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I. INTRODUCTI ON

This report d p s cr i be - - ~ Ii e’~ t - r i~ en t I l  l f l V P S t l LIt lOn of the
pract ical f e a s i b i l i t y  of rI ta inP i 1f ici ent energy co nver - . ion t ro ,
l.O6 iA rn to 1 . 54...ii v ia st ir lulate( 0 i~ s c . i f ’ e r i nq  j r  “tho no in
compact l ightweight ce l l .  Ruroed i.  1 , ‘ r ta hlp ~d: ‘ A~ ranqcf i n l les ~I r r

avai lable comm e rcia l ly for operat i o n at 1 .O t ~u~; 1n. ’ver , for sor ie
appl icat ions , it would be benef ic ia l  to sh i f t  the ~Iv r lenqth of
operation of the rarqefinder to the ’ reqiori near 1 . ~ OIi . Previous W- rk
has shown met hane te he an e f f ic ie n t  kaiian sca t ter e ’ that downc o nve rt~1 .O6~iii to 1 . 54.o’i radi ation w i th  a photon conversi or efficiency of
l5~ to 2 ”  [1 ,2,3,4]. The ‘m ain thrust of this pro qro l was therefr e
directed to the stu (:y of stimulat ed Raman scattorir in methane in
simple , compact geom etries for use inside or outs ic the laser cavity .
The study conc e ntrated on three basic experimental layouts:  (1 )  the

ethane gas ce l l  located r-~ ternal to the laser cav i t y  w i th  focusin g
and recol l imating lenses on the ends , (2) a hol l ow d ie lec t r ic  wave-
guide placed inside the high pressu re qas cel l  ( ‘X t f ’nal to the la ’~~rcavity w i th  a j O S 1  ti ye lens used to coupl e the pump r id iat i  on into t he
leaky waveg u ide , and (3)  a methane ias cel l  wi tj i  o pt ics  placed ins~de
the laser cavi ty formed by two f la t  mirrors . The pi ’e~e n ta t i o n  an d
interpretation of the results of ti se ex peri me nts and their app i I —
cat ion ti the ues ig n of a l .54~n co ’ ie rent sour ce f~r use as a
rangefi rn,~’r co nst i tu te  the e s s e n c e  f t h is  ropor

L,i r n r i l i e l  ts W E re pe r fo~iied w i th a repeti ti vol v d —sw i tched
Nd:Y AG laser manufa ctured )V i l ltern It iona l Laser Sy s te m s (T lcd ’ l  NT’ 14 )
as the opti ca l pump after orlie rei~c 1el I nq . Dun nq the ’ co urse üf our
experimentation , twi d i st i  nct , st aPi  si req lines of en. ’rqy conv er’ ( f l

through st i m ulated 1- arian s :atter inc i  we re re produc i t l v  observed by
merely fine tuning the 1 ase r output mirror . Dun re this ad~ is tr ’ ien
the only observable ef fect  in the output pulse was i sl ight chan ge in
the pulse ri setl ine wi th  no change iii nea~ ~o iwer as c m i  tored in t HU
current output of a hi p1 an r vacuu ’ photoci ode of - . 1  I ni 10 di  mm • Cr
In the reqime of lower Rar in onve rsi on • i t  w is fou nd that a
si qni f i cont f roct i  on of t b ’  pump he lm was as sca t  ‘ red froi t e n
interact i on volume ; by fir.’ tuning the lac e r out: u t  m i  rror , the’ p. -
power in the Roma n sh i fted bo il was Iii r i e  P t v  a 1a t or 4 to ~ c t h
l i t t le oc no b~ckscatter of e i ther  ‘ he pump ic ’ hicia n shi f t ”  e u  -

•Ava i l ab le  equi :me nt for i ue l it o r i rq  he 10 1’ c i u t : u t  d id riot a1 l e~-
to quant if y the (leta l ied chan ce iii the l ode S t  no ti re’ sif the lace t v
sl ight adj us t i’ i e ’ n t s  in the ill nni—”nt of the output  1: i rror
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II. STIMULATED RAMAN SCATT E RING I~ METHAN [
EXTERNAL TO LASER CAVITY

