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2iI~~~ ILITY This report is a summary of the work done under the project

“Development of Hi gh-Power Tunable Sources En the 12 .im and 16 ~jm

• ‘
~~‘ Regions ” .

As shown in Appendix A , we have successfully demonstrated the

generation of 12 ~m radiation by two-step difference-frequency mixing of

CO2 laser radiation in GaAs , With 3 MW peak input power from each

of the two CO2 lasers operatin g at 9.6 ~im and 10.6 j m, peak output

power of~~4 kW was obtained at 11.8 ~jm. In this scheme , at first

two CO2 laser beams of frequencies 
~~ 

and with > are used

to generate far-infrared (FIR) radiation at the difference—frequency

= - in the 100 ~im region by noncollinear phase-matched mixing

in a GaAs crystal of “ folded parametric” geometry. This FIR radiation

is then mixed s imultaneously with another CO2 laser beam of frequency

in the same crystal of GaAs. This results in the difference-frequency

infrared radiation at w4 
- in the 12 ~.im region. Thus the

effic iency of 12 j m radiation generation by two step difference-frequency

mixing depends upon the efficiency for the generation of the FIR

radiation. As shown in Append ix 13, as m uch as 4 kW FIR output at

100 ~1m was generated with about 1.7 MW and 3 MW peak power from

the two CO2 in put lasers. This output power level is several orders

of magnitude higher than those reported previousl y. 1-3 But the FIR

output is still more than an order of magnitude less th an the theoret ical

estimate which does not Include the absorption losses for the input

and output beams. Recentl y4 we have measured the absorption coefficient
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of GaAs at liquid helium temperature with a Fourier transform

interferorneter . The results show that the absorption coefficient of

GaAs at 13°K is les than 0.08 cm ’ at 100 ~m. This absorption

coeffic ient is too small to account for the discrepancy between

calculated and observed values for the FIR power output.

We have developed an efficient new scheme for the generation

of infrared radiation with potential application to the uranium isotope

sepa ration program. As shown in Appendix C, we have demonstrated

the noncollinear phase-matched 4-photon mixing in germanium.

Approximately 1 mj  of energy per pulse was obta ined at 8.7 ~jm from

an 8.3 cm long crystal of germanium at room temperature with H
1 cm 2 cross-section and 3 MW/cm 2 peak input intensity from each of

two CO2 TEA lasers. In Appendix D, we exam ine the possibil ity

of this room temperature mixing scheme as a potential in frared source

for the uranium isotope separation in UF6 . The possibility appear s

to be very promising. We have carried out a similar 4-photon experiment

for the generation of 12 ~irn radiation. Unfortunately the observed value

is much below the theoretical estimate. Again the absorption coefficient

of Ge at 12 urn region cannot account for the discrepancy between theory

and experiment.

A considerabl e effort was devoted towards the development of

the desired CO2 laser system for optical mixing experiments . We

fabr icated a pa ir of synchronized single longitudina l mode megawatt

CO2 hybrid lasers. Also by using a tilted intracavity GaAs etalon ,

we have achieved single longitudinal mode operatio n of a c02 laser
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with fine tuning capability over the pressure broadened ga in curve

(
~ 

4.5 MHz/torr or 3.5 GHz at atmospheric pressure) . This fine

tu ning could provide the optimal frequency of the 8.62 urn for the

uranium isotope separation of UF6
In summary, the work done under project has contributed to

the following two patent applications and a number of journal publications .

A. Patent Applications

1. Method of and Apparatus for Generating Tunable Coherent

Radiation by Nonlinear Light Mix ing in Systems Having

Folded Noncoll inear Geometries .

2. Method of and Apparatus for Generating Tunabl e Radiation

by Noncollinear Phase-Matched Sum-Difference Frequency ¶

Optical Mixing.

13. journal Articles

~
_. _ J

1. ~Gcneration of 12 urn Radiation by Difference- Frequency

Mixing of CO~ Laser Radia t ion in GaAs~ Appi . Ph~~ . Lctt .

29 , ‘15 (19 76). f
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2. 
- 

1-u gh Power Far Infrared Generation in GaAs , Opt. Commun.

18, 50 (1976).

3. Noncollinea r Phase-Matched Four Photon Generation of

CO2 Laser Radiation in Germanium , submitted to Appl .

Phys. Lett.

4. ’ ‘ Efficient Hig h- Power 8.62 urn Enfrared Radiation Source for

Uraniu m Isotope Separation in UF6, to appear in Proceedings

of the I nternational Conference on Lasers and their Applications ,

Leon , Norway, 1976.

5. Fine Tuni~.g of a Single Longitudinal Mode CO2 TEA Laser ,

to bc~ submitted.
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APPENDIX A

Generation of 12 urn Radiation by Difference- Frequency

Mixing of CO2 Laser Radiation in GaAs



- — ‘—~~~.-‘ ---—,-,.~~--,,.,-=- . 
~~ ‘~~~- “~~~~ “~~“ _________ -~~ —

~~~~ “~~ ~~~~~~~~~~~~
‘ . —

~~~~~
‘ ‘  ‘.

~ “ ‘ ‘~~~

Generation of 12-pm radiation by diff ~rence-frequenc y - -

mixing of CO2 laser radiation in GaAs ‘ ‘ i 
~ ~;

N. Lee, R. L. Agg arwal ,’ and B. Lax ’
I - ri,,,,, thrn’r .%a,,, ma! 3Ia t,u ’i Iah ,, rai , ri h a s  s i ,  Jo,  s i l t s  F ’? s I?  I ? ,  Fe - I / / t , , / c  ( an,h r ,,/g t
Massachusetts 02139

(Received 2~ Ma rch l97b)

Step-tunable infrared radiation in the 12- em region can be generated by two-step nonco llineur difference-
frequency nuving of CO laser beams in GaAs at liquid-helium temperature. With 3-MW peak input power
from each of th e two Ce) lasers operating at ‘Lb and lO.b ~ern. peak outp ut power of — 4 LW was obtained
at II 1

PACS number s 42 s~ L , 42 ML • q. 42 bO .Nj

In this letter we report the use of a two—st e -p itoncol— a 1. a- ’ . a ,. and a4 of the piece A along with input and out —

line-ar d i f ference-frequency mixing of CO. laser beams put surfaces b and c had been polished to ~~20 flatness
in GaAs for  the generation of infrared radiation i~ tht ’  for the C~~ laser radiation. The surfaces a , a nd a4 .
12-  ,-m region. At fi rst two CO, laser beams of fr equen— whi ch are responsible for the total in terna l reflection of
etes ~~

