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OPTICALLY PUMPED FAR INFRA RED LASERS

I. OVERVIEW

Thi. report summarizes the research performed under Grant

DAli 75—G-0099 during the period 1 March 1975 to 31 Jan-

uary 1 79. The basic research goals were quite simple: the

study of fundamental processes associated with the optical

pumping technique used to generate far-infrared radiation.

Two specific areas addressed in detail are superradiance and

stimulated Raman emission, both identified and partially

characterized during the course of this study.

II. SUPERRADIANCE

A. Introduction

The concept of superradiance , as originally presented

• by Dicke,1 is that of the collective spontaneous decay of an

ensemble of two—level atoms prepared in a superposition state.

The resultant emission intensity is proportional to the square

of N , the number of atoms, and is emitted in a delayed pulse

whose delay and width are both inversely proportional to N.

The theory has evolved to treat extended media,2 complete in-

version ,3 swept excitation ,4 and var ious other effects such as

relaxation and degeneracy.5 At the time of the proposal , one

experimental observation of superradiance had been made, 6 and

.5
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the question was whether our observations on methyl fluoride

were of the same effect and what modifications would have to

be made in the existing theory2 to allow a comparison.

The objectives of the proposal were several; and with one

exception, they have all been fulfilled at least as well as we

had hoped. The details of the superradiant pulse evolution

have been studied and are described in the next section. The

scaling behavior of the superradiant emission with cross sec—

tional area A , has been found to be intermediate between that

of the disk and needle cases,2 that is, the intensity varies

more rapidly than A but more s lowly than A2 (see Ref. 7);

with length, L, the variation (“ as L3) is faster than that pre-

dicted , as is discussed in the next section. Seeding of the

sample to determine the initial condition (initial Bloch vec-

tor tipping angle) of the Maxwell-Bloch theory5 has not been

done, because reproducible far infrared pulses of intensity

approximately io 19 w/cm2 would be required . The theory of

Ref. 5, developed independently by us in a similar version,

appears to give not only the qualitative features of the super-

radiant emission , but also a quantitative fit to our results

over a range of cell length and CH3F pressure, using only one

free parameter; this is discussed in more detail in the next

• section. This analysis has given an indication of the conditions

under which superradiance may evolve; in particular , it appears

.5--—- _
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that population decay and dephasing effects (rep~esented by

T2=T1) are not as serious as was first thought. And , finally ,

an efficient pulsed far infrared source (15% photon conversion

efficiency) has been realized; the efficiency is related only

to the finite delay and finite pump pulse width, but the con-

ditions for superradiant emission limit the intensity to less

than a kilowatt at the present time.

Contributions in amplification of, or in addition to,

those proposed have taken place in several different areas,

both theoretical and experimental. One of these was the exten-

sion of the theory of the propagationless case8 to include,

phenomenologically , collisional dephasing and energy loss

• (T2&T1) and to investigate the importance of these relative to

• Doppler dephasing ; it was found that Doppler is the less

serious case. A search was made for candidate transitions ;

several far-infrared (FIR) possibilities (puxnpable by a CO2 TEA

laser) were found (see Ref. 9), and we identified alkali metal

vapor transitions on which subsequent observations of super—

radiance were made.10’11’12 The apparatus has been modified

to allow for shorter , more stable pump pulses , to further re-

duce feedback and symmetrize the sample cell with respect to

forward— and backward—propagating waves, and to allow sensitive

detection of the superradiant pulses on a nanosecond time scale.

An analytical solution has been found for the small-area pulse

L 
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case and agrees with computer calculations in the proper limits,

and an empirical expression for the dependence of the pulse

parameters on cell length has been derived from computer

solution of the equations of Ref .  4.  The effects  of varying

cross-sectional area, length, and pump duration have been studied

experimentally and theoretically, and the pulse shape observed

in detail; in addition, the transition from superradiance to

swept-gain superradiance has been observed . The transition from

homogeneous broadening to Doppler broadening has been found not

to affect the superradiant behavior . This is a result of the

coherence of the-emission . However, the existence of several

quasi—independent superradiant processes has been observed.

B. Summary of Research

Earlier results have been reported at several conferences

(Ref. 7, 9, 13); the latest results have been reported at the

Tenth International Quantum Electronics Conference , Atlanta ,

May 29—June 1, 1978, paper T-4, and in revised form, are being

prepared for publication. These results will be summarized here,

and general conclusions will be drawn in the next section.

The apparatus is shown in Fig. 1; certain changes have been

made since Ref. 7. The mode quality of the CO2 TEA laser has

been improved by increasing the inner diameter of the intracavity

gain cell, and the output energy has been increased threefold ,

allowing the pump pulse to be truncated to a width (FWHM) of 15

nsec with a peak power still approximately 1 MW. This allows even

L. _______ 
_ _ _ _ _ _  

-



r _  _

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

—..- -.-— —- 
~~~~~~I r. __. , __ _ * *~~ *~

_ ——~.---•——.— ~ —-—- ~* *—.--...-~~~~ ~~—•——.----- ~-*

* --- - - -~~~~ —~~~~~~~~~ - - - --

* 
2~. H F(1

* —J L_

r~ii 

