuum mocdel (a continkum inw and uy). This program views
the spectral complications in such a wiay that a simplification obtains. On
this basis a number of statements concerning the behavior of coherent optical
excitations were r;xade. All these considerations were in the limiting case

of T2 = . Thus, the main thrust of this research has been focused on the
examination of degeneracy effects in a cortinuum limit. Basically, two
different effects were observed and described on the basis of the continuum
model. The first involved high excitation of a very thick sample. In this
case an effective saturation behavior was observed which led to a sharpen-
ing of the leading edge of the inpu't pulse. This is a fully coherent effect

and a general feature of degenerate systems under a broad range of circum-
stances. The second effect illustrated pulse reshaping and reradiation
phenomena as they occur in degenerate mecdia. It was shown that under suit-
able conditions (moderate excitation and a sampie around one absorption
length) the results could be qualitatively understood by an equivalent two-level
system. A finite loss is assoicated with propagation under all these conditions

S0 no strict transparency is observed,
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VII Supplement

A - Unusual Experimental Observation in SFe

An unusual experimental result was obtained in a pressure and intensity
region well above that described in IIIB. This result is highly suggestive of a
self focussing effect. The SF6 pressure in the 3. 4 meter cell was around
50 mTorr and the input ixlutensiti.es were approximately 103 times above the in-
tensity for maximum pulse reshaping as discussed in Section IIIB. 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 occuring between them. This pulse configura-
tion, the sharper one travelling faster and both of nearly similar areas, is
precisely the wa\}e form to which a 47 input pulse is expected to evolve for a

(3)

non-degenerate system as discussed by Hahn. However, this is not
happening here, at the very least, in view of the effects of degeneracy. In-
deed, careful examination indicates that the two peaks are not passing
through the same volumes 1n the absorption cell. The intensity ratio can be
reversed by manipulating irises. A complicated phenomenon appears to be
taking rlace. Experimentally, the situation is ripe for violations of an in-
finite plane wave description. The sample has an optical depth more than
20 absorption lengths and our input mode pattern is essentially diffraction

)

limited. The flane wave model(17 is very probably useless for such

circumstances (i. e. diffracting input and sample absorption lengths >> 1).



44«

B - CO2 Fluorescence Calculations

It was stated in the preceding sections of this article that the unknown
spectroscopic properties of SF6 considerably complicated the analysis of
coherent pulse transmission experiments. On the other hand, COz, even
though it possesses the advantage of a known structure, is practically use-
less in propagation experiments because its absorption is too small. In this
appendix we present the results of calculations pertaining to COZ in an ex-
perimental situation where the known spectro.scopic 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 T2‘
but does not operate on a propagation effect. This provides a generous
simplification in that only Schrodinger's equation is used in this treatment,
Maxwell's equation being unnecessary since no propagation effects are con-
sidered (i. e. optically thin medium). C02 gas absorbs weakly at 10,6y be-
cause the absorption occurs from an excited state ~ 1300 em™! above the
ground state (see Fig. (11)). However, the 4.3y transition 00°1 = 00°0 is
infrared active and the spontaneous radiation radiated subsequent to excitation

(18)

at 10.6u is readily detectable. For a fully coherent excitation from

10°0 — 00°1 the intensity 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 ap,(,) and consider cxcitation on only one of the vibrational-
rotational transitions in tne 10.6u band. The spontaneous emission intensity
has heen calculated as a ifunction of input intensity for a linearly polarized
square wave input pulse of height s ana width r. The effect of inhomogeneous

broadening is included. It the upper state amplitudes are assumed to be zero

before the pulse, a standard solution of the two-level problem, ignoring anti-



-45-

resonant terms, gives the upper state populations ]um(Aw, 6:0,7),2 as

2 ~ f ‘1/2

2 (L &) .2 2 1

(A .8 V3 - m Q 2 ! + (12

a Bw, e, 7), oo tn sin {'r L(w w') (umeo)J ] )
m>~o

where Aw = w -w!

u__ = <upper, mljo,-pllower, m>, =1

m
(diagonal in m since input is linearly polarized along the z-direction)
w = angular frequency of optical radiation

w' = angular center frequency of irradiated system.

If the inhomogeneously broadened resonance has a center at W, and is described
by a gaussian distribution of width A wp, then the 4. 3u spontaneous emission

signal is proportional to

0

I(w,eo) u S dw'e )
: (o}

- J - -1/2
L) sin? 4 7| (@-w)? 2
o RTIOR b Bl |7} .
G (@-w?+(n_eo)?

The summation extends over the 2j+1 degenerate levels associated with the
molecular transition. Naturally, we have assumed that 7 << T2 in these cal-
culations. We have also ignored any depe:.dence on the input pulse shape as
this is known to be weak (square, gaussian or hyperbolic secant wave forms
probably result in a 5% deviation or less).

Figure (12) illustrates the resuilts for two cases of interest. A curve
corresponding to the opposite case T2 << 7, calculated by the normal steady
state saturation formula, is included for comparison. The modulation of the
output intensity arises from the coherent excitation of states with differing

dipole moments,
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Experimentally, onc measures the 4.3u spontaneous emission intensity
versus input intensity parametrically as a function of CO2 pressure. In this
way, T2 can be roughly defined by the pressure at which the intensity modula-
tion becomes smeared. At this pressure T2 ~7, An experiment of this type

is presently under way in our laboratory.