- , and .-. with .‘ , 
-— . .  are used to generate fat- - the CO2 laser beams , were made plane paral le l  to w i t h -

infrared ( F I R I  radiation at the d i f f erence—frequ enc y  I I I  20 arc sec The- section of the crystal  shown in  Fig 2
— ~ ‘ , by noncol l inear phase—matched m i x i n g  in a is iii a (11 11  cry s ta llographic  plane. Al l  the three pieces

GaAs crystal of ‘folded parametr ic ’ geometry.  ‘
~~~

‘ This 01’ ftiAs were 10 mm in height along a 1111 I d i rect ion
FIR radiation is then mixed simultaneously wi th  another ~‘hi ~-h is arrangc ’d to be paral lel  to the polarization
(‘0, laser beam of frequency ,,,-. in the saint’ cr y s ta l  c- f ~~‘Ct ,) 1- of th e three incident laser beams. The crysta l
G.iA’i . This results in the d i f f e r ence—f  requencv inf rared  svas cooled to l i qu id — he l ium temperatures by mount ing
radiat ion at ~ - , ~~

-. — ~ - , 2 ~~~ ~~~~~ 
The wave—vec to r  it on a 4 — i n .  c’ ld f i nge r  of a liquid — h e l i u m  dewar

diagram for this two—step d i f f e rence—fr e quency  mix ing  The schematic  of the exper imental  setup is shown in
insid e ’ the GaAs crystal is shown in Fig. L k1 is t he’ Fig.  3. The 

~~
- , and ~~- ., beams We ’re- provided by a pair of

wav e ’ vector for  the input bea m at 
~~~ 

- k and k.~ .li-e the sy nc-l i i-onized CO., TEA lasers equipped wi th  d i f f rac t ion
wave vectors for the two input beams at ~

-. - k., and Ic , g ra t ings  - These lasers have a max imum outp ut  of — 1
are the wave vectors for the radiation generate-d ~ -“ ‘ .1 at r e -pet i t ion  rates up to 1 pps . The t emporal  j i t t e r
and .~- ,. respectively. With 

~~~ 
and ,~- in the 9 . 6— J 1 in and be’twee’n the two CO., lase i- pulses was less than 30 nst ’c

ID . 6 — g m  regions . respectively, this two—st ep  d i f f e r —  for  01( 1st of the pulses. The ~.‘., beam was divided into
t ’n ce—fr equet scv mix ing  provides radiation in th e ’ 12 — 11111 two beams ~- .T and ~~‘ by me’ans of a ge rmaniu ni  beam 

—

region with ~~
- , in the l0O— i L in region. sp l it t e r .  The’ ,,- .~ be-am is incident on the inpu t fact- b in

The GaAs crystal  used in this work was l)rel)a i e-cl ~~ 
Fig.  3 at the external  pha se- — m a t c h i n g  ang le “ i F 

i -e-l ative
optical contacting thre e se ’paratelv polished piece-s of to lh v .- , l,eani - The FIR radiat ion was nio ni to r t -ci  by a
high  — t’e ’s i s t i v i tv  Cr—d oped GaAs as shown in Fig. 2. Lase r — Precision pyr ot-le ’ct n c  r ad iometn ic  dete ctor
T h e ’  t r ansmission loss for each optical ly contacted iii — mode-I kT —4020S oi- pvr oelectr i c  joule meter  model

It ’ riacu was dete rtn m e d  to l e  le-ss than a few perc ent Rk 1’ 33 S - Ti;e’ FIR output was inaxi  mi zed by an adjust  —

for  the (1) lase r radiation . The- non line-ar mu ix big takes ilie nt il l  I ’ , ,  W i th  a ~-a iii — e’cs nt rolled 01 i r  ron M 1 and f ine
i i ,  the  long p1 ccc A whi ch was 100 in in in  length a iid i itat ion s I  I lie ’ c’ i v  St a I ahi , ut a ye r t i ca l  axis lv i  ti g in  ti le ’

5 mm in wid th .  Pie’ee-s B and C which serve to couple- In Put face I) .
ii c radi at iii ii in and i iut of pie ’c- I’ A we ’re 2 r~ mu in in  It ’ ngt h The- ~~‘ be-a mu was inc ent at an ext e’ m a  I ang le s’ w i t  h

and 14 mm in width .  The inpu t and outpu t face ’s b and c respect to the ~~‘, beam as shown in F’ i~ . 3. The a dj u s t  —

were cut at an angle of 22 as shown in Fig. 2 , Surfaces ne- nt sI’ r , was accomplished by a mi rno t M , whi ch is

si i l l  I Ia i’ t s  M , - Th e’ output c sf the inf i-a red i-ad iat ion at
was measured isv t h e  saint- pyroelec t r ic  detect isi ’s

~is ’,I for the mon i to r ing  of the FIR radiat i on , l o ng w av e ’
/ pass i t t t  e rfe ren cc fi I t em s  we i t  - used hi i-eje ct the in pot
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CAM CONTROLLED - /
MIRROf1 -

Ge BEAM SPLI TT ER LV ~P FILTERS

CO2 laser radiation and its harmonics In the 5-pm A CO2 laser cami be tuned to a whole series of dis-
region. crete lines from -9 to 11 pm in the P and H branches

of the 10 .4 -  and 9 . 4 -p m  bands. We have demonstrated
Neglecting absorption and all othe r losses for the iii the tunabi l i t y  ~ f the FIR radiation by difference-fre-

put and outpu t beams. the external outpu t power at 1~~ quency mixing of two CO2 laseis  with frequency spacing
is given in mks units  by as small  as 0 . 01 cmn~ when both the CO. lasers are

/~ \ ~~~.~L ”A5 simultaneously step tuned by a line at a ti m e. Similar
- 

a)  16cl i ii~n~sz ,e 1 t unab i l i ty  can be obtained for the generation of infrared
- 

, 
radiation at 

~
‘ -i 2~ ’2 — 

~ ‘ h’s’ selecting d i f fe ren t  combina-

12,! V , 2 (T )2 ’l . tions of CO2 laser lines fom ’ the input ~~ and ~~-. beams.
\ 

“ 
.ffi ~~~~~~~ 

~~~~ /\ ~~~~~~~ / I ‘ However . the’re is a pract ica l  li m i tation on the fine
tunabil i ty as well as the range of tunabi l i ty  for the ,~- ,

where p , and r , are the magnetic and electr ic permea- generation . since the in tens i ty  of .~‘, depends upon the
bilit ies of vacuum. 0 ,. ii~ , ci . and 01 are indices of re- in tens i ty  of the FIR radiati on generated at the frequency
fraction of GaAs at frequencie s 

~~~~ ~ ‘2’  ~~~~ and 
~~~ 

re- 
,, ‘ which is in tui -n proportional to ~~~~ For a given 

~~~
spectively. e is the velocit y of light. d~5 is the effective therefore , it is desirable to choose the inp ut frequencies
second-order nonlinear coefficient.  ,i,’~ and i’~ are the 