~~~~~~~~~~~~~~~~~ J



~~~~~~~~~~~~~~~~ —- :~~~~~~- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —*~~~~~-—— - -~~~~~~~~~~~~~~~~~~~~~ -—--~~~~~~~~~~~~~~

6

• •
~~ higher pressure to be reached before overlap of the pump and

FIR pulses occurs. The pump pulse is now weakly focused by a

long—radius mirror into the FIR cell so that it may traverse

the maximum length of cell allowed by laboratory dimensions

(10.2 m) without expanding appreciably. In addition , the

FIR cell has been made symmetric by the mounting of a di-

electric-coated silicon “input coupler ” at the far end of the

cell, reducing feedback even more, allowing full detection

of the pump, and eliminating the need for external separation

of the pulses. This arrangement allows for the extension of

the range of data to even lower pressures, and allows the meas-

urement of the delay of the backward wave. The Si:P detector

has been more carefully calibrated and has been operated at

lower bias to decrease its response time to about 2 xis (at the

expense of sensitivity) in order to follow faithfully the time

behavior of the FIR pulses from the longest samples.

Typical pulses are shown in Fig. 2, where the qualitative

dependences of the intensity , pulse width, and delay (measured

from pump cutoff) on pressure and cell length can be seen. In

Fig. 2c, the fluctuations in the FIR pulses are also evident

(the lowest FIR pulse is due to the unusual fluctuation in the

pump).

Measurements of the delay , width , and intensity of the

superradiant pulses were made as a function of CH3F pressure

at several cell lengths: 168, 229, 351, 473, 656, 838, and

L • •~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I .
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~ 838 cm

~ .242 t o r t

J- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
---
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838 cm
.094 t o r r
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 35i cm

~ ~~~~~~~~~~~~~~~~~~~~~~ 
.242 torr

~~~~

T
~~ ~‘-20 nsec

Fi g. 2. Typical pu lses showing the qualitative ef fects of varying
pressure for  a g iven cell length and of varying cell
length at constant pressure. The upper pulse is the CO 2
pump , showing the rapid cutoff ; a) nearly-overlapp ing
pulses; vertical scale is 150 W/div (FIR pulse only) ,
horizontal scale 20 nsec/div.,  b) well-separated pulses
at a lower pressure; note change in vertical scale to
4 W/div., C) five pulses at .242  torr in a shorter cell ,
showing a somewhat larger—than—normal range of f luctuation . 
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1021 cm; this was done for both the forward- and backward-going

pulses. Since it is expected that the delay and width should

vary with pressure as p~~ , and the intensity as p
2, the delay

and width have been plotted vs p~~’ and the intensity vs p
2

for the forward—going wave at four cell lengths in Figs. 3, 4,

5, and 6. The delay and width in Fig. 3 (168 cm cell) are shown

with a straight-line fit; the agreement is reasonable. Note the

negative delay at infinite pressure (p~~~0); this is a result

of the finite width of the pump pulse and is the same at all

lengths. The intensity dependence is a combination of two

straight lines (approximately), one below p2 = .01 torr2 and

a steeper one at higher pressures. Fig. 4 shows the same be—

havior observed in a 351 cm cell; in all of these plots (Figs.

3—6) , the data points represent an average of several pulses.

In Fig. 5, at 656 cm, the break in the slope of intensity vs

is seen to correlate with breaks in delay and width vs

this, then , is assumed to be the result of a variation in the

pressure dependences of the two main emission processes which

are occurring (k=2 and k=3 emission). This is discussed in more

detail later. This behavior is even more evident in Fig. 6.

In Fig. 7 is shown the dependence of the pulse parameters

on length for two pressures . Both delay and width show a de-

crease and appear to be approaching nonzero values; the short-

est delays are approximately equal to T2, and all but the

longest pulse widths are less than T2. In spite of this,

IL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 4,. Delay and pulse width vs. inverse pressure , and
intensity vs. pressure squared for a 351 cm cell.
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• Fig. 6. Delay and pulse width vs. inverse pressure , and
intensity vs. pressure squared for a 1021 cm cell.
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• 160 DELAY

80

Urn)

L(m)

LOG INTENSITY

L(m)

o: .187 tort •: .123 tort

Fig. 7. Delay , width and log intensity vs. L for two pressures ,
.187 torr and .123 torr.
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ringing was never observed in the FIR pulses. The intensity

• shows an increase approximately as L3 over this range of lengths.

Fig. 8 shows the ratio of the forward FIR intensity to the

backward intensity plotted vs p for fixed L and vs L for fixed

p; it is seen that the characteristic of the emission goes

from that of Dicke superradiance (R~l) to that of swept-gain

superradiance (R>>l) as p increases past .10 torr and as L in-

creases past 5 m. This is supported by the delay and width

variation with L; both go as a larger negative power of L for

L > Sm.

