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I. Introduction

This final report summarizes research per formed under con-

tract DAAG29-77-C-0025 during the period 1 August 1977 to

January 20, 1.979. The topics involved in this contract were

techniques for generating temporally short far-infrared (FIR)

or near millime ter wave pulses and equipment purchases to up-

grade our experimental studies involving FIR lasers, materials

and components. The remainder of this report is devoted to

the details of these topics.

II. Equipment Purchases

In the development of relatively primitive spectral re-

gions such as the FIR , one frequently encounters questions

dealing with the linear properties of materials, components,

etc. along with the usual problems associated with transient

detection characteristic of the pulsed operational mode of

optically pumped or electrically pumped FIR sources. Problem

area s such as these are not ind igenous to the FIR, but have

plagued researchers in the area for some time, including our-

selves.

Two recent acquisitions will help alleviate these problems

but also create a new one . These are the acquisition of a

Fourier transform spectrometer (Beckman RIIC IR-720M) and a

transient digitizer (Biomation #6500). These units will

considerable expand our capability in material and component

-~~~--



2

studies and in our ability to capture, digitize and store

transient signals.

To further enhance the capability of these units, it was

decided to use the equipment allocation of this grant to con-

struct a small computer , the equivalent of a PDP-ll. The capa-

bilities of this system will allow us to do spectral scans on

the IR-720t4 over a wavelength range and resolution which ex-

ceed the onboard computer memory of that unit and to control ,

acquire, average and data massage digitized pulses from the

6500 unit. In addition, future acquisition plans call for a

higher speed digitizer (Tektronix R7912AD) which can also be

controlled by the PDP-ll based system. Finally, the system wi ll

allow ‘in—house ’ computation with line printer and graphics

capability.

The computer system, constructed on campus, is LSI—ll

based and is comprised of the hardware items listed in Table I.

These items permit handling of up to 32 kwords (16 bit) of

fast memory and 512 kwords of slow memory, vector graphics

with 75O~ l024 point resolution , digital graphing and line

printing. The onboard software includes the RT—ll V3B oper-

- - 

- ating system, FORTRAN V3 , MACRO, the equivalent of CALCOMP

graphics routines and other assorted utility programs. An

interface/averager board has been constructed to allow data

acquisition and control of the #6500 system and is in the pro-

cess of being debugged . Output from the IR-720M is in digital

t
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form requiring only a FFT program for handling . This power-

ful system will be a welcome addition to our experimental ef-

forts, considerably enhancing our existing instruments as well

as contributing its own special features.

III. Short Pulse Generation

A ma)or portion of the contract effort was devoted to-

wards generating and characterizing short FIR pulses from

optically pumped systems. The motivation of this work was to

seek ways to produce FIR pulse powers which exceed those ob-

tained by conventional techniques of optical pumping, with the

added constraint of not increasing the size of the pump .

Since the Manley-Rowe limit governs the energy conversion of

the system, then to generate pulses which would seemingly
— violate this limit when applied to power would require some

effective pulse compression schemes. Of the possible inter-

actions which could lead to pulse compression (stimulated back-

ward wave Raman emission, superradiance and synchronous-mode

locked pumping), synchronous mode-locked pumping was chosen

because of the flexibility and control afforded by the ap-

proach and because of the demonstrated spectacular success in

visible pumped dye laser systems.1’2 Our initial observations

and findings have been reported and are reproduced in Appendix

I and ~~~~~~ In what follows, further experimental and theore—

tical details will be outlined .

I,
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• a. Experiment

The experiment was comprised of a mode-locked TEA CO2 laser

and either a single-pass or cavity FIR cell. The CO2 laser was

of conventional geometry and is further described in Appendix

II. Only supplemental information will be presented here.

The mode locker was a 20 mm cube Ge acousto-optic modula-

tor, custom made for the experiment by Laser Optics and shown

below. The sound entrance and exit faces (1111 were optically

polished flat and parallel to standard CO2 etalon specifica-

tions and the CO2 exit and entrance faces 
had an additional

AR coating set for 9.6 ~m . The optical polarization was in the

(111] direction , the direction of the sound wave propagation .

~~~~~~~~~~~~~~~ 
(.

Flne Grind

AR Coating

Polarization Light

3
Transducer

Mode-Locker Geometry

I

~~~~~~~ _ _ _
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The sound transducer was custom fabricated by Valpey-

Fischer with the following identifications:

LiNbO3 Transducer : 36° rotated , y-cut, 21 t.~4z,

fundamental , 20 mm dia., polished , c/gold coax ,

w/5/8H spot.

The transducer is mounted on the Ge cube with a thin layer of

Nonaq stopcock grease (Fisher Scient~.fic) which is water solu-

able. The grease thickness determines the acoustic match and

hence the transducer impedance. The transducer is driven by
-‘

~ SW RF at 21 MHz (half the cavity frequency) from a pulsed

(msec) RF source. No special handling or operational problems

were noted except the ease with which the AR coatings damaged .

The reaminder of the experimental system is documented in

Appendix II.

The findings of the experiment were very encouraging in

that equivalent mode-locked FIR pulse trains were generated

with individual pulse widths of —. 1 nsec . Similar results

have been reported recently on an equivalent system and set

limits on the pulse widths from CH3F at 496 ~m , ~ 355 psec

and from 020 at 385 i.im, < 710 psec.5 In addition , FIR powers

in the range of 10-100 kW were detected which are greater than

or equal to the Manley-Rowe limited conversion of the average,

i.e., unlocked and single mode, pump power.3’5 The signif i-

‘ cance of these results are twofold: f irst, since the FIR pulse

is approximately a factor-of-ten shorter than the inverse line-

I

- -  -~~‘_-.~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



7

width , the effective gain-bandwidth needed to account for the

pulse width must be associated with near-resonant stimulated

Raman emiss ion off each pump frequency component and second ,

the effective compression associated with mode-locking the

pump is producing a compressed output with powers equal to

or exceeding the Manley-Rowe limited average power, thus

demonstrating the utility of the approach. Further experi-

ments are in order involving larger cells and involving

linear or non-linear correlation techniques for better short

pulse estimates.