~~~ 
and ~ ‘2 which pro v ide the larg est value of a- ,. On the

geometrical factors for the gener ation of ~~- , and ~~~~~ othe t’ hand , the FIR absorpti on loss in GaAs increases
respectively , and have the values of 2 and 1 . 1  in oui- with increasing ,‘ , ,  particularly fo m - frequencies above
particular case. l’~~. P,,,., and P are the external peak 100 cm m . In vie’w of these opposing factors , the optim u al
powers in the a’, ,  ~~~~ and , ‘ ‘ beams as inciden t onGaA s , region fot - the generation of ~~~ is around 100 cni m . Tak-
and A 1. -t . and - 1 ’  are the corresponding inp u t beam big v,- ., in the 6 0 — 1 1 0 - c m ~ region . ~~‘ , would span the
cross sections , .1 , is the cross section of the outpu t fl-( ’quen (’v m’ang e fr om 970 to 8l() cn i ° - corresponding
l)eam at a- , .  T~. T2. and T are the single surface trans- to wav e l~’ngt1is between 10 . 3  and 1 2 , 3  t im .
mission coefficients at the frequencie s 

~‘ m -  ~~~~~ and a’ , .

L is the lengt h of the cr ystal over which the nonlinear
- 

‘ ~\Vot-k su iipo rt e-ih in p e r t  Isv th e  Ai tv ane ’ed b c - s c a t - e l i  ( ‘ i- si ic ’s -I S
mu ixing occurs. .-‘s gcnc~’ IIr  rou gh the- t ) f f i -c- i c E N i t ; ,  I ltc’se;i t’ehr and in lvi i’s l i x ’

the ’ Nat ton al Sc ienc ’e- I”csiin, ta t ion .
Using (‘02 laser line ’s J ’22 and I’ I B in the 9. 6 pm and ‘ ‘ s I S i s  I ’hvsies l ) t -p ar t tne ’n (  - M. I . t .

10. 6 ~t mu . respectively - corresponding to ,, ‘
~ 

1045. 02 t Sup p oi-meih Is ~ (h e- N: i t  ii ’na I S i c - l i c e  i” ,, tii , il ;et li s t s .

cnl • ~~‘ - 945.98 cni . ~~- , 99. 04 cm ’ - and 
~~

- 846.94 tm R . I.. .\ i i i / i i ~~s il • Ii . I ,;r -, , and (~ . Fat m’ t - i  - A pp I . l ’ht ~ ~~. Li-i t .