In order to explain our results in terms of the theory,

a Fortran program was written to solve the complex Maxwell—

Bloch equations. Because of run time limitations, only the

case of forward superradiant emission was treated. The equa-

tions solved were essentially the same as those of Ref. 5, but

included a source term for the population (pump process) and

a fluctuating polarization source term. The pump term came

from a numerical solution of the Bloch equations for the in-

frared pump transition , and its calculation included the time

dependence of the pump pulse, Doppler broadening , and the de-

generacy of the pump transition . The polarization source term

was taken to be proportional to [N(t)]½ (statistical) for the

duration of the pump, and its fluctuating phase resulted in an

emitted pulse that varied slightly from run to run. The FIR

—~~~~ 
-- ____________________________
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Fig. 8. The dependence of the ratio of forward intensity to
- backward intensity , R, vs. p at a fixed length

(1021 cm), and vs. L at a fixed pressure (.187 torr).
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Maxwell-Bloch equations included degeneracy , allowing a fairly

accurate precition of the linear polarization of the super-

radiant emission relative to that of the pump.

Because the absorption (pump) and emission (superradiance)

process could occur in several independent ways (for different

values of K, as shown in Fig. 9), each of these was calculated

separately for the dominant polarization (perpendicular to

that of the pump) and their sum was compared to the observed

pulse. The polarization souece term can be intrepreted as an

initial tipping angle of the Bloch vector, and it was found

that good agreement with all our forward-wave data could be

established by choosing this angle to be of the form

• = 
{
~~
]