b. Theory

Paralleling the experimental investigation was a theoreti-

cal investigation needed to provide insight into the conver-

sion dynamics. This was necessary because of the transient

or sub—T2 interaction time scale, placing the experimental

conditions outside the range of previous short pulse situa-

tions.6’ 7,8,9,10

The theoretical approach was tackled from four stand-

points: 1) weak pump, single frequency FIR probe, CW pump

train, 2) weak pump with a single pulse, space-time growth ,

3) strong pump, spatial steady state, and 4) strong pump ,

space-time growth. In the first approach , we assume a weak

CW pump and a tunable single-frequency FIR probe wave . The

normalized gain is then solved for and should illustrate the

~~~~~~~~~~~~~~~~~~~
— .5’— ‘.55 -— 

_ _ _ _ S __•.S~__._~~~ ._ ,p__ ___ _ ‘ - - —- -S



_ - - — - - .5

Raman contributions. This is indeed the case as can be seen

in Fig. 3 of Appendix . Here are shown two gain profiles

corresponding to two different detuning conditions for the -

pump. Clearly seen in this figure are the individual Raman

contributions due to each frequency component of the pump,

illustrating the main contention of the experiment. The re-

sulting solution is also listed in Appendix II, Eq. (5) along

with some variable definitions used in Fig. 3.

In approach 2), we switch from a CW train to a single

pump pulse mainly to deduce the spatial rate of growth of the

FIR and some tentative time behavior . The details are also

listed in Appendix II with the main result being that the FIR

• evolves as exp(4 (c~x)
½ 1 where x is a normalized space variable

and c~ LG-r with GL some constants and r is retarded time

measured from the start of the assumed square pump pulse.

This unusual spatial growth is reminiscent of a ‘lethargic’

gain amplifier11 and growth in the normal (not resonantly

enhanced) Raman regime on a transient basis.9’1° In addition ,

because of the exponential time dependence of r 3’~
2, one might

expect Stokes pulses of shorter duration than the pump pulse.

The next approach, 3), was more realistic in the sense

that it closely parallels the experiment differing only in

• the steady state assumption , and some minor conditions.

Assuming that the pump and Stokes center frequencies are on

line center, the normalized equations of motion for the

I

IS

~ 

~~~~~~~~~ 
_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~
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• off-diagonal and diagonal density matrix elements and the

Stokes field growth are:

Off-Diagonal:

= —E~ f(M) (N1(M)—N3 (M)]—E 5f(M)R12 (M)—R 13(M)/T2

~12 (M) = E5f(M)R13 (M)—E’~f(M)R12(M)—R 12(M)/T2

I~32 (M)

Diagonal or Population:

= 2E f(M)R13 (M)—[N 1(M)—N~~(M)J /T1

~2
(M) = —2E5f(M)R32

(M)—N 2(M)/T1

t~3 (M) = 2(E5f(M)R32(M)~~Epf(M)R13 (MH~ N3(M)/Tl

Field Growth:

)E
5,’~ z = —G ~ f(M)R32 (M) 

— KE

where = 
~ia

E
~
/2Y1

~ ~~ 
= 

~pER
Es/~~

1 with 
~
iIR equal to the band

mome nt (“i •lD) and 11 PER equal to the permanent dipole moment

(“. ID) and N~ is the equilibrium population in the ground

state. (The energy level configuration is in Appendix II,

Theory Section). Also assumed are simple R-branch transitions

for the pump and Stokes fields with both fields orientated

along the z-quantization axis for which the M dependent matrix

element is:

- ~~~~~- -  ~~~~~- — -

L~. ‘
-
~~~~~~~~~~~ 

-
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I 
2 2 )½

1~(2J+l)(2J+3)f

with J the lower level rotational quantum number.11 The para-

meter G is equal to ks].ipER
2/4

~
co and K is some assumed field

loss term, i.e., diffraction or absorption with a value

l0 3—10 2cm~~.

These equations were solved in the so—called ‘steady-state ’

regime, obtained by setting 3E5/~ z = 0 which would occur in a

very long interaction cell with a space invariant puinp)2 The

pump was chosen to have a parabolic power spectra (3ee Appendix

II , Fig. 3a) in a CW train with pulse period 25 nsec. The

amplitude was abitrary and J was set equal to 5 to approximately

reflect the D20 situation . The equations were solved using a

simple one-step Rung-Kutta method with a field initial condi-

tion of = 1 or Is ~ io~~ W/cm2 corresponding to 300°K

blackbody at ~ 500 ~.im in a 
2~ 100 MHz bandwidth .

The results of the calculation yielded a periodic FIR out-

put as expected except that the output did not stabilize until

the second - fourth pump pulse, see Fig. 1. This implies that

the residual effec ts of the previou s puls e (FIR plus pump)