cm ‘ both I’ , 
and I’,,~ wer e  determumedt to be 4 kW 22 

l e t  II I \~~, i~ t’c i l ~nd IC I i ’~ Opt I, i c t l I n ( i i t l  11
for input powers 

~~~ 
3 MW . P ,~ I 1, 7 MW with 1:19 1 1 H 7 ’ l ) .

be’amsi cross sections .l~ 
— — i- ; ~~ .-t 4 1 cm 2 . Using N - I c -c ’ - I t . I , i ~ - t n t  i i .  I , . Aggarw al  - v’om sft- r e’nee’ S s i i , i i r i a r v

if (2 3~d1 fot - the i l l  I pola m- iz ation of the input and or i i i , -  IX h o c - m at i , , na i  ConIc - t i-n e -v on Qiiani t i n s I- ic ’s- i  i’ s- I s cc ’,- -

outpu t beams with a value ’ of 43 ‘-. 10’L’ in V. amid ‘~ ~~2 
A i t s  a ic -mi t  an? , I 9711 

~~ ~pt - Cofli tu rin? - it ’’ i , i ~ 1~ii1 , 1t ~ ti c -i l )

‘3 ‘31 cc , 3 66 cc , ‘3 30 L 7 5 cm i toil), tt ith 
\l 

I i i  \~ i i  -~i i p i r t i e  ci s i c  i , I t i n  

~other values for the above- parameters . l ’q .  ( 1 )  pre ’dict s clon e- ‘v 1~a sc-r  Opt is ’s , l) a m i i i i i ry  , (‘onn ,
a t a  lue’ of 18 kW tvhi ic- h is about 4— 5  time s larger than ‘‘ Utte ’  us;ns it t ie - a I-. a ‘wc’ ‘a g -, i - r i  he’,’ ,’ Ir;, s c’ l i t -c -n ,t t’ , t , i , ’ i- , t  I ’ ll l i t , ’

the nseasu red t-a lue of -I kW - This d isv I’epa n cv iii isv in a a a,, opt ion I hal i t t  If of th t  Ce )~ 1 1,11 Si ’ i -nc  -r gv I s’s s i F t  i n c - I  in

part arise f row phase ’ n il  sin at c-h due hi i the fini te ’  bean s in in I i  il api st~ of 1 ,5 11 u s c- i ’ I i-’\Vi I ~uii se lb  l i i i -  r i - t i , ; , , n i  t ic Ii ;, I I
of ( he- (-f l t - i ’gv in a ‘. 1st i t - c-I t ’  long t~~i l _  The- i s i t t pu i  i l c ’ ; i L  t a Iwe- ra

di verge-t ie- c of the CO. last ’ t’ beit m it s  - and the alsso i-pt 
wri t- , , I , i : i  I ne il 1w as Ru ru ng I It t i l  l i t , ’  oii Cpu I vis i t ’ cv ic is  c-on -

losses at all in f ra red  and f a r — i n f r a r e d  f requencies .  A i ; i u t i ’cl ~~ ~ I l R I — t s ~~ee’ ( l’ \ V l l M l  p i c l s c ’ ,
quan t i t a t ive  analy sis  of all th e loss factoi -s has vet to be ‘ c ; . P . t t s o s i , t ’ . .t . tt n i , h c c ’s . \ I .  \ . I ’ , , I t ; i , ’h . in s t I- ’ . ( I . I’ s i r i i , - r .
made. I’tc ys .  11,-v . I c-I t - 26 , 157 (1971).

46 Appl Ph y s LeO - Vol 29 , No I - I J u ly 1976 [cc ’ Aqqarwal , and I .cv 46 
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APPENDIX B

High Power Far Infrared Generation in GaAs

- Optics Communications 18, 50 (1976)
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V ci I , i cu c, ’ 18 . , i , c c i i l u c ’t I o I l  ((‘ S C U M M I J N I ( ’ A ’h IONS l U i f  197t , - !

— ‘11cc,  I , cc ’,cI sp ot  s i c -c’ it cli , ’se- n ( I S  g iv e c c cc i u i b i c t e t h  i i n c i s l eu t t  200 1W i r u p i u h  ‘c-ak ‘s i s te r  b’r i c , nu c’,, c In (‘0, lase r 21) u iuW

p ,t wt ’r den s i t y  if ~r1~r ( ’xiutuaic i y s MW i- tn~~
2 

- wh ich wa s peak h u t  pu i pow e r at  a ss ; cvete ’ u ug i l i  , s I  I U ’ )  n uts sa cs e ,b t ac n ed,

h o u nd  to hc ’ bc’Iow t h e  ci;, tu na g e  l i t  n - t i m id if t i l e  cry slid for In  il u is pa iu cr we rc purl (lie ge ner ti  thins ss f l - l b  cu u  I p u t  4 k W

- 
- t t i i ,-se shor t  pu i~es. i h i c ’ in f r a r e’d ci u f l cr en cc  signal is de t ect eid at 100 ~i rn wiu ic- lu is ord er s  oh nsagn i l  ud e I i tgi u er t h an thsosc

W il l ,  a I I tK ’ehTe de tec to r ,  ob ta ined  p r ev i t su s ly  These new expe im nsc -nLi i  r esu l i s  st - c-re
‘ho s i t  s t y  u rn n - c r i t i c a l  (90 0 ) p Itas ern a (cluing, be lb dye achiev ed by us , u ;g nso nc ,cI l i n e a r  fsui de’d mn ix ir ig ycons d ri es 3

lasers m u s t  be tu u sed s , i i s t , I t , musc ’,sus lv . The i n p u t  wave-len g ths  W i t h u  a 10 cut long c r y s t a l  of ; ,  s u i t i p le I ’ul ded f e s i n u e t r y  14 1
neces sary for c -tie - lu itt  f r j  r ed d iffe r e r ice f r equ ency  were catcu— in l iq u id Ii el i , i ,u i  te nt  per .u lure s ar id 13 0 1W ‘c l  i n D u c t  power

h i  t e d u sing t i me Sc ’ ll iu , eue’ r eq iii ii , ’ n s given by II ai r r a rid S mu ir in c iden I on I I sa ’  c ry  si ,,l I r et urn cad  ( 1) 2 laser - (he  I- I it oui (p u t

I I ) .  ‘lu c tv c r  i l te  e n t i r e  r ang e’. th e  c-ray win s (uned  f rom w as n c- at t i r ed 1,1 be — 50 W at 1(111 ~ u uc at  the  o u t p u t  face of

—
- 5385 A I t s  5800 A ari d t h e , o—nay fr ,c ,n t  5550 A In 62 1) 1) A. t i me c r y t t a l  ( 5) .  ‘t h i s  r e su i l  is w i t h i n  an ord er  oh ’ m a g n i t u d e  of

‘I ’he c’s p c r i u u e r i l a I l y  tuu ea s ic r c d  wav e le - r u g t h i s  were wi t lu in  10 A (lie t t , ev s re t i e ’al e c t i u s s a i c  neg lec t i ng  the  a t s scu rp l io u i  i ,nsscs . ‘Il i e

-
c c ul l im e e’a lc’cil . i i e d uut tes .  Thus e t e r u t c u u u a t r , c I e s  ( l i s t  tin’ Seilu s se ic r u rd ers ’ c i h —,ru i igurou m i le ’  i n u r p r i iveu t t e ’ai ci i ’ ISR’sc’u um re’t ,i I Is  a l a r g e l y

- c ’quua t ic nr  ( ‘or t h e  i m , f r ’.mr c d , wI ck -h was d er ived  l’r or u t  in dex  da t a  (IL i e id ;, b c i l c - r  ( ; ;cAs c r y s t a l  tu rd iu s c i r e  r e l i a t n le  c , i l u I t r , s t u , u n u  c - f

t in  13 r t u i e r c u u u s , is ims el ’c ul  to at le.i~t I i~ u l n i e ’ r ,uu ls .  ‘(lie Comts ’er— li me l I l t  d c i ec l io ru  sy st c i uu .  Much h igh er in u pim m p o ste rs  c cc mml d

,t sk in elf ie ’ier rcy w.is i , i nm:rd  to dc-cr ease am ;n h , c cu t  13 in c - ro u t , i n n  be’ u sed in h u t s  c r y s t a l  t un ic - c  l . , s c ’n ,is i t t . tgc was ,u tre erved at

- 
h u t  Ic , rise ;i , t ait i  ,,t 15 umcri i t ss .  ‘l’ l u i s  decrease in n e f f i c i ency  imi s ene rgy d c n s u t y  is how ;cs 1 ,3 i / c - u i 2 s s h cch i  is m i t re  t i u s r u  at ,

c-sun t ne a t t r i l n i ,  led to a 1w,, plno i to iu  : r i s ss u r p l ic nf l  ( 4 ) ,  t l in ~ ’cver , circler c u f  n u s :ng n i t  idc lu -as i lc~ n n h u e  ge’n u e r a l l y qi mict e’ d s , i h u c  ccl

-~~~ - Ib i s  abs orpt ion  clue ’s trot h i r s i t  t ime u m se hu l  ness of l ime cr~ sItu u i  10 i / c u l l 2 . ‘f lue cause I csr th is  low eni u sg of t iu c chmrnnage ’ t l t r csh u u! d

Iii is re-g luts , and - in udd it ci i i  - i t  sca t fou in ch to h ave omi ly a ni m ni— was found to he d u e  to ti nt Ira r~ rug u I  h ue’ (‘~~2 late -p (sea ins
mii i c -hf ec( on the indices. Tire cu l-o ff  a n 18 microns is due to insid e th is c ry s ta l  geomet ry .  T h e’ h apped m u l t i p le passed ( ‘0 2

- 
,~~ the d e t e c t o r  r e’sp ssnse ’. laser be tm ns s in l e r f c r c  sa i l l i  eac lu c , t iu e r  c c i n s t r u c - t i c e h y a: some