4 

~~~ 
exp(-Tb/TR),

where the exponential reflects the finite width of the pump

pulse,14 La is 900 cm, and Tb is 1.6 nsec. The L 4 behavior

is not understood at present, but may be related to the con-

tribution of balckbody emission to the initial effective field.

The pump pulse was assumed to be saturating and the loss of the

superradiant pulse was calculated as that of a Gaussian beam.

With this form for the initial tipping angle, or polariza-

tion source, the numerical solution reproduced our data very

well. The behavior of the pulse parameters (delay, width , in-

tensity) as the pressure was varied in the program gave our

—a — - ~~~~~~— ~~~~~~~~~~ —- —-  -~~~~~ -—— — - -~~ - ~~~~~ -~~~~~~- ~~~~~~~~~~~~~~ 
- - •~~~~~
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observed r~~ults, with the agreement improving as cell length

increased . Even in the worst cases , the agreement was within

the range of shot-to-shot fluctuation (about 10% in width and

delay, 20% in intensity). Although the observed and calculated

fluctuations were equal, it is likely that those observed are

due to pump laser instabilities ad not to quantum fluctuation

in the cooperative emission process.

For the shortest sample lengths, only the K=2 transition

contributes to the emission; Fig. 10 shows how closely the cal-

culated pulse reproduece that observed, not only in delay , width,

and intensity, but also in shape. As the sample length was in-

creased, the K=3 and K=l transitions became significant, and

had to be included in the comparision. Fig. 11 is an example

* of the agreement obtained in this case. Due to an error in

detector calibration at reduced bias, the upper experimental

pulse must be reduced by a factor of three. Although these

different-K emissions occur at different frequencies, no beats

appear because of several factors: the length of the pulses,

the speed of the detector, and the transverse intensity varia-

tion. In Fig. 11 the different pressure dependence of the

three K emissions can be seen ; this accounts for the changes

in slope which were noted in Figs. 3-6.
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C. Conclusions

The agreement between theory and exr$eriment is seen to

be very good for the forward wave. This claim must be qualified

by noting that the sample cross-section and ~Linear field lOSS

are only best estimates, as they could not I~e measured directly;

however , indications are that agreement could also be obtained

for other reasonable estimates of these parameters by slight

modification o,f the initial tipping angle. The important point

is that degeneracy , the finite-width pump, and several K pro-

cesses must be included to get agreement over all pressures

and sample lengths. Co~ierent pump effects and transverse in-

tensity variation were not included explicitly and may also

have a non-negligible effect on the resulting output. Unfor-

tunately, comparison could not be made with the backward—wave

data, which showed several interesting anomalies.

Far—infrared pulses as short as 12 nsec and as intense

as 250 W have been produced by superradiant emission. This is

limited, at present, by the finite width of the pump pulse,

the presence of several (K) superradiant processes, degener-

acy, and (probably) transverse effects. The observations have

been made in the homogeneously broadened regime, and single

pulses have been observed even when the delay was less than

• T2. The pressure dependence of the pulse parameters has been

explained by the interplay of the several quasi-independent

-5
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• absorption and emission processes taking place, and not by the

transition from homogeneous to Doppler broadening, as thought

previously . The length and cross—section dependence of the

pulse parameters has shown behavior intermediate between the

disk and needle limits, which is in agreement with that ex-

pected from our system, which has a Fresnel number slightly

less than unity.

The question of the proper dependence of the initial tip-

• ping angle (whether as N~~ or as (iiN)~~~) has not been settled,

as our L 4 dependence produces a range of values between these

two predictions. Also, the thN-dependence of the delay (ZnN

or (~,~~ )2) is not determinable from our data due to the uncer-

tainty in N. The dependence of the initial tipping angle on

pump width14 has been shown to apply, with the meaning of 00
interpreted properly. And finally , as Fig. 8 shows, the transi-

tion from Dicke superradiance to swept-gain superradiance, first

reported in Ref. 13, has been observed.

_ - -
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III. STIMULATED RAMAN EMISSION

A. Introd uction

D20 vapor , optically pumped with a CO2 TEA laser ,

has been umler study regarding the nature of far-infrared (FIR)
- • emission associated with pure rotational transitions. In the

course of preliminary research , several features of particular

interst emerged which have been subjects of further investiga-

tion. The 50 jim and 66 jim emission lines, pumped with the 9.66

ji m P ( 3 2 )  CO2 line, have been shown to constitute stimulated

Raxnan emission and to lie ~ 2 GHz from corresponding ground

state and v2 rotational transitions. This is to be compared

with the measured 1.1 GHz detuning of the CO2 pump from the

relevant 000 661, 6 60 010 
~5o’~ 5l 

IR absorption doublet (energy
-• level notation is 

~K—l ,K+l~
• Several other D20 transition de-

tunings from CO2 pump lines were measured as summarized in

Table II of Appendix I.

Various emission line assignments were made on the basis

of recent spectroscopy of the ‘
~
‘2 band of D2

0)4 The scheme

of the P(32) pump line and observed emission lines is shown in

Fig. 12. Neglecting the weak 83 jim cascade transition and the

116 j.im line, the system is comprised of three radiation fields

present on the dipole-allowed transitions connecting four

molecular levels. We have undertaken the analysis of such a

system in the homogeneously broadened regime by means of a

_ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~ J
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Fig.12. Partial D 20 energy level diagram near the P 9 ( 32 )  laser
line. Insert shows the detailed absorption spectra
based on tunable diode laser spectroscopy of Ref. 13.
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quasi-static density matrix formalism , and have derived exact

algebraic expressions for wave gain profiles which point to

nonlinear mechanisms of wave coupling . This analysis has

been incorporated into a computer program in which the evolu-

tion of the 66 jim and 50 jim emission in a single—pass system

is modeled .

B. Analysis

The four—level density matrix analysis applied to the

D20 system indicates that two—photon processes such as optically

pumped lasing and stimulated Raman emission are significantly

modified by an interaction with an intense third radiation

field . The system of coupled density matrix equations has

• been solved quasi-statically ( in the t>>T2 limit), neglecting

off-resonant and transient terms in favor of terms with small

resonance denominators. Algebraically exact expressions have

thus been derived for the off-diagonal elements of the density

matrix in terms of arbitrary field intensities, population dif-

ferences, detunings, and phenomenological dephasing and damping

processes. Field gains can then be cast in a form in which

terms are grouped by population differences and contributions

to the net gain by one— ,two— , and three—photon processes are

thereby elucidated.

In the level configuration depicted in Fig.l2 , applicable

to the D20 system, the ~l 
gain assumes the form:

.5

___________________________________________________________________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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G1 c61(n3—n4) + i~ ct2 (n2—n~ ) + w~w~cL3 (n1—n4)

where (n~~_n~~) is the population difference between levels i

and j, 
~ 

are coupling factors peaked, respectively, near

i—photon resonances, and are the Rabi freqt encies. The

are field—dependent, and account for relative polarizations

of the interacting fields as well as AC Stark shifts. Exact

field intensity-dependent expressions have been derived for

the AC Stark shifts and i-photon linewidths. An appropriate

summation over sublevels incorporates the effect of the M—

degeneracy of the rotational levels, lifted in the presence

of intense optical fields.

In the D2O system of Fig. 12, the 50 jim ground state tran-

sition cannot be inverted on a quasi—steady—state basis and

laser loss is predicted on resonance . However a two—photon

(SRE ) gain multiplier, 
~2’ 

plotted in Fig. 13 as a function

of frequency and 66 jim field intensity at a characteristic D20

pressure and pump intensity, yields a net gain off-resonance

under population conditions characteristic of a saturated 66

jim SRE process. This partially accounts for the observed de-

layed onset of the 50 jim signal (see Fig. 3 of Appendix I).

C. Experiment

The system on which our optically pumped D20 research

has been carried out is essentially that described in Appendix

-
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I. Detunings of pump and FIR fields were determined on the

basis of pressure dependence of absorption in D20 as described

there. Subsequent modifications have included improvement of

the TEA laser transverse beam quality and stability (by geom-

etrical modifications of the CW amplifier section) , and elim-

ination of the Au—coated back reflector and all surfaces normal

to the FIR beam to ensure single-pass operation. A cell con—

tam ing cyclopropane at variable pressure in line with the . 
-

pump beam allows continuous varia tion of pump intens ity from

shot to shot. Net 66 jim pulse energies and their shot-to—shot

fluctuations have been measured as functions of cell length,

pressure, and pump intensity in the single—pass configuration .

At a pump energy of 72 mJ/pulse , FIR energy fluctuations

are characteristic of saturation of the 66 jim SRE process within

a length ~ 2.5 m, assuming an incoherent blackbody source at

the input end of the cell.15 Gain and threshold estimates de-

rived from these data are reasonable within the context of our

theoretical understanding of the system.

The propagation model entailed sampling the temporal shape

of the pump pulse for boundary conditions for spatial integra-

tion of Dirac delta func tion pulses down the length of the

cell. The viability of the model was established on the basis

of a comparison of predic ted with measure d evolu tion of the

waves , temporal rela tionships among the pulses , and pressur e

ii 
~~~~~~~~~~~~~~~~~~~~ 



30

dependence of peak intensi ties . The model fa ils , however , to

account for observed 50 jim intensities at lower pressures,

suggesting the possible significance of a backward-propagating

66 jim wave.