A h i gh pressure cell external to the laser cavity was used in
our first Ranian experiment. P. 30 crim long stainless steel hi gh
pressure cell with half inst thick fused silica windows on each end
was used to contain the methane gas . A pai m ’ of 30 cm focusing and
recolli ciatin g lenses were placed around the P~am’ian cell. Input and
output powers were sea s on ed both throuc ih (transmitted) and in front
of (backscattered) the Ranian cell with vacuum bi planar photodiodes of
two inches diameter as well as fast silicon and germanium photo—
diodes. See Figure 1 for exper imental layout. Energy measurements
were also made for the same locat ions using ti ierniopiles which
are schematically dep icted in Figure 2.

A. Stokes_G~neration with Competing Nonlinear Effects

Peak power measurements indicated a significant percentage of
the laser powe r backsc attered from the interaction volume of the
Raman cell; energy measurements at points indicated in Figure 2
confi rmed these observat ions . Measurements were rade of the pump
power at 1.O6iim transmitted (position 3, Figure 1) and backscattered
by the Raman cell (position 2, Figure 1) as the methane pressure was
varied from 0 psi to 1000 psi . Table 1 shows a sumary of these
measurements when 30 cm focusin g and reco llin atinq lenses were used
as well as the Stokes peak power deteuted at position 3 in Figure 1 .

TABLE I
I temized values for the peak powers in the transmitted and

backscattered pump beam as we l l  as the peak Stokes power
for various pressures of methane. De tector pos it ions  refer
to Figure 1.