are affecting the buildup of the next pulse and it is not

until a few cycles have tran spired before the initial izing con-

• ditions stabilize. Similar features have been found recently

for self-induced transparency by CW trains.13 This also im-

plies that short FIR pulse generation by a single pump pulse

-- -~~ S ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~ —

-_
~~~~~~~ -— -
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t — -3 nsec with an initial condition of =

For cl ari ty only “ io 8 are shown. For t 50

nsec , the system has stabilized . The pump field
is approximately 1 MW/cm2, 1.2 nsec duration .
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may not be particularly rewarding .

The calculations also show that the FIR pulse is similar

in shape to the pump ; that the FIR pulse may , depending on

conditions such as G/K , occur during or after the pump pulse ;

that the duration of the FIR pulse may be less than ½ that of

the pump and that FIR fields (se) about equal to pumping

fiel ds (~~~) are generated. The latter implies FIR power den-

sities of ‘ 10 kW/cm2 with durations in the range ~ 300-600

psec for mode locked pump pulses of ~ 600-1200 psec .

While thes e calcula tions are far fr om exha ustiv e in the

range of parameters and conditions studied , the results of the

calcula tion are in reas onable accor d wi th ex per iments even

though the latter are probably not in the steady state. The

calculation also oversimplifies the CR3? situation which is

comprised of a K-multiplet of which components K a 1-6 are

thought exci table by the pump)4 ’15

The fourth calculational approach entails the full space-

time solution of the previous equations. This approach has

not been undertaken yet primarily because of the expense of

running propagation codes of this type. However from our

previous studie s on superra d ian t sys tems , we anticipate that

the steady state may be well approxima ted somewhere in the
• range 1 < ~..z ~ 10 or z ~ 1 - lOm; interaction lengths which

are within experimental range.16

- _ _ _ _ _ _
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c. Summary

In concluding , it appears that with the use of a mode—

locked pump, FIR pulses of duration <T2/10 can be generated .

The results of a theoretical investigation show that the

exact pulse duration is controlled by the pumping pulse dura-

tion (which itself can be controlled with the use of cavity

fil ters ) wi th pro bably puls e dura tions ~ 300-600 psec. Anti-

cipated FIR power densities of ~ 1% of the pumping density

are indicated in the steady state which is close to the Manley-

Rowe limit. The spatial conversion distance has not been

found but is expected to be in the range 1-lOm. The next

logical step woul d be a fur ther compression to stack the

• generated FIR pulse perhaps gaining another factor-of-ten in

peak intensity as well as obtaining a single pulse.

‘S
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Synchronous, mode.locked pumping of gas lasers i ~

Appendix I .
S. H. Lee, S. J. Petuchowaki. A. ‘F. Rosenberger , and ‘F. A. DeTemple

!).‘ ~ iarHiIs nt ot 1-tin Er, , -ol ~~~~~~~~~ lh—ctro .Ph~- ~u s  l.ub rutorv . ,inii I )r;,ur t InnI i t  of I’ h % -%I, -~ . n o. . r ’iIEV ot I UIIIIIIL I rbunu, I I I ,noi ,  I ~f t )  I

R,~i~t~ vtsl Se1,tt-i~ h,’r .~~ I

The generat ion “1 mode lIM kr d Iar- int r ared pulsea by ,vn hronou,. . mi idc-h s~kt.d ,ptitsl pumping liv (‘0-: laser,, ia
de,uonstr~ted lot the ti rst t ime. The gain bandwidth implied by the observed ~ht’rt pulses i * 1  nsct i ezteed,. the
homogeneous linewidth ol 40 MHz T- — nse~) under the eaper*mental t,~nditi,.ns and is attr ibuted to u n  eUectii .
rnhomc’geneous broadening in ,iwletuleu. with a K -multiplet 5t~~-tu~ ~~~ ,,,, 

:~ )4j .’ ,,n~t 8l~fl to th~ pre~en~, .4
near-r esonant stimulated Raman emission 1 m m  each trequencv tuflipolient ,iI the pump This implies that the
duration ut pu lses generated in low-pressure gases by this techniqu e is determined by the greater .1 the pumping-
pulse bandw idth ii r the linewidth ot the b,stng transition.

Laser optical pumping is a powerfu l techni que used P 9(20) line. In Fig. 1(h ) are shown several trains ob-
for the generation ot new laser frequencies trom gases, served from ~CH~1F at 496 urn . (Because of photo-
liquids, and solids with demonstrated success spanning graphic wr it ing-rate limitations , t he photographs were
the range from the ultraviolet to the millimeter. In back illuminated and retouched with dots for repro-
addition to the generation of new frequencies , the ap- duction purposes .) Similar trains were also observed
proach also offers tiexibi lity in the time domain with the from D20 at 385 urn pumped by the R9 22) line , an cx-
use of a Q.switched or mode-locked pump. For ex- ample of which is shown in Fig. 1(c). The FIR power
ample, mode-locked argon lasers have been used to was estimated to be between I and 10 kW for both
pump dye lasers synchronously, resulting in mode- lines.
locked pulses from the latter with durations consider- On an expanded time scale, individual pulses can be
ably shorter than from the former. ’ However, the resolved as shown in Fig. 2. The impulse response of
linewidths available in condensed media are generally the oscilloscope, Fig. 2(a) . was 800 psec ( FWHM) , while
much larger than in the gas phase, suggesting that the shortest pulses from ‘2 CH :1F at 496 urn , Fig. 2 (b ) ,
mode-locked pumping may not result in particularl y and D~O at 385 urn , Fig. 2(c) , ranged from 1.25 to 1.5
short pulses from Low.pressure samples. ft is the pur- nsec, which was the approximate range of’ t he shortest
pose of this Letter to demonstrate mode-locked syn - pump pulses shown in Fig. 2(d) . Incomplete mode
chronous pumping of the low-pressure gases and to locking resulted in broadened pulses. examples ot which
demonstrate that , as a consequence of near-resonant are also shown. True pulse widths between SOt) and
stimulated Raman emission , the pulse width from such 1000 psec were inferred for the shortest observed pulses
systems is related more to the bandwidth of’ the pump by using a simple convolution of the oscilloscope irn-
than to the linewidth of the transition.

A convenient system for investigation is the CO2.
pumped far-infrared (FIR ) laser, primarily because of
the large gain available on these pure rotational tran-
sit ions.2 A mode-locked CO2 TEA laser and a FIR Co 2waveguide laser were used in the experiment. The _____________________

CO~-laser cavity was 3.6 m long, grating tuned with an 
__ __

Intraca vity Ge acousto-optic mode locker of conVefl- 50 ns.c ~
tional geometry , and produced —.50-mJ , 5-MW peak