One fur ther feature predicted by our analys is was also

investigated . As the FIR gain profile is a function of field

intensities, a chirp in the frequency of the emitted FIR pulse

is to be expected as the pump pulse rises from FIR threshold

to its peak value. This was studied by a time-resolved inter-

ferometric technique with the major goal of identifying the

magnitude of the chirp and hence the ‘start’ condition for the

emission. The absence of any observed effect is consistent

with a predicted chirp in the 66 jim emission of “-. 30 MHz at

4 torr.

D. Conclu sions

Inroads have been made into the understanding of FIR

emission by a molecular system optically pumped off-resonance

in the infrared . The SRE mechanism whereby the strong 66 jim

and the 50 jim lines are generated in D20 has been identifie d

for the f irs t  time . Research into the precise field and mole-

cular population dynamics is well underway with implications

for a varie ty of other confi gurations of coupled wave s in

gaseous systems.

-• — -- 4— ---- — ---- - - - -- --‘ - -~~- :  - - -• - - --- - -~ —‘- —. ~~~~~~~~~~~~~~~~~~~~~~ - -   - ~~~~~~~ 
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Stimulated Raman Emission in Infrared Excited
Gases

S. J. PETUCHOWSKI , A. 1. ROSENBERGER, A N D  THOMAS A. DETEMPLE

4bst’~c,— Using the pressure dependence of absorpuon. absorption E A
Ikiestu and detunuip were meaaured for CO 2 pump lines and the /______

~~ 

C C 2__- — /suong far in frared emission in optically pumped D20. The P (32) CO 2
lisie was found to be detun.d —1.5 GHz from the ‘2 band transitions - 

~~~ C E L L
6 .  - 5~. S~. The resulting emission tines at 50.3 Mm and 66 ~m 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~were found to be deluned from their respective tnnsitions by about the
sane amount . On the basis of these measurements and gain estimates 

Re in
A 4 S • R 

~~
for lie far u,(raisd. the resul ting emission lines ate iden tified as stimu-

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -ta’4d Kam an emission. ___________
Ce ~~ A9 5 O R P 1 C~,
S 2~~

I. INTRODUC TION Fig. 1. Experimental arrangement. The absorption cell length ~ as
varied between 2 m and 20 cm -TNTEREST in far infrared (FIR) emission from optically

pumped 02 0 vapor stems from observations of high infrared with a sm~ ~Cuhc spectral purity of better than 10 MHz
to FIR conversion efficiency, ranking it along with C’ 2H3 F as including chirp [6]
one of the stronger pulse d FIR sources [11-13] - Recent The CO2 pulse entered the FIR cell through a SaCl Brewster
spectroscopic data have indicated that many of the pump window and was reflected into the active re~ on by a Si
lines are detuned man y Doppler widths from their respective Brewster window. The int enor portion of the Brewster
D~O absorptions suggesting that off.resonan t pum pin g ~ window was coated with a mult ilayer Ge-ZnS IR mirror to
responsible for the strong emission [4]. Originally postulated provide >90 percent reflect ivity throughout the CO 7 pumpto explain FIR emission in NH 3, off.resonan t pumpin g is lines for the P-polarized pump (1. This mirror had an esti-
essentially wing absorption with resultin g FIR emission on or mated FIR absorption of <10 percent for wavelengths near
near FIR line center [5).  An equally consistent and some- 50 ~.Lm .
times stronger off ~resonan t effect is stimulated Raman emIS- A single Au.coated flat was used as a back reflector while thesion . which results in the FIR being emitted off-resonance by output was transmitte d eithe r through anothe r Si Brewsteran amount equal to the pump detuning. In this article we window or through a norm al incidence high density poly-
present evidence for stimulated Raman emission in D2 0 vapor , ethylene window• Most of the measurements were perfo rmedIn the next section, the experiment is discussed along with with the latter which implies a very low Q FIR cavityour recent spectral measurements and line identifications. In In view of the fact that there was only one line common ‘oSection III , FIR frequency detunin g measurements are the previous two spectral measurements o the FIR emission
presented along with Raman ..nd laser gain estimates while from D~O. we rean alyzed the spectral content associated withthe results are summanzed in Section IV . the strong emission using the P ( 3~ ) 9.~ ~im pump [ 1 ]  - [ ]

This was performed with a 4 m grating spectrometer usingII. EXPERIMENT
vanous FIR gratings in various orders and using higher ordersIn Fig. I is shown the experiment which was comprised of of the weakly transmitted CO2 as a wavelength marker. Thea CO2 TEA laser , a 3 .5 m Long FIR cell, a grating mono- accuracy of the measurements was aO.] ~tn~ with the resultschromator , and an external absorption cell for waveleng th and in basic agreement with previous observations [1)fine frequency measurements. The CO2 l aser operated on a Using the recent I’7 band conventional spectroscopic rnea-

single transverse and longitudinal mode, the latter obtained surements and resulting assignments of Shaw and Lin . we have
with the use of a CWlow pressure CO7 amplifier section . Using been able to identify all IR and FIR transitions which are
this technique the laser oscillated on CO2 line center ±30 MHz listed in Table 1 [41 , [8) The starre d entries are new assign-

ments. The notation is /,. where r~~K , - K,, and theManuscript received February 7, 1977. This work was supported by strongly allowed transitions satisfy .~iJ = 0 , al and .~r = 0.the Ar my Research Office , Durham , and the University of Illinois
Indus trial Affiliates Pro~~ani. ±~ (9]

S. J. Petuc howski and A. 1. Rosenberger are with the Department °~ A partial energy level diagram for the P (32~ transition isPhysics, Universi ty of Illinois. Urbana , IL 61801. shown in Fig. 2. Based on the results of Shaw and Un - the1. A. DeTemple is with the Department of Electrical Engineering.
University of Illinois, Urbana. ii. 61801. insert shows the positions of the two tra iisztions relative to

Copyright © 1977 by Th~ Intti tu te of EIectn c~l and Elect r on ics Engineers. Inc.
Printed in U.S.A . Annals No. ‘OoQF028 j

~ 

----------—-—-—-
~~~