W it t r  one of l Ine d y e  la s er  fre quer i cic s fixed , the cs t (u cr  dye poi ms t s ~fl t i l e  crystal  c r c - ; c t tn g  In i gh peak in t e n s i t y  r eg ions  at the

—~~ laser as is scai sncd t i t rou gl s  lI n e c c r r r e- sp un du r sg  p hu a se n i a tc lu i ns g surhace.
l’rc quc -nc y.  i’he expected (sin x/ x ) 2 s ig n a tu r e ~ was ot )SetVed lly going to a folded p an a mne in c  g e o u tn e t ry  ) 6 )  wills i npu t

im n d wa s nssct i si ireci it ,  h ave a ss~dt ln  ( f w h m )  of S crn ~~ - which  and o u t p u t  coup lers for the  (‘02 laser beams , we have e l in t r i ’

agrees wi t h  t i r e  ca lcu la ted  va lue ’  to wi t h in tIne b a n d w i d t h s  of f a t e d  tine i n t e rna l  t r app ing  of (‘02 laser r ad i a t i on  resp on sible
- - Ihu e d ye (a vers ,  for lower dam age th sre slu eul d .  A 10 cm long cr~ st s i  of folded

ib i s  exp er iment  den sonsi ra tes  t ine fe -as ib ih i l y  cl osing a p a ra m etr ic  ge om hie t ry  ss’as prep ared by op t i ca l ly  con tac t ,u sg  in-

ni t r c ’ge n laser-dual dye ha te r  co nut sirn ; i f i oi i  for tunabl e- int ’rarcd pal and ou tp u l  couiph -ns for (lie (‘02 laser beanss t e n t ime uss’a i uc

gc’n er at i ssn in the f i n g e r p r i n t  reg ion of the in f ra red .  115 id a— cry s t . s l .  i’tu e t r ansuus i s s io f l  loss of (‘02 laser b cantss across such

live s im usp l i c i t y  and low cost r i sak e it an u i ( t n a c t i v e  a l t e r n a t i v e  tin op t i ca l l y  coni ;,ct ed u n i e r h a c e -  w as  f,sund 10 be abou t  one

-‘ 
to p ara me’Iric o te i i l a t , cr s  and sp in— fl ip  R-ansa n lasers. - pcrcc i st. Wi t lu  abou t 1. 7 \I \V and 3 \i\V pea k power f r o u u u  he

We’ wish to t t r ; t n k  l’ ro l’, il L, Iiy er ot ’ S t a m t l o r d  Uni v . i’or Iwo (‘°2 laser beams in c ident  ots t h e  samp le , we obt a in ed

providing t Ine’ c rys ia l  of Ag GaS 2. 4 1W FiR power at — 100 nun at line ct , m t p u t  face of time
Crysta l .
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Noncoll incar l’hasc- Matched Four Photon Mixing
of CO2 Laser Radiation in Germanittm *

N. Lee , R.L .  Aggarwal’I’, and B. Lax’t

Francis Bitter National Magnet Laboratory *
Massachusetts Institute of Technology

Cambrid ge , Massachusett s 02139

Abstract

Noncoi linear fou r photon mixing of two TEA CO2 lase r beams in

germanium at room temperature has been used to obtain phase-matched

generation of step tunabl e radiation in the 8.7 elm region which is of

interest for the uranium isotope separation. Using an 8.3 cm long

crystal of germanium , peak output power of— .’ 10 kW (corresponding

to 1 mj  per pulse) was obtained at 8.7 ~.im with 3 MW peak input power

- from each of the two CO2 lasers operating at 9.6 ~jm and 10.6 j m .

*\Vork supported in part by Massach u sett s Ins t i tu te  of Teclttio1o~~’ funds
atni  in pal-t hy t h e  Advanced Research Projects i\gc ’ncy I h t rou g h the  Off ice
of Naval Research.
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GermaniUfl i  is perhaps one of the best materials for the generation

of radiatio n in the S to .13 p m region via the four photon mix ing of CO2

lase r beams. This is due to its relatively large third-order nonlinear

susceptibil ity 1 4  
, avail abil ity of h i g h-pur i ty singl e crystals in large

si zes5 and hi gh transparency in the above spectral region. 6 It should

be pointed out that the 8 to 13 pm wavelengt h region includes the 8.62 pm

and 12. 1 p In wavelengths which arc important for isotope separation

in VF6
7 In this letter we report the use of noncollinear 4-p hoton

m i x i n g  of two TEA CO2 laser beams in a long crystal of germanium at

room temperatur e to obtain phase-matched generation of step-tunable

high-po wer rad iation in the 8.7 pm r egion.

- Consider two CO2 lasers operating at the frequencies w1 and

with > . Then the phase-matching condit ion for the 4-photon

nfixing ~3 
- 2 - w2 requires

- ‘ k3 = 2 i ~1~~~
i
~2 , 

(1)

where and k2 arc the wave vectors for the input laser beams of

frequencies w 1 and w2 respectively . k3 is the wave vector for the radiat ion

generated at the frequency w3 . Since = —~~~~~ -- , the pha se-matching

angle 0 ( in side the crystal) between the w~- and w2- beains , as shOwn in

Fig. 1, is given by -

2 2 2
(2n

1
W

1
) + (n 2 w 2 ) — (n.~ -,m. ’ .1 )

cos O — 
‘ - (2)

4 n 1l1 w 1W 2 

- -- ‘- - ‘ - - ‘ - ~~~~~~~
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where ri~ , ‘~2 ’ and n.3 are the refractive indices at w1, w2 ,  and w 3

respectively. Similarl y, the angle ip of the generated w3 beam with

respect to time w 1-bcarn is given by

2 2 2
(2n 1w 1) + (n 3 w3 ) - (n 2 w2 )

cos ~p (3)
4n 1 n3 w 1

W
3

For n 1 
- n~ 11

3 
Eqs. (2) and (3) can be expressed as

r 1/22 (n 3 - n 1) 2w 1 2(n3 
- n2 ) w2I — +  - (4a)

[ n 1 w2 
n 1 2w 1

and

cp _ L 0  (4b)

Using the ref ractiv e index data for germanium 3 , the angles e and cp

can be shown to he less than 10 for the 4-photon mixing of CO2 laser

beams in germanium .

The schematic of the experimental setu p is shown in Fig. 2.

The w 1- and w2-bea ms sverc provided by a pai r of synchronized TEA

CO2 lasers as described previously. 9 Germanium crystal used in this

work was Sb-doped with resistivity in the 5 to 30 ohm-cm range and

room temperature absorption coefficient ~ � 0.03 cm ’ at 10.6 pm.

The crystal was 8.3 cm long with 1.5 cm square in cross-section.

I3oth the input and output faces were lapped and polished parallel to

each other . The section o t h e  crystal shown In Fig. 2 is In a (111)

crystallographic plane which is arranged to be perpendicular to the

pol ar iza t ion  vectors of ti le two CO2 laser beams.
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The w
1

bcalll was directed normal to the i npu t face of th e

germanium crystal. The w2-beam was In cident on the input face of the

Ge c ry stal at the external phase-matching angle 0~ n20 relative to

tile w 1-beam . The peak output power at w3 was monitored by a Laser

Precision pyroelectric radiometric detector model kT-4020S. Short

wave pass interference filters were used to reject scattered

radiation at the input frequencies w1 and w2 .  The w3 output was

maximized by an adjustment of wi th  a cam controlled mir ror  M 2

The total energy in a given w3 pulse was also measured with a Gentec

joulemet er model ED-200 .

Under phase-matched conditions , the peak output power at

is given in CGS units  by ”2

~ W
3 

= 

2:6 fl~~~ 3~ A3 
(3~~~~i i )  

2 

(~~~~~~~~~~ ) T ~~
T2~~ 

e~~~ 
L 

( l
~~~c~~aL)2  L2