C: Remarks Concerning Pnoton Echo Polarization for an Optically
Thick Medium

Gordon et al.(s) have calculated the photon echo polarization dependence
on the relative polarization of the excitation pulses for P, Q, and R-branch
transitions for several values of anguiar momentum j. They give the relative
echo polarization 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,
therefore, not apply to an optically thick mediuin, Indeed, their experiment,
which was conducted on ar. optically tnick sampie, led them to conclusions
that they themselves described as difficult to believe (to wit j=0= j'=1 or
j= 1= j'=1 transition).

A complete solution of tr¢ echo polarization problem involving pro-
pagation effects necessitates an elaborate computer analysis which is not
presented here.  Instead, we indicate now the qualitative effect of a thick
sample can be understood in considerabiy sumpler terms as derived from the
calculation valid for a thin sumple. At this point we follow the work ol Gordon

ct al.‘e) in defining a vector Q which Gescribes the echo polarization vectosr by



4=

mlol

€ocho - and the echo intensity by a quantity proportional to I-Q.lz. Con-
QI

sider the geometry illustrated in Fig. (13). Then a is given(s) by
O = (¢ ) o f¢omt\ o
Q-+ Z sin (._.;.m sin (—221&) sin (¢]m..) .
m, ml‘ m”
- -iyJ iyJ
<a,m|P°p[b, m'™ <a, m'|e y|a,m"> <b,m"|e y'b,m> (14)

where

6,5 2<a,i|Pz|b,i>S F ()9t
first pulse

£ 2<b, ile]a, i>S F2(t) dt
second gulse

$o;

1

Fi(t) = envelope of excitation pulse, i=1,2

pop £ dipole momen: operator

. th .
<a,i|= lower state a, i = sublevel
<b, 1| = upper state b, ith sublevel

Jy = y - component of angular momentum operator.

The triple summation is taken over aii tne degenerate sublevels. In a thick
sample the excitation functions 62i and ¢,; vary considerably througn the
sample. Thus, for m ¢ m' the factor sin (i%m) sin (gzzm-') appearing in
Eq. (14 wiil tend to a small quantity due to the effective averaging over a
range of ¢2m and ¢2m" However, for m = m!' the sin2 (iém) will tead to-
wira a vaiue of 1/2. ‘I'his averaging process then causes the summation to
be dominated by the terms for whieh m = m'.  The vector property ofa is
contained in the matrix element <a, m}-};‘)plb. m' which for m = m' goes over
to<a, mi leb, m>, Px and P_ vanishing. Hence, a lies along the polar-

y
ization of the second pulse ©=1, independen: of the angular momentum
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quantum states of the participating levels. Of course this argument is in-
complete in that it ignores any propagation effects. In spite of this, how-
ever, it fairly clearly establishes the tendency of thick samples with
degenerate levels to produce echo polarizations which lie along the second
pulse polarization. However, this simple theory does not give a coszw
dependence for the echo intensity. This intensity behavior is, in general,

quite complicated.
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FIGURE CAPTIONS

Schematic Diagram o’ the Experimental Apparatus
Key: A-wideband ampilifier, rise time ~ 3 nsec;
B- NaCl flat beam splitter, uncoated
Dl’ Dg- Ge:Au liquid N2 cooled detectors

D2 - Ge:Cu liquid He cooled detector

G - grating

Il’ 12, IB-adjustable irises

K - grating monochromator

L,, L2 - Ba F, lenses

M1 - 7% meter radius Ge mirror, uncoated
M5 - 8 meter mirror

S1 - attenuator ceill, 15cm long

82 - 3.4 meter SF6 absorption cell

R - flat rotating Q-switch mirror

T - 3 meter Brewster window laser tube
Typical Q-switched Laser Pulse,Horizontal Scale = 100 nsec/cm

Linear absorption data for the absorption of the P(16), P(18), and P(20)

lines (10°0 = 00° bandj of CO, in SFg for SFg pressures below 50 mTorr.

The SF6 spectrum in the region of 10.6u as taken from Brunet. 8) The
upper numbers are associated with points on the SF6 spectrum, The re-
lative positions of the P(16), P(18), and P(20) transitions of CO2 are

described by the lower arrows.

A sequence of output puises at an S'F6 pressure of 6 mTorr, for varying in-

put intensity of the CO? P(16) transition. In the sequence the input intensity
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F'GURE CAPTIONS (cont)

(cont) 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.

A delay curve; the position of the output pulse maximum versus the in-
put pulse intensity of the CO, P(16) line. The SFg pressure was 6 mTorr.

The delay times are in units of the SF6 inhomogeneous width, Tz* = 50 nsec.

The saturation curve which corresponds to the data illustrated in Fig. (6);
output pulse intensity versus input pulse intensity. The SF6 pressure was
6 mTorr. The small peak on the input pulse has precursor type behavior

as indicated by the linear plot that represents its response,

As output pulse sequence for the CO2 P(16) line as the SF6 pressure is
slowly swept. The pulse steepening occurs at an SF6 pressure corre-

sponding approximately to 40mTorr. Pulse intensity is plotted vertically

while the time scale on the horizontal is 50 nsec/cm.

Plots of the polarization density functions squared, |P(¢)| e and IP1 (¢)] 2,
for the continuum model and the quasi-equivalent two-level system, re-
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