-
~

——-—
~~~

———- 
~~~ 

-
~ in- i - 

~ff~flf •r ir - CC ~~~~~~~~~~~~~~~~~~~~~~~ “~~~~



_ _ _ _ _ _ _ _ _ _

PETUCHOWSK I en ai.~ ST I M U L A T E D  RAMAN EMISSION

TA BLE I 9 6~~m0-0 A \ ’ .~ ’~is
_____________________________________________________________________________

PoMP 4 ABS . - ,  SAND) F IPLI , ) TRANSITION

• ~
,

— 
P~~32~ ~ 5, 6 5 4 , 5 75 .9~~~ 4 3 , 4 54 , 5

82 . 6 ~ae 
~2 )  43,4 ~2

5O .3.m 65 6  ~6 ,7 
CUD. 665ae

1:: :: - 
~~~~~~~~~~~~~~~~~~~~~~~~~

- - ,  -

S

~:: :: •:::: : LO
~ 6 

CND. L ~~~~0 00 200 300 400R)2 2 )  s o~ 
4~ 3 85 ~m 4

7 
4
i ~2

358 ~~ 4~~4 ~~-2 ~2 Fig. 3. Synchronized Incident and transmitted CO 2 pulses, and emitted
FIR pulses. Incident CO2 — 0.6 MW , emitted FIR —k W . The FIR —

R) 3 2 )  5 9 8 _ 7  116 ~m 7_ 7 8 _ 7  ~2 detector was Si at 2 K with a speed o f — S  as ( 10) .  Source ceu pres-
sure: 3.4 ton.

— 3~ 263 .~m 3 _~ 3~ ‘
~2

Prior to the onset of the FIR, the CO2 absorption coefficient
e 9 . 6  m bands was slightly less than the small signal value (to be discussed

tlewl ; Assigned in the next section) indicating some small saturation. Durin g
the occurrence of the FIR, the peak absorption coefficient was
a factor of 2 larger than the small signal value. This is incom-

65.9 ~~~ patible with both FIR waves being on resonance because at
“2 4~ , 4* best only the small signal absorption coefficient could be

/ ~~~ 3~ . 3 recovered by having saturating FIR waves present.
/ However , pump depletion and an apparent intensity depen-
/ dent absorption coefficient are both characteristic of a strong
/ / parametric effect such as stimulated Pan-san emission. An

/ 5 /1  alternate explanation of the increased absorption might be
/ / either a two-step or two-photon (IR + IR or IR + FIR) absorp-
/ 1~ / tion. From the available spectroscopic data for is2 ,  2v2 . is, ,

/ 50. 3~~m / and V 3, we have calculated that the smallest detuning for the
a / 6 ‘ latter processes is >10 GHz making the postul ated R.aman

more favorable solely on the basis of detuning [4], [11) -
710 MC.. -

Ill. DETUN ING MEASUREMENTS
One of the major characteristics which distinguish the

__________________ stimulated Ran-san signal from a laser signal is the optical
9132) fre quency. In the latter case the frequency will be at the

Fig. 2. Partial energy level diagram near the P (32) line. Inser t shows molecular frequency while in the fanner case , the frequency
the line positions and strengths based on conventional specuoecopic will be detuned from the molecular frequency by an amoun t
studies 14). equal to the pump detuning. In order to measure the ex-

pected small frequency shift, a second 020 cell was used as a
P (32) with the height being the relative absorption (41, (9). spectrometer, and is shown in Fig. 1.
The doublet transition from 6~ and 6~ is thought to be split For an assumed detuning much larger than the Doppler
by less than the Doppler width (50 MHz) [4) . Because the width, the wing absorption coefficient is given by
pump is essentially single frequency and detuned —‘30 Dop- x2 A / g \ Ar’pier widths from the strongest absorption , the question arises ~(v) ~ - —in,) ~ (I)
as to the nature of the resulting FIR emission—lase r or stimu- l6ir ‘, g, / (is - is0)

lated Raman. In what follows we present evidence that the where 2 and 1 refer to the upper and lower levels, g1 is the
65.9 ~m and the 50.3 ~m transitions are due to stimulated level degeneracy, A 2 , is the reciprocal radiative lifetime, AYH
Raman emission while the 82.6 ~m appears to be a cascade is the homogeneous line width (FWHM), and is and 

~~ 
are

laser transition. The 119 ~irn transition was not investigated, the optical and molecular frequencies. Since both the popula-
Preliminaiy evidence for the Raman effect came from tion difference and the line width are proportional to pressure

temporal measurements of the various signals shown in FIg. 3. p, r~ —p
2 with a slope inversely proportional to the square of

- - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE IIA~O — ZZ ME ’s~REl . D~i ’ ~it,

‘2 PUMP ~~ ) / cm - t o C r
2

) ( v ~~~~ )cM,C~ ~~~~0

P( 32 ) J~~5~ jØ 4 +1.7 5 1.5 0Hz

— 52 MHZ)I I)b 500 ~~~

- - 

. f4)’ 
5(12) 1.4’10 ”~ 836 MHz 680 MHz

C 
~ 20 50 40 50 60 70 5 (22) U .8~ 10~~ — 81 MHz 318 MHz~

P~ (~o n I

- - - R 13 2 ) 2 .2’lO 773 MHz 670 MHzFig. 4. Small ssgnal absorption cocmclsnt at P (32). Also shown is
the line center absorption coefficient tot 1. 4 is the detuning from I. -

S 
5)34) 3.0”10 —2.84 OH: 2.3 0Hz

the detuzung. Hence, a measured value of a versus p2 can
Fro. S.f. 4

yield the detuning [12].
There are two major sources of error involved in applying b 5•~ Fig .