power.-t The FIR cavity consisted of’ an internal Au- C” H 3F
coated flat mirror and an external , translatable Si etalon ,J1.
separated from the mirror by 3.6 m. The input end of’ 496 ~ m

the 40-mm i.d. Pyrex FIR waveguide was terminated
wit - h a Si Brewster window whose interior surface was
coated with a multilayer dielectric ir mirror , transparent Cc )
in the FIR. 1 The pump was reflected otT this mirror
and down the waveguide axis toward the internal mir - 02 0
m r .  making one round trip bet’ore being lost. A tung-
sten-w ir e-on-n icke l MOM diode in conjunction with a 3~~ ,ig tTt

• .150’MHZ (Tektronix 485) oscilloscope was used to de-
tect the FiR : a photon drag detector was used for ir
detection. ’ 

- — . Fig. I. Mode lo~ked puke trains from (hI  and I t I  .1 ~~Vfl-With approximately ~ -\% pulsed rt drive to the chronously pumped FIR waveguide laser and ta t  fron t tb,
modulator , reliable mode locking was obtained for the pump. The pressure in the wuveguide laser was I T~’rr t,,r i b i
pump, an example of which is shown in Fig. I Ia ) for the md Ic) . j -

0l4t3-959~. 79 01t~~~~-t~3$0~~0 (1 ~ 19”9, Opt ical Society of America . 
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_________________ 
P,,P1_expji(x.,,_—_.t1 II rx

_ Lix, , — D) L I x . ,  — D — v I L e  I~~ + x .,, — x,)
— 2 reec

(bI where x,,, v , and D are the detunings for the nth pump
mode from pump- line center, the probe FIR from FIRC 

____________________ laser-line center, and the pump-line center from ir ab’
496 ~sm sorption-line center, respectively, all in units of homo-

geneous halfwidths. and P 1 and r are the normalized
pump-mode amplitudes and time is the pulse

(C )  period). The complex lineshap. is detaned as L i : )
: + z .  In Fig. 3(a) is shown a synthetic parabolic power0~ 0 

_________________ spectrum roughly approximating our pump. which
385 ~.m would result in a mode-locked pulse of 1.2-nsec dura.

tion. Also shown on the same scale is a Lorentzian,
which would be the characteristic lineshap. of a FIR

C d )  transition. In Figs. 3ib I and J c )  are shown the nor-
malized Raman gain profiles at the temporal peak of theCO 2 pump for the power spectrum of’ Fig. 3(a), clearly
showing the individual gain contributions due to each
mode of the pump. The large contribution near ~ 0
is due to a fully resonant Raman effect associated with
the pump modes nearest ir line center. The two cases

Fig. 2. Single pulse. from the trains in Fig. I showing ir- correspond to the ~Q 12,2) transition in t
~CH-1F ID  —

regularitie, due to incomplete mode locking -and normal 2) and to the Sn—4~ transition in D20 iD — 16) respon.locking. The impul se for I l l  W&i a -I00.ps.c triangular sehie for the 385-urn line. In both cases. the gainpulse.

Thus, since the actual pulse shapes and detector speed
(0)are unknown, we can only claim that the true pulse

widths are <1 nsec. I
It is of interest to note that, for the pressure condi. ii I I -

tions of Fig. 2, - i  Tori’, the pressure-broadened line-

applying conventional wisdom, should yield a mode. ~ ,

width for both FIR transitions is 40 MHz. which,

locked pulse of 25-naec duration, clearly much larger t I

than what is observed .5 For the case o ‘~CH3F the ir -25 15 5 4’5 .15 +25
transition, ca QQU2.K L consists ot’ a K multiplet of —x
which components K — 1-6 are thought to be excitable
by the —1- GHz bandwidth pump. The subsequent (b) D~ 2
FIR laser emission from these multipiets would have a —

spectral spread of —500 MHz, which could result in a
mode- locked pulse of --2 nsec. close to what is observed
in Fig. 2. 1 For D20, the absorption and emission is an
isolated transition which. if the emitted FiR were solely
due to stimulated emission.should result in inuch longer “25 -IS -5 +5 +15 +25mode-locked pulses than are observed.9 However. — y —
near-resonant stimulated Raman emission can in effect
considerably increase the gain bandwidth, resulting in (c) 0 • 6much shorter pulses.

There is a growing body of evidence that stimulated

and pulsed systems, being solely responsible for the i -—

Rainan emission is present and important in many cw

generation of many FIR lines.t°~~ Conceptually, it is
also possible to have a stimulated Stokes wave cor?e-
sponding to each frequencv component ofamu ftimocj e -40 -30 -20 -10 .10
pump, implying that the emitted linewidth should be
related to the pump linewidth. To illustrate this, a Fig. 3. a~ synthetic power ~pectrum approz amatang theperturbation solution of the two-wave three-level sy~- pump. bi and c are small-signal Stoke, gain profile. for thetern has been developed, assuming for simplicity a cnn pump in a~ x. y . and D ar normaiized detunang parameters.mode.Iocked pump-pulse train and a tunable single. which , for the conditions 01 Fig. I, have a value 01 1 ~init • 20
frequency FIR probe wave. The resulting Stokes gain. MHz. The origin v — ) is centered over the pump mode at
G,,is expreesed as — a

rails FAG ! IS BEST QUALiTY r~k~’Tica~~
- IL ,.ot Y ~~~R1~~1~T Is~ ‘t’~C
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correspond to the WQ CI 2 , 2) transition in i.~CH 4F tO — The iuithau- ’. wtsh to thank A. V. Nurmtkkotor aid in
2) and to the ~~—-I~ transition in D~O IL) 16) reapon- set ting up the modulator.
sibic for the 385-~sm line. In both cases, the gain
bandwidth, which persists only for the duration of the
pump, is considerably larger than the bandwidth of the
Lorentzian in Fig. 31a) . characteristic of ’ a laser transi- References
tion, which is the main feature to be illustrated by this
simple treatment. ‘ 

~~- ~I P HCtttsge and K. K- .Iam, AppI . Phv~t Let t. 32.
In conclusion, we have demonstrated that mode- ,t~~~~tt~ I I9~~ I

- ~~. r. ~ I. han~i. in .\onh if l t ’tlf  In~rnr i ’d i’fli ’ T Qt i O f l .  \ - H.locked synchronous pumping ot Low-pressure gases can . . -- . .
- Shen, ed. ISprtn ger -\ erlait . Berlin. 19 I . t hap. h.result in a short -duration mode-locked output. The 

~ H. I. .4hranis and 0 H. W ood . AppI. Phvs. Le *t . IC .duration of the pulses is significantly shorter than the 
~~inverse bandwidth of the laser transit ion, a tact caused 4. 1’ K. Plant and T .V L)e rcmpk, I App (. P h~.s. ~~~~.by an equLvatent inhomogeneoua broadening from .~( 4 2  -~to.s .t

systems with a ~-m uLtiplet structure or by st imulated .~ S. I. t resn . 1’. 1) Coleman. and .1 H. Ba rd . in
Reman emission from each frequency component of the ~i. t , r  It~~j , .‘~a m~ a iaz~ “: I P~,lvtea’hntcal lna~ttlLitC ot

pump; a combmauon of both may also be present) Brookl n. Ne~ \‘aa rk . I9’~(lI , pp. :169- ~S9.
This implies that the pulse duration is determined b~ ~~

- ~~- ~~~~ Quant i .~ i E e c - r i i n i t - .~. 2nd ed. ,~Vi le~, New
the greater of either the pulse bandwidth or the laser - 