(5)

1
with ~cr j  (2 ct1 + a2 a~)

where ~~~~~~~~~~~ is th e effective third-order nonl inear coefficient. P and P11 CU
1 

CU
2

are the external peak input powers of tile w
1 
and w2 beams, and

A 1 and A2 ’ arc the corresponding input beam cross-sections . A3 is

the cross-section of tile w3 beam. T1, T2 , and T3 are the single sur face

transmission coefficients at w1, w2 ,  and w3 respect ivel y. L is the lengt h

of the crystal. °-r a2~ and are the power absorption coeff ic i ents  at

w1, w2 ,  and w 3 respectively.

Using CO2 laser lines 
= 1045.02 cm ’(P22) and w2 = 945.98 cm ~‘(P18)

with P P ~ 3 MW and A 1 ‘ A
2 1\

3 
1 cm~ - the output energy

(h . j (112
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was measured to be I ni) per pulse at to
3 

= 1144.06 cm 1 
. Th is

10 . 2 -10corresponds to P = 10 kW. USLII g a value of 1.5 x 10 esu
- 

0)
3 -

± 50% for x 1111. n1~ n2 a3 = 4, L = 8.3 cm , 0.1 a2 ç~ 0.03 cm

Eq. (5) predicts a value of 22 kW for P . This is in agreement wi th
0)

3
the measured value of 10 kW considering the large uncertainty in the

value of x~
’
~11 and similar uncertainties in our peak power measurements.

For a practical application of this technique for the uranium isotope

separation, there arc two important considerations:

(a) Does this technique provide the proper ER wavelength in

the 8.62 pm region for the separation in UF6 ? A partial list of wave-

lengths in tile 8.62 pm region along with the two input CO2 laser

frequencies to
1 

and 
~2 is given in Table I. As can be seen from Table I ,

there are a number of ER frequencies around 8.62 pm. Even if none

of these satisfies the wavelength requirement, many more frequencies

can be obtained by using three input CO2 laser frequencies w
1

, to
1 

, and

such that the IR frequency would be given by w3 = w1 + wj - 

~2 -

(h) Will this technique meet the energy requirements? Assuming

that the 8.62 pm excitation is at least as efficient as the 12.1 pm

excitation , the energy requirements 7 are in t h e  range of 10 - 100 mJ

per pulse. In the present experiment , we obtained an output of 1 mj

per pulse using external CO2 laser power inputs P P 3 MW
2 1 t~2

ill a 1 cm cross-section. According to Eq. (5), P is proportional

to (P )2 [~ . Since the damage threshold of in t r ins ic  germanium
~ 1 us2

is of tu e  order of 100 M W/C f ll  , ‘nc can safel y increase the input

powe r density to 10 N I W /cm 2 for each of the CO2 laser beams. The out-

put energy should then increase to .~7 mj per pulse. The output energy

L - ~~~~~~~~~
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ca n be further increased by a factor of ~~5 to 185 niJ per pulse by AR

coating t h e  input and output faces of the germanium crystal. This

would correspond to a 4.6 % efficiency for conversion of t h e  CO2

laser radiation into tile 8.6 pm radiat ion. If one considers 10 % -

efficienc y for tile CO2 lasers , tile net conversion efficiency will

be 0.46 % which is above the 0.1 % level anticipated for economic

feasibility. Further increases in the efficiency should be possible

by increasing the length of the crystal beyond 8.3 cm used in tile present

experiment. Since large germanium crystals are available, the tota l

energy at a given conversion efficiency could be scaled up by using

germanium crystal s with larger cross-section along with correspondingl y

bigger CO2 lasers.

Similar 4-photon mixing experiments were also attempted for

the generation of radiation at = 2 
~2 

- to
1 
‘in the 12 pm region. Again

using P P ~~3 MW with A ~~A ~~A = 1c m2 , to = 1045.02 cm ’,

~i ~2 
1 2 3 1

and 945.98 cm 1 
, P at w3 = 846 .94 cm ’ (11.8 1 pm) was

determined to be 150 W in contrast to a calculated value of 12 kW .

We are currently looking into this large discrepancy between calculated

and observed values .

Finally we would like to point out that several thousand different

combinations of frequencies can be obtained with 4-p hoto n noncollinear

mixing in germanium by choosing different lines for the two in put CO2

lasers. Orders of magnitude more combinations of frequencies can

be obtai ned by using three different CO2 lasers. Thus th i s 4-p hoto n

mi xing may prove to be a very versatile and pract ical t echnique for

the generation of step-tunable coherent r adiat ion in the 8 to 1.3 p m region. 