this technique to frequency measurements. The first is in the CAI$~~~ nq .1-i - 40 MHZ/torr

broadening rates for individual t ransitions. From available 
~data in H20 and D20 , the broadening rates range from 26—60 F~~O~~ S.f. 2. .1.0 - wa. d•t.cei.n .d

MHzItorr implying a det uning error of ±25 percent for an
assumed average broadening rate of 40 MHz/tort [2] , [131, 4.0 •~~~[14] . The second source of error is in the possibility of ‘a
absorption due to nearby transitions, which is correctable rI~ /4.21
only to witt-~ i the accuracy with which the spectra are known . .~ •
From available sources we estimate the accuracies to be: (a) ! •
groun d state FIR , ±100 MHz , is2 IR , ±400 MHz, is2 FIR 4
±400MHz[l51—[171 . 2

Because of the known uncertainties of the IR transitions,
particularly II in Fig. 2, and as a check on the technique, ab- 0 50 00 (50 200 250

sorption coefficients and detunin~ were measured for a few
CV.’ pump lines listed in Table I [18]. An example of the data 

0for P(32) is shown in Fig. 4. The results are presented in ~ + 6 5

Table II with the detuninp obtained using Ar’y = 40 MHz/
tort, a value based on our measured R (22) absorption coef- -

ficient and the known detuning of -318 MHz [21 , [121 . 6

confirm the magnitude of the calculated -; : • • ‘a a4z

For the case of P (32), the analysis was complicated by the ““a s
presence of the two transitions shown in Fig. 2. For two ‘
absorbing transitions there are generally four possible line
locations which result in the same value of absorption. For 0 • 

5b ~~ I~O 260 ~fothe specific case of widely separated strong and weak transi-
tions, the locations are approximately symmetric about each Flg. 5. (a) Measured FIR absorption coefficient for the 50 urn signal.
transition. For the data in Fig. 4, the resulting candidate 4 is the magnitude of the detumng from ~~ -* ~~~~ (b) Measured
line positions are ±855 MHz about I and ±500 MH.z about II. FIR absorption coefficient for the 66 ~rn si~ sal. 4 is the magnitude

- . - . - of the detunsng from v~ 434 “ 5 45 .  Also shown age 1ine center ab~But because of the linearity of a in Fig. 4 and the variation in sorption coefficie nts, and ’ n(p2 ) ‘averaged over the expeninentala over the tuning range of the CW CO2 laser we have deduced range of source cell pre ssures 1-5 ton.
that the most likely line location is ~ -500 MHz from II and
~+1.5 GHz from I [19] . Hence , the pump appears to be averaged over “-100 FIR pulses. Part of the scatter is thus
above the I line center by -‘-30 Doppler widths. attributed to fluctuations in the pump and FIR amplitudes.
The technique was then applied to the FIR signals. Prior As can be seen in this figure , the 50 ~mi signal appeared to be

to propagating through the absorption cell, the intense (“-kW) detuned 2.1 GHz, which is slightly greater than the estimated
FIR pulses were filtered and attenuated to low levels (<W) to pump detunin g of 1,5 GHz. The sign of the FIR dotunin g
prevent saturation. The apparent absorption coefficient was could not be determined.
then measured as a function of pressure in both the source For the 66 ~tm case, the absorption is dominated by the
and absorption cells with the resulting data shown in Fig, 5. ground state transition 6., -‘ 7, with a calculated location
Each data point represents an ene, ’gy absorption coefficient 5.75 GHz below the is2 FIR transitions. Because of the strong

_
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ground state transition , there are only two candidate line b oa- 4

tions, +1.8 GHz and -6.75 GHz relative to the 66 ~un linecenter. The tatter is rejected because it is inconsistent with ___________ __________________________________
any Raman or laser process. The weak 83 ~im signal was -0 ~ ‘~ ‘~~ 2G~ 25 30

absorbed strongly at all pressures and appeared to be on or a
very near laser resonance. A consistent interpretation of
these resul ts is that, by virtue of the measured 1K and FIR -,
detunings, both the 50 and 66 ~un signals are due to separate
stimulated Raman processes, with perhaps a small ac Stark -.

shift , while the 83 ~nn signal appears to be a cascade laser
transition. As a further check on this, we can estimate the _________ - —...- -, 

-

respective small signal gain coefficients and Stark shifts. -~O .5 5 0 55 50

Using a density matrix description of two waves interacting
in a three-level system in the near-resonant approximation , the FIg. 6. Calculated valuei of F1 and F2 versus normalized FIR fre-
gain at the emitted frequency can be expressed as quency 2(r 33 - rf~/4vH. Labels a and b refer to ~ values of 0.1 and

0.3, respectively. wnh ~ proportional to punip intensity as defined in
G~~ ±o32 f F , (n3 - n2) + F 2 (n 1 - “2)] (2) the Appendix. The arrows show the pump location. Insert shows