~~~~~~~ i9”~. Chap. 11 . 
-

linewidth. the latter being the limit of . for example, dye - S M. I reund. (~~. Duzhurv. SL Hornh eld, J . 1 1 iedie, and
lasers and the former being one possible limit for loss ~~~~~ ‘~l~~~~~l Ph~ I eatpressure gases) The theoretical limit of the technique 25. 194- 196 I
as not known, requiring a more-detailed analysis in- 9. C. L. Ian and -I H Shaw . .1. Mol . Spct-t r ~’~ - 

~~~~, 44 1 -- 44 ’
cluding saturation, ac Stark shifts, transient nutation
effects, and dispersion in the FIR.’~ However, we re- 11). S - I . Petuchowsk i . A. 1. Hoiienberger, and T A. Delem-
mark that tunable stimulated Reman emission from pIe. %EEL~ t Quantum I~tet’tron. QE-13, 47~ -4$ l
pure rotatiohal transitions in HCI has been observed t t9T7I .
over a 2,cm i tuning range , which could result in 11. K. .1 Temkin . IEEE .i Quantum Electron. QE-l3 .

—20.pset’ pulses with the use of a mode-Locked pump. t s  4&1~ O4 1 9 1

With the existence of these short FIR pulses. new cor- L- Z. Drozdtiwtcz. B t~~ . and K. .1 . Temkin. Appl I hv~ 1.eit .

relation techniques will have to be developed to permit 1•l ~~~~~~~~~~~~~~~~ Q~~nturn Electron. QE-13. ~i ~i’more accurate estimates of the puLse duration. Finally,
the approach may also be applied to other optically 14. i’. N. Lugti~ ii . S~v. .1. Quantum F.lectron ~~. i t  iii - 11
pumped gas lasers, such as the metal and halide vapor
molecules in the visible, or to the CO~- pumped midin- ~ K. Frey. F. Pradere . and .1 l~ucutng. Opt .‘ommu n 23,
frared systems. t~ .—$S t197~ i .
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SE~~Nt~ ~AR :Nr~AaE~ ?t t,~ES ~~ ME APPR OAi 1tES

.~~~~ . ~.re.ap~e
~.p.a r t.’aaent 3t £ r ~~ ai  Cn~~~te.r~.nq

ri ve rsa ty  ~f ~~~~~~~~~e~~bana . ll~.n oaa ~~~~~~~~

.I.bat ract

~oae .s~~~~. appr~~~h.. ~‘war ~ts the . sn.rat~ on .~f sho rt f a r  ~~~ra rsd pu~~s.s ar. ha-
~‘art ~~:u .sr , svnchr ~ n ous, nod.— 1~ ck.d puasp~~~.’tq ~ f f a r  ~~frare d .aa.ra by -~~~~~asar s .s .i.moraatrat e~t t~~ ~roduc. far ~~frar.d pu lses ~~~ th a :~.na durat ~ on .n It~ ch ~ * a

~~ sho rter than t i e  ~rav.rs. l~.n •wtdth. ~h~ s ooservat~on ~s at tr ~ buted to eit .t•r
an equ~~-at *nt .rihomoq•neous broadenut q ~n .yat.nas with a ~ ~su1tip l.t structure or to
at aulatsd ~ama n .m~ ss~ on from each frequency component of the pump~ a combinat~.on of both
~ay •~c . . a t .  ~h.s. ~~p~y that the .~~t~~~at e pulse daa r a t~ on a d.t.rm~n.d by the - r .at.r of
‘~~. -‘t.uaac . :~~ ou..s. ~a w t d t ~ ~r he e f f e c t~~’e 1~.flew)~J th .

:nt ~~oduct~~~n

~~~~ ~~~~~~~~~~~ wru.ch nay r.au lt .~~ the ~.r~er3t ior t  -~~ short opt~.:a . ~u~~a ea nay ~e .d
two :a ta Jor ~ .s: . . r ~ta l the lou r re l  and .xt er ra a aenerat ~.rn . Th. a t ta r ~a

: h ar i - ’ e r ~ .zed . f o r  .1caaap e,  oy ar me shutt .r ~~o iaschan~ am: the A~ .‘~.rr or ‘uruay shut t er
~~~~~ ‘~~~. used ~~ the ~‘~~s~~b a -  -

- a~ d , p t a ’  ~idured f te .  r~ rr~,er ~thaOr~ t~~~ri ra . ct ~~rn
.. ‘~~ ai ..’thsr used .~~ :.‘te ~~fr s r.d . t~~, ) i  Th. form.r ~s .xem -~~ .d ~y var~rus sod. ~~~ ‘o
a , ~~.a .  ~or:.d ~ode ~~~~~~.- o  m d  •y ichro rtous sode rc .ed ~ump~~~ ar , two .r osnacn ap-

‘ v . ’~~~~.a .  ar t S  ~ v , •ract ~~~na ~~~~~~~~ re a ul ~ ~~
-. a s. f—c prass~.on such as s~ t .rrad~ anc . t4~

ir.J ~‘a~~~~w ar j  ~ iulated ~ama n am~ ss~ on .

5eoar.h~~ -he ‘at ~~~ -a r .,t F~~~l s~ ectrs.  req ~~~n wh~ rh ~a ~oos. y t~~d.d betwe en ~~ -~~~
—ia ~e mpwroa thee “ .~w*r ..ts .n.rat u’a i short r :R pu lses a re ess fell ~.f n.d ecaus e

‘f ~.-wrt me et and sater tal  ~~m . ta t~ ons .  !‘or .xam p ;e. rori~’ent .onal ado rn arou.e t h i t  th e
u s .  t s t .~~ f rom a ~~~~~ oc~~ed aa. r ~s proport ,ra t~’ the t~tve r s.  w th ’~~ ~~~~~~~~~~

.- . . a .  : e ~ at..-~a ?r asaur •s  .~~~ a n t .~-~r ,  -
~~~ mp~~L~’\. sate~~. ..‘ “H :  - ...u.,~ u u..ies

,..‘ea~ era s ‘: ara~~s. onds .onq .~~ he ~~~~~~~ ~ uauJar . ’ . on~~ ~ree r a r r~.r trscr~ t~ on .~~ a.rn~-. d - .~rt.~rs .rn. r~ea as a V~ able axt . rra a l  approach f o r  shu t t er ~ rtc because .‘~~ :he pr.a.1 ~,te .‘f
- ;r.’.tr.J a~ i~’rrt ~~-ra ~~, nost rand~~tat. ~~n .,near sat.r~.a s.

.e ~• ‘u~ o.’s. .‘f t h ’.i - .a~~.r to d i scus s  short ~~R o l e  ~.n.rat~.on ~ rae mp c r t a r h , 
a ~~d• lo~~~.d ~~~~~~~~ wh~~~.h ~as been r.cent ~~ - demon str ate d ira t he ~~ R .  * and

- . ..~~ -u se ~en •r at ~~on by optica ~~y ..riduced ft . .  ‘ar ti er so t..- ~ra tra d ~ v
•..~-. ad arir. bac~wsr.S sta.su ated ~aaaan .rnisa ~ on. :ra 5.ct~~~~ ~~~ , t~ e - ,xoer .~~.ri t arid re-

, a  a re  ‘r .s .rar .d ~ni .. S.~-t ~~~n ;:: :rnt nues ~ br ~~ef out~~ ra. .‘t sum e rstiral
‘ s i t . : ..  ‘~ - :~. a~~~’t .’a~~~~. ;.ct~~~r. :v lpecu at .a on the ot h er approa hes ~t~i . e  tra. : * - .::t s
a~ . .~~na: :.t  ..‘ 3e~ t . .n