— -~~~~~. - - -~~“- -~~~~~-~~ --
~~~~~~~~~~~~-~~~~~~~~~~~~ _ _
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TARLE I . Part ial  List of hR frequencies 0)
3 

= - between 8.614

and 8. 626 pm obtained from 4-p hoto n mixing of CO2 laser

lines and

— 1 — 1 —1X.~ turn ) 0)3 
(cm ) to

1 
(cm ~ - 

~2 (cm

8.6146 1160.814 1069.014 (R 6) 977.214 (R22 )

8.6151 1160.748 1046.854 ( P20) 932.960 (P32)

8.6168 1160.518 1048.661 ( 1’18) 936.804 ( 1’28)

8.6169 1160.515 1071.884 (RIO) 983.252 (R32)

8.6182 1160.335 1050.441 (P16) 940.548 ( P24)

8.6192 1160. 197 1052.196 ( P14) 944 .194 ( P20)

8.6199 1160. 105 1053.924 (P12) 947. 742( P 16)

8. 6203 1160.058 1055.625 ( P10) 951. 192 ( 1’12)

8.6203 1160.055 1057.300 (P  8) 954.545 ( P  8)

8.6206 1160.011 1070.462 (R 8) 980. 913 (R28)

8.6208 1159.989 1073.278 (R12) 986.568 (R38)

8. 6240 1159 .556 1069.014 (R 6) 978.472 (R24)

8.625:3 1159.384 1071.884 (RIO) 984.383 (R34)

8.6258 1159.316 1043.163 (P24) 927.008 (R38)
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Figyre Captions

Fig. 1. Wave vector diagram for the noncollinear 4-photo n mixing of

laser lxams of frequencies and 12 to generate phase-matched

radiat ion at 0)
3 

= 2w
i 

-t o
2

. , and k3 are tile wave vectors of tile

and 0)
3 

beams respectivel y. -

Fig. 2. Schematic of tile experimental setup for the noncollinear

4-photon mix ing  of CO2 laser beams of frequencies to
1 

and 
~2 to

generate infrared radiation at 0)
3 

= 2w i 
- in germanium. For

= 1045 cm 1 and = 946 cm 1 
, the external phase-matching

angles were found to be 0~ 2 .2 0 and cpC 1.80 
.

_ _ _ _ _ _ _ _ _ _  ~~~~~~~~~ - 
j
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APPENDIX D

Efficient I-u gh-Power 8.62 urn In frared Radiation Source
for Uranium Isotope Separation in UF6

(To appear in Proceedings of the International Conference

on Lasers and Their Applications , Leon , Norway , 1976)
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I - : f f i c ien t  k~I s — Power 8 .62 pm Infrared Radiation Source for
I t r a w  urn Isotope Separation in U F6 *

R. L. A G GA RW~\Lt, N. LEE , and 11. LAXt

Fra ncis Ritter National Magnet Laboratorv~
- Massachusetts Institute of Technology

Cambridge , Massachuset ts  0213°

In t roduc t ion

This pa pe r examines  v a r i o u s  aspects of the genera t ion of i n f r a r e d  r a d i a t i o n  at 8.62 Ufll
by noiicoll i rica r ph a se— inatche ( 1 tour photon 111 ix in g  of CO 2 laser beams in germa n i  urn
a t  room temperature , as a potential  in f r a r e d  source for tile uranium laser sotope
separa t ion  in YF c, .

The success of tile t~vo— stc ’p laser isotope separat i on in UF E wi l l  depend . u l t i —
ma tclv. on the development of e f f i c i e n t , high— power n arrow— band tunable 

- 
i n f r a r e d

(I R) r ad ia t ion  sources. In t h i s  laser isotope separation scheme , the LJ 2
~~’ F 6 mole-

cule is f i r s t  select velv excited to a hig her v i b r a t i ona l  energy level by t lie a bsorpt ion
of an lit  photon followed by the absorption of a hi gher—energ y photo n n the u l t r a v i o l e t
(I ‘vt region . The impor tan t  selective IR absorption ba nds in VF.~ occur at  15. Q urn .
12. 1 pm , 8.62 urn , and 7 . 7 4  urn , wh ich  correspond, re specti  ~‘cIv to the  v~ . v~ + \‘5

-r v., , and v , -4- 

~ 
v ih ) r a t i o na l  t r a n s i t i o n s  ~l , 2]. I crc ‘~~~~ is an J R — a c t i v e  mode

and y . ~~~ and y~ are the Rama n—a c t i  ye modes of I F~ L3 1. ,-\ccord m~ To ~-~N~ 1- N
r i  at .~ lJ .  the pulse energy requi rements  for the  lit  laser source range f rom v i - r i l
in ill ij oule s  a t  ~~ u urn to tells u t  mi l l i jou les  at 8 .62 pm w i t h  a i i  newrd t l l  of less tira  ii

U . I I ~ ~~ . For ecouoiii ic feasibi l i ty  of the enrichment program , thu e f f i c i e n c y  of
the IR source shoul d be iii excess of 0. 1~~ at a pulse repetition exceeding 5~ 0 pps.

So fa r , cm phasis h as been placed on the generation of th e iS . ~ urn radiation
since the cross— sect ion for absorption at die 15. 9 plfl fundamental ha rid is about a
hu nd red t imes larger tha n tha t  at the 12. 1 urn , 8. ( 2  pm , and 7. 74 im COIU hi ti lt  ion
ha nds.  ( ‘ ii fo rtuna tel~’, ‘. : i  r ious niethod s employed to—d a te  h ave pru~ ided 15. ° urn
r . r d i ; i t  ion pui .- cs wi t h  eircrgy in th c IOU— u i  level which is about an  order  of magn i tude
below I Ire er ic ri~v r ‘qu i r ein cot of several ni~ 1 1~. . )n t i re  ot h er ha rid , the  p r esent
-I— phot on in ix i r i t ~ ~cI i t - r t i ~ a pp~~ rs I~ s s at i s f y  not only the pulse energy rc i i i  t’erlrerr t 5
but i l so ti le c f i i c i encv ,  rep et i t ion rate , frequency and liiie~vidth r e q u i r em en t s

*$LIpportc(l in part by the  Ma ssachri sctts institut e of ~l(-cl1n ologv I i i i i d s  an d in par t  by
Ir e ,-\dv r r ice d Resca rch l’ r u j t c t  s .-\ i~cn cv t h r o u g h t h e  (~1fice ol N i  v i i  Rcst - .i rc l i

-
~ Also  I )cpa rtn icrrt of l’hivs k-s • \h— tssa c lrii s ct ~~- I n s t i t u t e  of ‘fcc lrnol ogv

by t i r e  ~\~i t  ini ral  , C i t _ T l ( - I~’ FotI l I r i a t Oli

—

~ 

~~~~_~~~~~~~~~- V -- -V -~~~~~~ - - - ~~~~~~~~ - - -~~~~~~- -~~~~~~
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4 rr Mr -

Recentl y we Juic e report ed L -4 t i re achievement of phrase—matchi ng in ‘I — photon m i x i n g
of (‘0 7 laser beams in g er i r r an iun i  using ti r e  noncollincar mixing geometry .  Tire -va ye
v t C ~ur  chia t~ra1rr for noncol i ine ar  pi r i s c — n r a t c h i n g  is shown in Fi g. 1. 1 Jcre k a r i d  2

are tire wave vectors for t i re  input  laser beams of frequencies iii .~ and ~ 2 respect ive ly ;
k, is wave vector for tire radiation generated at the frequency i r ~ 2w — w 2 for

-
~ > ~~~~~ . Using  die re f rac t iv e  index data for ge rmanium 15], tIre angles e and ~ are
det er t i r  hied to be less than 1

0 
. Using this method approximately 1 n rj  of energy

pe r v~ulsc was obtained at 8.7 pm from an 8. 3 cm long crystal of germ an ium with
V I cur 2 cross—section and 3 MW/ crn ~ peak input  in te n s i ty  from each of two CO2 TEA

l a sv -rs  oper at ing  at the frequencies w~ and tu 2 . The output energy can be ~ca1ed up
t i i t o ug hi chic use of h i i ~irer input  inten sities and long-er crystals of gerinan iun i

~~l 

.

~~l

F iy .  1. Wave vector diagram for noncollinear phase-matched 4—photon  mixing

Since tire damage threshold of germanitim is approximately 100 M W/cm 2 
, one

can conservativel y increase the input intensity to 10 MW/ cm 2 for cacit of tire two
input  beams. The otitput energy ~viii c ii is proportional to the th i rd—power  of the
input in tens i ty  wU l  scale tip to 37 ni[ per pulse. Another factor of 5 increase in tire
ot i t pri t  e ’rrer ~ y to [85 i i i J  can be readily obtained by ant i—ref lect io n coat ing  of the
input  and output sur faces of the germa tiium crystal .