~ -~ DQector Pos it io n 
l.06~ni 1.06~rii l .54~im-~~,~and Wave - (Pos i t io n  3) (Pos i t i e n  2) (Posi t ion 3)Methane “~j~~ gth Trans mi tted Backs cattered StokesPressure  

~~~~~~~~~ Power (MW ) Power (MW ) Power (KW )
0 3 .5 0

300 2.6 .6 0
up to

400 2.2 1.3 29

600 1. 5 1 .u 60

800 1. 2 1.8 75

1000 1 . 0 _ 2 .l 
902
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Figure ~~~. Opt ica l  arrangement of energy sensors to
stud y enee’gy in R o man c e l l .

The tes-i p i ral beh avior of the backscat torod pump power suggested
that a comp et ing nonl inear e f fec t  r i icht be occ urrinq in the interaction
volume . By examining the sequence of waveforms in Figur e 3, the
exi stence of a threshold and transient buildup time is suqqested . Dc
attr ibuted this hacLscatt er to stim ulated Bri ll ou in scattering (SBS)
even though u e t m i l ea exper i mental  i nves t iga t i on  to j us t i f y  this con—
clusior i was not performed . For our objectives , this effect was
uetr imental ari I therefore ef forts  we re made to elim inate its occurrence.
By delicate adjustments to the laser cavit y, the enhanced backscatter
disappeared , and with this accomplishi’ient a substant ial increase in
Stokes generation was realized. In the next section thi s regime of
operation is discussed , hut for now we present additional information
on the features of Stimulated Roman Scatter ing (SRS) in tile presence
of significant pump hackscatt er . Fs’oc these ‘icasurenients for fixed
laser parameters it was found that pow erc and energies attr ibuted to
hntti SRS and SBS were pressure dependen t . Pressure threshold for
stimulated Raman scattering was measured to be about 400 psi of methane
for 3 .o MD pulses at i.O6 lAm with 20 nsec pulse width (see Fi gure 4).
Pressure threshold for stimul ated Bri l l o u in scattering was also found
to be about 400 psi of m ethane for identical laser parameters .
Figure 5 shows the peak h ack sc a t t e re d  pu mp power as a function of
pressure . Near thresho ld the init i ation of backscattered pump occurs
later in time than the onset of Stokes generation.

4
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Figure 3. Tem poral hehavi r: r of the backscattered power in
l . O61ifl bears at different pressures . Detector
located at position 2 in Fi gure 1 . Each oscil —
logram shos~- about 20 pulses superimposed .

Horizontal Scale:  10 nanoseconds
div .

Vertical Scale: 1. 2 div .
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For methane pressures of 1000 psi time photon Lunvers ion e f l i c i e r c y
from l .O6pnm to l .54’ i~ was measured to be approximatel y 1 4 —  of the
transmitted pump photons in the presence of significant backsc atter;
or referenced to empty cell pump transmission the conversion
efficiency is about 4.5 Conversion efficiencies increased linearl y
with methane gas pressure from 400 psi through 1000 psi as depicted
i n  Fi gure  6 .

The backscattered l.O6 um radiat ion is ef fect ive l y removed pump
energy f r om the interaction volume thus reducinq the energy conversion
by stimulated Ranan scatter ing.  If the conversion of energy to the
Stokes beam is to be inferred by monitorin a the pump depletion or
the pump energy removed upon transmission throug h the Rarian gas , the
conclus i ons can be extremely m is leading.  Thus in experiments of this
nature it is imperative that al l  results dealing wi th powe r and energy
be based on actual measurement of the quantity in question rather than
inferring a result from indirect observat ion. Even with si gnif icant
b~rk~~aLter , the powe r , energy , and transient behavior of the scattering
processes were quite reproducible . The long term deviat ion in the
amplitude stability of the Stokes pulse was typically of the order
5 to 10 percent.

B. Stokes Generation With Pump Backscatter Eliminated

A second phase of experi ments wi th the Raman cell outside the
laser cavity consisted of ali gning the laser output mirror to
minimize the backscattered pump radiation and maximize the laser power
convers i on by SRS to the first Stokes line at l .54~m. Slig ht alignment
of the laser mirrors did not noticeably change the peak power of the
laser  pulse  or it s pu lse w i d t h ;  however , this adjustment procedure
does dramatically affect the Stokes generation in the methane . With
very slight adjustments on the laser cavity ali gnrient , the Stokes
output powe r at l.54iini from methane at 1400 psi ~“as varied from zero
up to 400 KW w i th  no observable change in the laser peak power