.~~ acd. .oc’a ed oumpira q - ~av ’. -~o been spectac’.il3rl~’ femon st r a ted .:‘ t~. #  .aeer
a-  s- s . e i ~a t . ~r s a to ~r avesta ate s~ nce r a n . ’ . f  the ~r ,s+rt  “ R  icuroes

a : ’  ~~~~~~~~~~ -~~ .‘~~~~ l as . r s .  :~ add ~~t~~on .  atiaul at .d Raman em asion ~as ~.en ent ~~~~~ i as
.~~~: ‘hi ~•~ har t sM :ea~~’na: b e for the q.n.rat~on of .rany ~~~~~~ ~n.s ~‘v ‘ct ~ r al

. u .et ra -a t ha t he •ffsct ive bandw~ dth ~n these system s ‘rta ~ be doflu~ta ted
t~~. ~u*p .,antw ~~~t h .  ra th er th an the tr ans it i on inewid t h , due to a at~ mulat .d Rama n

O ’ :. r ..’ra f r o s  .arh fr equenc y o o*ponsnt of the ~ump. As a teat  of this ~‘oss ~l~~t ’- - an
s. .. e-~: . r . ‘..i a aoo. ..~~..d jump ~~~ ~~~t ..at ed.

~ t a r a r  ~~. •.r.~~~ra,nt .i ihown in £i.aurs , “. ~u.np was a .~~~~~~ ?!A .aset -~ r raz ~ - .
- . - e . ~ a -  . ~ t~~a v - .t ,. ac ou ato —o pt ,. r ~od.— .oc¼. r ,f nyen~~~’r.a. raomet: -” . -~~~ -~

-. 5 : . :. ~~‘.~ •- ‘..i ~ is :at.d ‘c a few ~s.c bef,’re ~he I~~A la se r : ,srha r ~~.
50 . s O .  i r. ’~’d % ouat ,~~ stanJ ~~’~ ,ar , ~ra n. :t-~’s e a l .  S i .’. t .  ‘he e— or ker a o r e a r s

a. a - .s , n -re - a - ’ . ’’- ‘a resu t ra q ‘ut ~ ut sne r t ’-  ~s redu ced somew h at f rom the
a.. . . t n  :‘ . a . -s te * .  s• :en.ratad ~ot. :o~~ej  • :.s -f ~ ra - , r~,osed a ’ a ~~

- - s.. ‘u s.. • ‘ 1W -.a~ .nower
i ~~~ : a -  . ,,a. ~‘‘f l~t r .j e d  _‘f arr ~n t . r ” a  ‘tu ~.- a ’,.t f ~. a t  r ro r  art .f SO. - e r ,

ra. ~s . a - a - ,i  . a’  a~~~~~ ~‘e “ .r* . ‘av~ t’.- ~~~~~~ 5$ act ,- u5. t he ‘
~~~.\ as•r

t.a a a :-’ . -c ,~~ - ,O .  -v ‘ 5 .  ~~~u- 1.s.*r ~-h ‘f f~~..’. _‘u:h i ra .
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length of ).sm. ~he entrance end ~~ the i~ ~~ :~ ~~~~~ wa~-.gu~de wac te~~~nat.d wtrn a
£~ -3r~wster wt~ dow whose ~n terio r surface was :oate~ - w i t h  a ~ul t ~~- lay er :R d~electric mi:-
ror. t~~3~ ~~is ~ ir ror -wt radow :o~~~raation nad an .st.mated FIR loss of 35 for wavelen qtns

~~ ~a, :~ this oonfi .g ur a t~ on. the pump makes one round ~ç i p  before oeirag lost. .~~
tungsten wire on -~~ckel ~OM .i~ode . prevtousl v describ ed. t - 4’ wa s used to detect the F R
w h t l~ a phot on drag detector was used for  :R .Setect~on .

An .xample of the r.sult~,nq mode locked behav~ or ~s sho wn in Fi ure ~~. ~i .ure ~a1 ~s
the ?-a i~~3) ~~~ lacer l~ ra. wi th ‘. W RT drive to the modulator while F~ gure ~b i and Fig-
u re are the t r a i n i  observ ed f r om l~ i(~F at 4~)6 rn and ~~O at 355 .m, respectiv•l~’ ,
with ‘- I tort ~reIs ure ~n the  F R  aser. iFor reproduction ~urposee , the photograph s were
retouched with dots. ; The peak FIR oow.r was .at~mated to be between and 3 for 00th
I nes .

-)n an expanded time scale , irad ,vtthaal pulses can be resolved , examples of wh~~Oh are
shown in Figure 3. The i mpulse response of the oectlloscop. Tet~tronix -1851. Figure 3a) .
was 800 peer a ?tflLM) while the shortest FIR pul ces ranged from 1.25—1 .5 alec wh~~h was theapproximate range of the shortest pump pulses shown in Figure 3d) . Incomplete sode—1oc k~ngof the pump resulted ~.n broadened ~ulses, examples of which are evident  ~n thi s figure . ~e
have also ~nvesti gated the ,aod e locked behavior ~ra a sisple singl , pass con f~ gurmtion and
observed eesent~ al~.y the same behavior as ~~ th the :av t r v except that tne  FIR ulses -were
.l~ ghtly shorter alec from a m ce ll )

~r~ e ~:R pulce widths -were est~.ma ted to be between 500 psec and I nsec by ~sinq a simpl e
oonvolut~on of the oscilloscope .apulse response with various plaus ib le  t r i a l  funct ions ,
Thus since the actua l pulse shape and detector speed are unknown , we ran on~~’ r ain that
the true pulse widths are s

~‘o r the ~ressure :onU~ r~ ons of Figure 3, the ~~n.wid th ~or botra F R  transit~ons ~s 40
~~ (z .  For the case of . ‘-M 3 F , the IR transi t~ on , .-

~~ 
;~~~~~) , ii comprt sed of a K ,~~u~ t~.p le t

o f wn~rn components X • -6 are thought excitable ~y the ‘ I ~ H: bandwidth pump .
The sum eequent F R  emission from th•se m u l t~ pl.ts would have a spectral spread of ‘- h ’3 M u :
wh~ ch could result ~ra a mode—l ocked pulse of ‘- nsec , close to what is observ.d. F~ r D:*~.
the absorption , S~ 4 - , and am~ ssion , 4 3  — &~~

-s , are isolated trsn stt ,ons t - - ~~~

would resul t a ioae locked pulse of - ~5 ns•c with a s ing le  frequency pump , : lear l~ sucra
lono.r than -what :s observed . iow.v.r w it h  a mult i f requency pump , ~t is poes_ bl e to nave

• a st~mulated ,toses -wave -r orresponthrag to each pump frequency component traus syntnes~ :a,rao
a muc h ~r .atsr bandw r. -ith than is possibl. fr om a laser transit ~ on alone.  This  f e a tu r e ,
thou ght  present ~ra bo th avitesas , can be further ~llustr *ted w i t h  come c~ r aple  -todd t reat-
“rats.

Theory

?rav~ous treat ments of mode lock~ o.g t r a  homoq.neous v ’~~~ and ~nhomog.n.ouclv orcad-
ened~~~ st-stems an d of synchronously pumped systems ~~~~~ have  yie ied s i rp l e  scal..n.~ re—at~ons wh~:h relate the ~u lce widths to the ~s~n bandw~ d th .  the :ou~ or, feat ure be~n.~ tha tthe pulse ~~: S t h  ~s ;reater than or equal to the ~nverse bandw~dth. :~ contras t , the cx-

• ~.r ~ nental s~~t~~at ~~ons descrtbed here ar e not readily treated by these result .. oecause orro .
th e  pumping ~ulse and emitted ~u lse are approx~aateiy a f a ct o r - o f -t e n  chort er  tha r  th e  .n-
--‘era. l~~ ew~dth p l a c i n g  tne ~nteraction ~ra a trans~ent or suo-1’~ r eq ira e . 3.cause of tn~~s .
alti rnate 4esrrtpt~ ons ~tll oe needed of which only  the simplest wi ll oe ourl ::ed h er s .

?~ rst . order to ~Ilustrate the st~mulatsd Rama n 3~~~~:ontr~but~ on to the overall gain bandwid th , we w il l  r
consider a simp le cas, of a * W  mode locked pump ~n-terac tinq with a weak , tunable FIR probe wave. ~tnce
the intera ction w i l l  be on a sub—T : time scale , a
Sens~~ty matr~~ traatnent as o~posed to a rate equa—
t~on treatment -~ i l I  be needed . Meqlec t~raq pump aat’u :-
at~on and A~ 5tar~ ah~ fts , the app ropriate density
matrtx equat~ ons for the traree— level system shown to
the .rnt are : I
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‘where the molecular transat~on frequency .s defined ~n a oa~ t~ .~e sense as .,. • (E. —E- ) , ‘~ .,

~~ and ~~ are the pump and Sto~ces fields and 
~~~~
. s the tr aras i t~on fi pole moment. ~or