I T n(k ’r tire phrase— matched condition , the maximum effec t ive  length of t u e  crys ta l
is  u r n  i t e d  by t u e  ab sorpt ion of the crystal.  The absorpt ion coeff i c ient  ~ of opt ic a l
grade gcr flrai i iUlll , as shown in Fig. 2 , is less than 0.03 cm~~ in the 8 urn to 11 pm
region. So one sh ou ld be able to obtain useful  in ixing lengths of a bout 30 cm . There-
fore the output  cirergy can be furt irer increased to 400 n ij  by increasing t h e  length

• of tire In ix ing crystal Iron-n 8 .3 cm to 20 ~m . This would correspond to -~~ 

V V e f f i c i e n c y
for convcrstion from tir e electrical power into the 8.62 pm i n f r a r e d  r a d i a t i o n , assuni  t u g
5 e f f i c i e n c y  for the CO -, Lisers. Such a source is well above tire in 111111 un r  ene r t~-
requirement  of t ens of i r r j  and in i n i n iu m  ef f ic ienc y of 0. i~ , for t i re  u r a n i u m  enr i c h r i r i e n t
program - Fur t i rern iore , it is obvious to see that t i n e output  piTh-er ca l l  he i i  r n c - i r l v
scaled up wit h  input  beams of the same in t en s i t y  but la rger c ro s s— s e c t ion .

A typical  at n i os p i r er  Ic TEA Ia ser has a ga inwid t h  (if ~ G I h. ~ or 0. 1 cir ~~ a n d i t s
n t ltp t i t  Cu r ls  ists of seve ra l  longitud inal mode s .  3h r n s  tire r e su l t  l u g  output  of t i re
4—ph oton m i x i n g  with these typica l (‘O r T I - A  lasers may exceed t i n e  i t . t t  ci r ~~ l i n e —
w idth  requi r ement  or t i r e  selective i Sotopt exc i t a t i on  o f t  he I I  - - rr ~ 1 t e a l  c . I low—
ev e r ’, s i r e l e  l o n g i t u r h i r r a l  mode o p c r r t  ion in ( 1  1 —, l i s t -es c i i i  he o b i r i n i d  by i r s i r r t ~ t i r e
hyb r id  l a se r  scheme ~( , J in  w h i c h  t i r e  I r se r  c a v i t y  co n t a l i r s  bo t h a l v  ~~1 : ~ -~~i F L  ( 115
charge t i t he  arid a hir i r p res sur e ‘I i - A  St - C t  he r.  h ) r i e  t i t  t i r t -  ir a F r e y  l i i r c~ - i d t ii of l i r e
low pressure in ed i r n i r , ti r e J rv hi r id  sy st e l r r  is b reed to sc i l l - t i c  or .1 si  iii ~lc l o n g i t r i d  I nn .u l

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 2 , Absorpt ion  coeff ic ient  ‘
~~ of optical grade germanitum at room

t er -up eratnre, as supplied by Eagle— Picher

mode. There is an alternative scheme to obtain single longitudinal mode action in
a CO 2 TEA laser . Recen tly, we have dem onstrated [71 single long itudinal  mode
operation with f in e  tun ing  capability over the pressure broadened ga inwid th  of t ine
CO 7 laser i)y using a tilted int r acav i ty  GaAs ctalon. ‘ihe adv antage  of th i s  sc i re i r r e
is that it does not only provide single long itudinal mode to satisfy tire l inewi dth
requIr ement  but can also prov ide f ine  frequency tuning as large as 0.3 cr r r 1 whic h
would be usefu l to op t im ize  tire frequency of tire 8.62 urn r a d i a t i o i r  for the ti1’~t l l i f l h i i

separation. 1 however , the losses due to the insert ion of an int . r ac avi ty  et alon and
laser operation at a frequency away from tire center of tire gai n curve would reduce
the eff ic iency of tire CC) 2 laser sv st cnl .

In Fig.  ~~ , We si-n ow a mum her of lines ~vir ich can 1)0 obt ained in tire 8 .62 prim re-
gion by ni ~xing  tv -u ‘

~ ( ) laser l ines.  if one uses threc input (~(l Ia sers for mix ing
i n s t e ; l ( l , on th e order of a tirous~rnel different combina t ions  can be obt i I ircd in  tha t
same sni i Ji  frequency r ange of F ig .  3. ‘l ir erc for e it  s i r u tn ld  he pos sible to select
tI n e (ic s ired Wa vclcng-t ii il - n tire 8.02 u r n reg ion i)y u s i n g  two or thr ee ( ( 1 7 l asers .

l o r  t ire hi gh repe t i t ion  rate of 500 pulses per second , 0110 h a s  to cons (h er  heat
( t i S S i ~~~t t i o t t  cap ab i l i t y  of t ire c rysta l .  For a projected t o t i l  ü f  2 to 3 jo trl cs per pulse
(;() 7 laser inpu t  ene rgy , and a m a x i m u m  absorpt ion coef f ic ien t  of ( 1 . (13 cm~

1 
, t i re

power absorbed by a 2 ( 1 cm long c rys ta l  wou ld be 600 \V ~it t i re  r e p ( t i t i o n  r ate  of
SIl t )  pps If tine c r\’~-~t i i  is held between two copper blocks n ra  i r r t . t  t r i e d  at  reu l l i  temper—
a r ’ i r e , t i l t  r i ~~t i i i  t u u u r l i t r a t u r l - , i , at  t i r e  cen r~~-r o f t i r e  crv ~- t r l w i t h  r i -si x-ct t i )  ti re
t empera ture  of I re  coppe r blocks is  g iven  by

-— ~~~~~~~~-~~~~~~~~~~ V -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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AT tQ 
. 

(1)

where t is the thick-ness of the germanium crystal , Q is tire power dissipated by
tire two sur faces , K is the thermal conductivity of the germanium crystal at room
temperature and A is the area of contact between the crystal and tire cold finger.
Using tire values t 1 cm , Q = 600 W and K = 0.5 W cni ’ K~~ , (1) predicts i~T
6 .4

0 K , assuni lug perfect thermal contact between germanium and copper . Thus
it appears that germanium should be able to handle hig h repetition rates of several
hundred pulses per second.

WAVELENGTH (1i.m)
8.626 8.624 8.622 8.620 8.618 8.616 8.614

_ _i I ‘ _ L~~ I -_

F— - I 1 I - — 
~1— I ~i I -

1159.2 1159.4 1159.6 1159.8 1160.0 11602 11604 1160.6 11608 1161.0 -

FREQUENCY (cr~~)

Fig. 3. Infrared lines OI)taifl ablC in the 8.62 ~.im r egion by 4-photon mix in g
of two CO 2 laser l ines

In summary ,  the nour coll i irear 4— photon r I ix ing of CO~ lasers in gerni anr iun i
can -n provide an inf r ared  sonnrcc consistent  - \ r t i l  U -n e requ irements  for ti n e uran iu nn
iSot olle separat ion pr ogr . r i i l  in I
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