as monitored by a biplanar vacuum photo diode (S-l surface). The
400 KW peak power Stokes pulses were found to be s tab le i n bot h
pulsewidth and amplitude . Measurement of the l .O(-ca i radiation through
the Ranman cell clearly indi cated a large pump depletion. While
operating wi th maximum Stokes peak powe r, energy ;ieasurements confirmed
the absence of backscattered pump radiation from the interaction
volume. The measured energy convers ion ef f ic iencies for methane at
1500 psi was again about l6~ of the transmitted l.06i~m enerqy in the
absence of SRS ( empty cell t ransmiss ion) .  Figure 7 shows the depleted
pump pulse and the Stokes pulse generated when 57 cii and 30 cci focal
length lenses were used to tocus the pump into methane at a pressure
of 1400 psi. Energy conversion ef f ic iencies - lay be deten mi ned
graphically from these waveforms . r- igure 8 shows the Stokes peak power
as a function of methane gas pressure for these two different foc u’~i nq

4 lenses . The l.S1~m energy measured by a thermopile at 1400 psi methane
for the two different lens systems confirm s the photon conversion 8
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efficiencies calculated from the oscillo gramu s . The largest Stokes
energies measured from the methane Ra m:ta n ce l l  were U.8 m i l l i jou les
per pulse for 64 mi l l i joules pump input ineryt .

The cr i t ica l  mirror ali gnniert for peakin g the conversion of pump
energy to f i rst ~tokes radiat ion can be accomp l i shed  by using a Ge
detector and oscilloscope. By continuously :oni torinq the first Stokes
output whi le adjustinq the laser r::irror the peak power of the l.54t.w t
radiation is caused to increase and decrease in amplitude . If the
scope is triggered off the Q-swi tch trigger , the time delay between

• the leading edges of the punip pulse and the Stokes pulse can be
observed . As the output mirror is adjusted the laser - and Raman pulses
change in time position relative to the Q-switch trigger; also the
relative time position of the Stokes pulse under the pump pulse
changes. The maximum Stokes amplitude always corresponded to the
adjustment for min imum time delay between the Q-switch trigger and the
leading edge of the Stokes pulse. This adjustment also affected the
laser pump pulse but to a touch lesser degree . The maximum Stokes
output occurred when the rise time on the laser pulse was shortest
for our laser syste m .
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III . ~~~ UI CAP ILL ;-PY GEOME TPY

Lfficient energy con-,ersi on Dv Pamar scatt erin g in the one icron
wavelength reaion is hampered by the wave lenc th  dependence of Parnan
cross sections and the l ipi tat ion on interact ion length due to the
diffraction of the  Stokes beam from the pump focal  reqion . Jne
technique for a l i ev ia tinq this problem is throuah the use of an op t ica l
wavequi de inside the high pressure Raman cell to ex tend the pump inter -
action length [5]. Hollow dielectric wavequide s w i t h  bores whose
diameters are many wavelen gths wi l l support f ie ld  distr ibut ions w i t h i n
the waveguide which are independent of wavelen gth and exhibit low
propagati on losses [6]. This situation , in principle , leads to an
indefinite interaction length . Furthermore , if SPS generates single
mode radiation at the Stokes wavelength , the Stokes output would be
di’~f ract io n l imited . Analy t ica l  resul ts  ind ica te  that a TEM 00 ia J ss lan
spherical beam can he coupled to the low loss Eh~ 1 mode of the h~ 11ov
die lect r ic  wave q uidp w i t h  a s mal l  insert ion loss [7 ,8].

For the pract~cal appli cati on of thi s techni nue to the proble m of
generating l .54i~m radiation by SRS in methane with a gd :YAG source in
a compact geometry , two points require mention . In short hollow
dielectric waveguid es , it is not clear that a tt ab le node structure
for the fields can be established in the absence of feedback
particularl y if the pump bean is m ultir m ode as was the case with our
laser pump. i f  indeed the pump can he inserted into the wavequ ide
in a single l ow—loss mode , the energy conversi nr Dv SRS occurs aver a
distributed interaction length and this feature w i ’ l  influence th.~mode structure of the Stokes he m’ . In resolvin a th i s po int , onsiJ em -
ation should als o be- given to mode losses and iriode cou pling due to
intensity dependent prop aaation effects in the interaction vol u r e ~
the hollow dielectric waveguide .

The experi mental results for pyrex cap i l l a r i es  of approx it -’ i’e l v