slmplic ,ty, all r~ are chosen equa l to I/ L.It where ~~.- q  ~s the tcmogeneouslv b roadened l~.ne—
• -widt h ~FWHI4l with a typLoal value of 40 MHz, torr . The Stoices ga~oa ,s defined as

.H~k -~~ 
.

- — — 
S _ ,~ _ 3 s , ( 4 )‘

~ s ~~ 2 - 
- ‘~~ 32

0 5

~Jith a node Locked pump of t,’ae form • ~~~, 
coa~~ t with  ra the pump loqitudinai node in—

dcx . the Stokes ga~.n at frequency 
~~ 

and t~ms t .s found to be

— — 2
- >  — 

u 5~~~ 23 ’~~ 5 1 T2_L1. - - m n  e

S 5 ‘5~~3C - 

.n 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where .
~~ 

— 

~l3
’Th~~~ ’ Xn • T , 

~~~~~~ 
~~. y — ~~~~~~~~~~~~~~~ t — - -r,, ~ :i • :~~~t and ~s tne

poIar~ zat~,on unit  vector of the Stokes wave.

n F ,gure 4a) is shown a simple para.bol i, c pump power spectra, approx~mating our s~,t’ua-t.rn , which ‘would result  .n a mode locked pump of 1.2  ‘asec , close to what is observed . :n
F .gures 4b ) and c) are shown norma Lized Stokes ;ai.n p r of.2es at h a -)  f o r  th. pu mp in F~ g—
‘ore 4a) . The parameter D ~s defined as ~ — ( .~31-~ 0) T 2 .  where -

~~ 
,s the pump center f re—

guency . and ~s clearly the detu~~ng from absorpt~on line center. The two cases correspond
to the ~~ )l 2,2) absorption ~rt C~ -)i3F (~ —2 ) and the 5~ — 4,~ absorpt~ on .n ~~O D.16) and
.2lustrates the stimulated Raman emriss~ on rontribut~.on to the gain profile ‘wh~ch cart be
further appreciated by comparison ‘with a s~mpL. Lorent:~ an character~st~c of a .asar tr an—
a~~:~~cn shown as the dots in Figure 4 a ) .

Second , order to est~mate the Stokes pulse spectral w~dth and apat~al rate of growth ,-we employ a d~.fferent set of approxim.at_ons made pr~ mar .2y f o r  analyr~.cnl conven~.ence.First we assume ~~at the pumping ~ulies are tuned to line center ~~~-))  and are rectangular
~m t~me with a duration 

~~~~ ~ < -
~~~ arid pea~c ampl~ tude ‘,

~~~
, Mext . -we neglect exc~ tat~.on to

state 3 -  which means 
~‘L ~

’
~ 

constant and wh~~ h also nâglects any aser -I~ ke contribut~ on
to the Stokes gain . Wi~ h t~es. assumptions , the growth of the Stokes wave ampfitude 3’~nomnal~~zed ‘on~~ts .  ‘.

~~ 

a ~ ., ~s governed by

-~~: 
• ~~~~~~~~ J t  (6)

where retarded ,t~ae - 
~s measured from the stare of one -of the pumping pulses and ‘where

— 
~~s

1 3 ’~~s) ’ r 1 l ~~~/ 4 c O fi and is the .qua’.’alent steady state Stckes f ie ld  ~~~~ d~,-:~ ded by
: ouned . Tak~ ng t~te .aplace tra nsform ‘w , th respect to : , recasts ~~uatiora (6) .nto a

sta ndar d fo r n .  the solut~ons ,of wh~ :h are given ~y A~~ ,; functions or ccd~.fied 3essei func-
r~cns of fractiona l ord.r,~ 2-~ The subsequent ~nvers~on of these funct~cns results ~n a
series which converges faster than the modified 3essel function Sertes but can be approx~-mated by the atter for not too large an argument. For large z. the approximate solut~on
for  3 - £

-- - . ~~~~~ 
lt~Jt’