two possible Raman confIguration s.
where the +(-) sign refers to the inverted (normal) vee con-
figuration shown in Fig. 6 and 033 is the homogeneous cross-
section at line center for the 3 -. 2 transition [20]. F1 and “0.22 cm” . In contrast , the 66 jnn laser and Raman gains
F2 are the laser and Raman cross section multipliers, respec- are very close, suggesting that other factors may influence the
tively, with F2 proportional to the pump intensity. The preferential growth of one. One such factor is the ground
explicit forms of F1 and F2 are listed in the Appendix . in state absorption 6 , 7~ which will be larger for the laser
Fig. 6, F1 and F2 are shown versus the emitted frequency de- case than the Raman, favoring the growth of the latter.
tunin g for a fixed pump detuning with normalized pump From Fig. 6, the ac Stark shift is estimated to be “-150
intensity as a parameter. The values are representative of the MHz assuming the detuning ‘o be 1.5 GHz. Hence the Raman
experimental situation in Fig. 3. Two key features to note lines should be detuned at least 1.65 GHz whereas any laser
are that the laser and Raman resonances are ac Stark shifted lines would be detuned —‘150 MHz. This is to be compared
by the same amount in opposite directions and that the magel. with the measured 66 ~m detuning of 1.8 GHz and the 50 Mm
tude of F2 is not negligible compared with F,. For the in~ detunin g of 2.1 GHz. Recalling the uncertainties in ~~ Vjj ,

verted vee configuration appropriate to the 66 ~m transition, the agreement is reasonable and confirms the nature of the
Ram an gain exists for n 1 > n2 ,  which is certainly the case for processes.
weak pump saturation. For the normal vee configuration
appropriate to the 50 ~m transi tion , Raman gain requires ~~ > IV. CONCLUSIONS
n ,,  which is also satisfied for a weak pump [211, [22L Using the most recent high resolution spectral data, we have
Hence, both transitions may undergo separate laser or Ranian identified the stron g FIR transitions associated with the P (32)
transitions. pump. The expected pump detunings based on these data
The gain coefficients are estimated by approximating the have also been quantitatively confirmed. Because of the large

populations with a steady-state value. For the conditions in P (32) and emitted 50 and 66 ~m signal detunings, the emis-
Fig. 3 at the time of onset of the FIR, the Raman and laser sion processes were identifie d as being due to two separate
gains at 50 Mm are found to be 0.5 cm ’ and -7 cm~ , respec- stimulated ls,4man effects. The expected small ac Stark shift
tively (assuming 1.5 GHz pump detuning, J3 = OJ correspond- of’ the FIR by the strong pump was not fully resolved. The
ing to -“-300 kW/cm2). For 66 ~m the gains are estimated to major erro r in using the pressure dependence of the absorption
be 07 cm” and 0.5 cm ’ for the Raman and laser cases. for frequency measuremen ts is in the uncertainties of the
Because of the higher gain, the 66 ~m Raman signal should various broadening coefficients.
build up first followed by the 50 ~im signal. This Is evident in There are a number of interestin g implications of these
Fig. 3. observations. First , a R.aman process can be twice as efficient

Also evident in Fig. 3 is an inflection poin t in the 66 lflfl as a laser process because , in principle , every absorbed IR
signal which correlates with the onset of the 50 ~im signal. photon produces a Raman photon whereas laser emission is
Considering the inverted vee configuration In Fig. 6, a 66 Mm limited to only half of the excited molecules. Second, the
Raman process results in a preferential population of 2 with strong-field near-resonant interaction produces an ac Stark
resultin g wing absorption of the Raman signal due to the 2 -~ 3 shift which, because of the space-time variation of the pump,
transi tion. In contrast , a 50 Mm Raman signal populates 3 may chirp the FIR. In fact , the scatter evident in the data
which would decrease this absorption increasing the net 66 ~nn of Fig. 5 has been partially correlated with the source cell
Raman gain and resulting output as observed, pressure and hence the FIR and IR intensities and their im-
It Is also interesting to note the predicted loss for the 50 ~m plied Stark shifts. Third, the existence of absorption by

case. In fact even with a saturating pump and 66 ~gn signal , nearby ground state transitions may be a limiting factor in the
laser or Ranian , there is still a pre dicted 50 wn laser loss of overall FIR growth dynamics. For example, the ground state

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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