one millimeter bore were essent ia l l y  the same as thos e obtained in
Part II using focusing and rec ol lina tinq lenses. li th a measured
laser beam divergence of about 1.5 rilliradians half -angle , th is level
of Stokes power is anticipated for calculated interaction lengths ,
i.e ., distance around focal point where pump power density excee ls
that for SRS thresh old.

Peak laser powers of 3.1 MD were available as input to the r am-in
set—up;  however , w i t h  the a t t i c s , he~i ispl i t t u- rs , windows , and the
methane cell (at atr ospher ic pressure) in the H-a r , on ly 3.1 MD ~ - i ~
powers were ava i labl e in t ie  t rans m i t ted bear . -11t h a 57 cm p o i  ~elens and a 15 en: pyrex c a p i l l a r c  in the m e t h a n e  - e l i , 84~’ of the
3.1 MW was ._oupled throug h the hol low d i e lee tm - i c w - mvrrrii de m m ’ ’  - • mid i r a
to a trans m itted pCc1~ powe - of ~.f Mw. All conv e r—i n n e ff ic ien c i •
are based on the eak powe r and energy in thi s t mns rl i tted bear - :.
Figures 9 and 10 show pulse w avefor ms and prer r n t  the Stokes peak
power as a funct ion of pressur e , resp e c t iv e ly .
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IV. SRS WITH METHANE CELL INTERNAL
TO LASER CAVITY

A. Ohio State Universit y Work

A small hi gh pressure cel l was used for this experiment . The
10 cm long Raman cell was pressurized to 1000 psi with rrrethane and
placed inside the laser cavity . A pair of 6 cm focal length plano —
convex lenses were p lace d around the Raman cell. Neither the focusing
lenses nor the Raman cell w i ndows were coat ed , which gives a single
pass power loss at l.O6iim of about 3Qv (8 uncoated interfaces). The
front reflector of the laser was changed to 98% reflecting at 1. 06t.in.
Figure 11 depicts the arrangement of components inside the laser cavity .
Ali gnment of this cavity was extremel y critical and was accomplished by
simultaneously adjusting the focusing lens spacing and the angle of
the front ref le ctor . Al ignment can be accomplished with a Ge photo-
diode and oscil liscope or by observing the second anti-Stokes beam
which appears as a red ring radiated from the front reflector . It
should be noted that the generation of anti-Stokes is dependent on the
focal length of the focusing optics and the presence of Stokes
generat i on. Sh orter focal leng th opt ics tend to enhance the observa b le
Rar~ian power in the anti-Stokes lines . Wi th sho r t focus in g op ti cs we
usuall y generate anti—Stokes lines up to the fourth order; but with long
focusing optics , such as the 57 cm lens i n Par t II, generation of the
second order anti—Stokes line was a rare occu rrence.

With the Raman cell inside the laser cavity with hig h reflectivity
l.O6i~m ref lec tors aroun d the cav i t y (see Figure 11), the energy
conversion efficiency must be discussed in different terms than Parts II
and III; however , the fl ashlamp energy remained the same as in the two
previously discussed experiments. Th e amount of l.06i.tm energy radiated
from this cavity is insignifi cant. The peak power measurement at 1.54Mm
from the laser out put mi rror was meas ured to be 300 KW w ith an 8 nsec
total pulsew idth between half power po i nts. An equal amount of 1.54Mm
power was also measure d ra d iat i ng from the rear laser cav i ty refle ctor.
The total energy radiated from the laser cavity was 4.8 rnj per pulse.
The amplitude stability of the Stokes beam was very good for this optical
configuration. The exact pulse shape , peak power , and pulsewidth for
the l.54pm radiation are dependent on the cou pli na between the lase r
cav ity and the SRS energy conversion confi gurat i on w hi ch serves as the
output cou pli ng .

B. Ft. Monmouth Work on Raman Designator

During the course of this study , a research program investigating
SRS by methane internal to the cavity of a 1Id~~:YA G laser was cond uc ted
independently by Mr. W i ll i am C. Beattie at Ft. Monmouth. I n  h i s
work a resonant cavity at 1.54Mm with mirrors of lOO~- and 85~ reflec-.tivi ties at the Stokes wavelenath was placed inside the laser cavity .
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When carefully aligned with a methane  pressure of 1500 psi , Stokes output
was measured to be nomin ally 1 MW peak power with a pu lsewidth of
approximately 4 nanoseconds . Energy measurements showed the energy at
1.54Mm to be 5 mil l i joules [9].

At Mr . Beattie ’ s invitation , we visi ted his laboratory with our
detectors ; app lying the same techniques used to make our measurements ,