- .. . , - .. I k ‘.‘-~~ 
- 

-,

—~ 2 — 
- - -

~- L .  3 ~ 
• r,x~ • ~~~~~~~“. ~~~~~‘

- (x , ) - ‘- 
- 

-

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

• unere . — :~~
3 and c : ~ , w~ th a naximun ntaract ~ on l~~r .qth ~~~. The ;araneta: - , ~~~ the

norma l stok es f~. e d  ga~ n coeff ~~c~ ent w it h  replaced cv ‘, the latter controI~~ no tne
1inewidths n this case, The oasio result, ~~uat~ on ; 1  , can cc ormoared -w~~t.h the equ~ ’:a—
lent steady state field growen ~i’.’en :y

~~~~~~~~~~~~~ _________  ~~~~~~~~~~
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a) iyr , the t~,c power spectra a )
approx~,nat~,ng the pump ,
: a normalized detun~.ng
fro m 1~~necente r .  2

~~~~ i w . . ~1 - -  i
-25 -15 -5 +5 +15 +25

‘s~X~i.

ci f o r  the b) D z 2  
Ge —’

+5 +15 +25

o) ~acae as b) except wi th a C) ~3~gger mismatch. For theoontht~ons of Figure 1, - -
I on~~t — 20 MHz.

-40 -30 -20 -10 +~~
—v--u. 

es~&

~-u.

Fig. 3. ~~~~~~

- ~~~~~~~ t~ a

,..~ yw’~’
-~ ~~~~~~~

and gr owth ~n a t r an s~ ene regime for  ~ 1 g~ ven by

-
‘ ~~~~~

( ~_ C - 

— -

(g-xL i~a -

~~ th ;r 2 ,  tne •qu~’-aLent steady—s tate gai n, 5, 22,23) 
The 

~~I’ fsat ’u~.s .‘t~ cn t hu s  ~mer: ethe t r ans ~~ent case are that tne Stoxes fIelds grows s~at~ ,1 l1\’ as e ”~ - wn :ch ~s :cr,s~ derscl- -slower th an tne normal ~orn f Za ua t~ on 5 ) ,  and th at because of the ex ;onent~al dominance 
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of Equation (7), with time dependence e~
3”2 , the Stokes pulse may be temporally narrower

(spectrally broader ) than the pump , contracting (broadening) further as it propagates.
Similar features have been discussed before in conjunction with the normal Reman situation
(D>’L) under transient puaping~22”3~ and have been qualitatively observed in these experri.-
manes in a long single pass amplifier.

The major conclusions we draw from these analyses are that Stokes gain corresponding to
• each frequency component of the pump is significant, that the growth of the Stokes wave is

• lethargic ’ in the sense that the material is attempting to respond on a sub— T2 time scale
and that the temporal duration of the Stokes wave may be significantly narrower than that
of the pumping pulse. The presence of pump saturation with a resulting FIR laser—like
gain, and pump depletion are not expected to modify these conclusions significantly but
may set explicit limits on them. These and other features will be explored in the future .

Other Anproaches

There are two other approaches worthy of mention at this point, a self compression in
high gain amplifier systems and an external shuttering caused by free carrier absorption ,
The latter i.s illustrated conceptually by considering a high purity semiconductor oriented
at 3rewster s angle with respect to a FIR source . Under these conditions, the FIR wave
suffers rio reflection or attenuation in transmission , If the surface of the semiconductor
is subsequen tly illuminated with light with a photon energy greater than the bandgap energy ,
electron-hole pairs will be created near the surface, causing absorption in the FIR, For a
sufficiently high carrier density, a metallic—like behavior is created resulting in ref leo-
tion in the FIR. A system of two semiconductors , one used in reflection modulation and the
other in transmission modulation , can act as a shutter producing ~ .ngle pulse~ , Experiments
illustrating these features ‘nave been reported in the infrared (~~’°’ and FIR. (~~4)

The main virtue of the approach is speed , with shuttering rise tines determined by the
‘writing ’ pulse duration which can be in the p8cc range, However , calculations for Si with
FIR wavelengths “- 500 um indicate that ‘writing’ energy densit~.es of ~ 105 (l0-~ ) j/cm

2
are needed to create significant absorption (reflection) which corresponds to psec pulse
powers of 10(100) ~4w/cm~ . (24) This large required writing energy or power density is the
main disadvantage of the method .

The two self compressiqz~ schemes, swept-gain superradiance~5’ 25
~ and backward wave

stimulated Raman emission , are similar in that they may occur in optically pumped
systems and have ‘ steady—state ’ or stable output pulses described by

— 1 (r) a 
~~~~~~~ Sech 2

~-~ — — (13)

where 3 and ‘ are some constants and — 12K/GF where -~ is a field loss coeff icient and 
~Fis a gain coefficient. Since the puld width from Equation (10) is -~~~ — 1,76 

~~ 
then for

high gain to Loss ratios (G ?/K ) , it < <  T2. The major difficulty with these approaches is
that a fully contracted (temporally narrow) pulse occurs in an interaction distance z
l0~~ l, which , since GF is bounded in most systems, may be very long , ‘~ 10’s of meters.

Conclusions

We have demonstrated that it is possible to generate FIR pulses that are at least 20
times shorter than the inverse linewidth , a fact attributed to an effective inhomogeneous
broadening in molecular systems with a K multiplet structure or to stimulated Raman emis-
sion from each frequency component presen t in the pump; a combination of both may also
exist. Similar results were achieved in a synchronously pumped cavity and in a single pass
call ; the similarity is probably du. to our inability to full y resolve the pulses because
of the speed limitations of the detection system. In fact new correlation techniques will
have tO be developed before better estimates can be made since the present speeds, which
are thought to be 500 p5cc, are at the current technologic limit of single pulse he—
tection. Of the four approaches discussed , free—carrier switching will probably result in
the shortest puls.s , but with an intensity that may be lower than the other three , In
particular, the node—locked pumped system. which already produces pulses wi th  powers which
are about the Manley—Rowe limit (“~.2~ ) of the average pumping power ( 2 0 0  kW ) but -

~ 20 times
Lower than the .imi t for the peak pump power ( 5MW) used , has ~Ct to be fu l ly  exploited in
terms of the potentials of the approach For example , recent experiments ‘nave demcnstrated

& tunab le F~ R Reman emassion over ‘-~ 5 cm4 range in oot~caily pumped MCi m d  ~5F which could
result in “ 10 p5cc FIR pulses with the use of a mode Locked pump . (26 ’ 2 - )  Thus fur ther
improvements in pulse duration and conversion efficiency nay be possible.
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