we were able to confirm his results and cross -reference experimental
conclusions. The amplitude stability of the Stokes power pulse from
this Raman designator was truly remarkable.

The i.54~m pulse occurred on the leading edge of the laser pulse
and actually reached its peak valu e and cut—off before the laser power
pulse would temporarily achieve its maximum value in the absence of
SRS. This result suggests that the Raman cavit y is overcoupled to the
laser cavity and very rapidly converts the available 1 .06Mm energy
to Stokes energy which could reduce the pump power density below
threshold thus causing the Stokes beam to cut—off at a time that
appears premature . Another possible explana tion or contributing factor
to this temporal behavior of the Stokes pulse stems from transient
mode structure in the laser cavity fields due to the substantial
energy conversi or~; during this transient , mode effects may cause
backscatter much as observed in external Raman cells (see Section I)
which substantially increases the lasses inside the laser cavity .
Experimental results that would substantiate or discredit either of
these conjectures or alternatives were not obtained .

I
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V . SUN?~AR Y oN E) C — -NC LU S I iNS

Two distinct regimes of er r € roy - nnve rsi  on have been epm oduc i L l ,
observed in our stuOv of tit:rulated kar-ran scatteri m g . n one case
s ig n i f i can t  backscat te r  of the laser pump f r~ - : the i n ter ac ti on ~olui:-e
occurs; a stud i of he ter poral c ha r ac te r i s t i c s  of this phenomena
suggests that the b - k s c a t t e r  is due to Bri l loui n scat ter i  no . d-~- ~e r v
s l i ght adjustme nt of the l3s er out put m irror , the hac~scattered pump
energy could be eliHnateci and the Stokes peak power increased
substantially. The pump pulse envelope was no~ altered in a noticeable
n r anne r d u r i n g  t h i s  adjustr - -e nt , but c hanges in the internal node struct ure
of the output bean I- ad to occur to brinq about such a dramatic change
in the Stokes power level . We were not able to quantita tively descri be
changes in the laser beam quality w i t h  the dia gnostic equipment
available for this cork . It shou ld be noted that this behavior ~asobserved in both th focused beam and capillary geometries external
to the laser cov i ty . Uher backsca t te c  was observed the stabilit y of
the Stokes peak powe r showed substant ial fluc t uations ; however , mi th
adjustment to the maxi m um peak power at the Stokes t-ia ve len qtn , the
amplitude stability of the Ranan shifted beam closel~ approxi mated tba t
of the laser putr rp. The phnton conversion efficiency from 1.06~r : to
l.54~m for both regimes was about 15 - when referred ~o the trans -i ttei
pump power.

With the Ranar cell inside the laser cavit -i , t i -c ar: nl itude of
the Stokes bean (30C KW peak power at l .54~m from eath end of the
laser cavity ) was ve ry stable with an estimated vari ance of about 5 .

The Stokes energy per pulse was  4.8 m illijoules in an 8 nanosecond
pulse from methane at 1000 psi .

These results , in conjunction with the work by ~‘r . B e a t t i e  a t
Ft. Monmouth , clearly establish the feasibility of b ildi n g a l .54~ r m
rangefinder or desicnator -- ii th a srm al l , compact meth ane Ranran cell
internal to the cavity of a Nd+3 :YA G laser.  T~-~o aswcts of this
problem need further study :

(a) Ti re P irrar cell inside the laser cavity may be modeled as
a power cependent saturable loss wi th a power densit y
threshold . This loss is used as the means for coupling
powe r out of the laser cavit y via t u e 1 .54Mm Stokes field
generatec: by stimulated Rarran scatterin g in nrethane. The
problem ( f maxi n izi nq tIa Stokes energy f~- m - this optical
configur ation needs to be studied analytically and confirm ed
experimentally. Lventua l success i m r this approach can be
inferred from the current work.
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(b) If a clever technique can be found for shortening the laser
pulse while maintain i ng the pump energy per pulse , a
substantial increase in Stokes generation would be realized
in both internal and external Raman cells. Examination of
the pulse shapes in Fi gure 9 shows that most of the pump
energy is contained in the base of the pulse corresponding
to po~ier levels below threshold for SRS . Once Raman
threshold is achieve d the energy conversion from pump to
Stokes is very efficient.
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