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20.    Abstract Continued 

Preliminary work suggests absorpaon due  to two photon carrier generation 
may be responsible for the early saturation of the IR conversion efficiency"with 
punp laser intensity. ' 

IVelve Ä^ crystals are noted for possible application for lOp frequency 
doubliug using regularly spaced rotational  twins  to make  them phase-matchable. 
Additional crystsls suitable  for frequency-doubling Ud-YAG lasers into the blue- 
green spectral region have been identified. 

Further characterization of the wavelength tuning regions of new-infrared 
wsvsxength tuning regions of near-infrared laser dyes has been completed. The 
ettects of opf.ical pumping geometry have been studied  for ruby-pumped dye  lasers 
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Sunmary 

The production of tunable high power infrared radiation has num- 

erous  important applications,  including laser induced chemical  reac- 

tions,   isotope separation, and high resolution spectroscopy.    Our goal 

is  to produce a powerful wavelength-tunable  infrared laser system cap- 

sble of operating throughout the 2p - 20p region of the spectrum. 

Our work has emphasized nonlinear optical methods of transforD^nj 

the high spectral brightness of fixed frequency and tunable dye  lasers 

into regions of the infrared previously devoid of suitable high power 

wavelength tunable sources. 

We have successfully demonstrated the use of rotationaily-twinned 

nonlinear crystsls to achieve periodic phase mstching for ruby  laser- 

dye laser difference frequency generation.    The tuning range spanned 

the Infrared from 3u to 21.5y using ZnSe.    An enhancement of 250 in 

the infrared power was schieved with ZnSe containing randomly spaced 

twins.    Experiments have been initiated to investigate the possibility 

of producing regularly-spaced rotational twins;  regular twins should 

allow kilowatts of power to be generated across the entire 2p-21u region 

of the infrsred. 

4< 



A preliminary study of the saturation characteristics  of the 

mixing efficiency suggests  that  free carrier absorpticr.  ^ue to carriers 

produced by  two photon excitation by  the  ruby and dye  lasers  is  the 

cause of this saturation.    This effect is of considerable importance 

as It may be responsible for the lower than expected conversion effi- 

ciency of proustlte and other materials which have band gap energies 

less than two times the energy of the pump  laser photons. 

We have identified  12 sul:able A3    crystals  for  frequency-doubling 

C02 lasers using rotational twins to achieve periodic phase matching. 

These materials are alto suitable for other nonlinear mixing experi- 

ments Involving powerful laser pump sources in the  3M-2üU region. 

Further characterization of the wavelength tuning regions of near- 

Infrarcd laser dyes has been con^leted.    The effects of optical punn- 

ing geometry have been studied for ruby-pumped dye lasers. 
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Reaearch Program 

1)    We have continued our Inveatlgatlon of  the use of twin 

Plane,  for rever.lng the algn of the nonlinear polarization in Zinc 

Selenide.     In particular we have finished our initial study of the 

uae of naturally twinned Zinc Selenide in a difference frequency 

generation e«perl«ent using a ruby laser and ruby-pumped dye laser. 

Particular attention has been given to absorption caused by carriers 

created by two-photon absorption. 

2) A preliminary study of the suitability of a variety of Ü 

material, for 10.bp second harmonic generation has been made. 

3) A series of commercially available dyes have been tested on 

m end pumped ruby-excited dye laser.    This series gives coverage in 

the region between  .834u to 1.081y.    The latter figure is the longest 

wavelength achieved with a ruby-punned dye laser. 

Acconpllshaents 

A)     I.R.  Difference Frequency Gener^Mnn.    A paper Enhanced iNon- 

Unear Optical Efferrs in Rotationally TWnn.H r^..,.. by c.  Pf  Dewey 

Jr. and L.  0. Hocker haa been submitted  for publication by Applied 

PhZilc-J^ttir..    Thi. paper reports difference frequency generation 

6< 



m^^^mK^^mnmwi^m^***         -«    I      1   I»      ■ ^^ »fit     IWIin^^HMVVI il> ■ ^ " ■ 

In twinned ZnS«, work done during this reporting period and also the 

final six month«  of  ARPA Contract DAUC04-71-0049.    A preprint of  this 

paper is included as Appendix I of this report. 

Work has continued on the power saturation effect mentioned in 

the last paragraph of page 7 of Appendix I.    This effect Is of substan- 

tial iaportancc aa theory predicts that the conversion efficiency in 

the difference frequency generation experiment should improve as the 

input beans are more tightly focussed Into the sample until either the 

bulk or the surface damage threshold of the material is  reached.     It 

was found that difference frequency generation appeared  to saturate 

and even diminish aa the power level was raised above  10 Mw/cm ,  long 

before the bulk or surface damage threshold  for the material was reached. 

We feel that this saturation is due to absorption of the infrared rad- 

iation by the carriers produced by two-photon absorption of the ruby 

end dye beams.    Since the absorption should be proportional to the 

carrier density; by measuring the conductivity of the sample during t»;e 

laser pulse we can obtain a measure of the absorption.    Figure 1A 

shiiws  the conductivity of s ZnSe Crystal versus  Ruby laser power density, 

The initial .linear rise of the curve is probably due to one photon 

absorption from impurity levels.    At power levels above  about  i Mw/cm 

the conductivity increaaes as the square of the laser power and is 

accordingly due to a two-photon process. 

The dependence of the radiated difference  frequency power on tue 

total Ruby laser and dy* laser power density can be determined readily. 

Let us consider separately the two limiting cases of the carrier life- 
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ti»« (T) being nuch shorter than fh« i- 
than th« iaaer pulse width (6) and the 

„ ^««- «„„„.. ^„„.^ p(>w.r detectcd ^ be 
^P.nd.ot on th. „,., !..„ power ^^^ p 

^«t  (Y)   1.  glv€n by 

Y  •   «j?  ♦   a2P4 

(1) 

Tha Infrarad pmm* outside  the 
crystal of length L is thea given 

P   « y P   -<L-x)(aP+aP
2) 

IR    •' "L" e dx (2) 

W. aeeuM a equare wave laaer pul.e so E        .h    .      , 
. P 80 EIR*  the tot^ Lt. eneigy pt0. 

duced 1. proportional to ? 1nt. , X t0 PIR-    ^tegratlng (2)  then gives 

-<Vfa2p2>L 

J   . (3) 

W« know that a.P - a P2 at 2 i*,/. 2 e 
1        «2P    -t 2 m/cm   ttnm Figure 1A.  «nd accordingly 

besldM the proportionality constant, the only unkn^n i 
**** unknown in equation (3) 

*• «2.    We chose that value of a    i-h-.-    4 
a2 that gives the peak of PIR for a p of 
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10 Hi/cu .    Equation  (3)   thus normalized is plotted  in Figure  IB. 

For the case T  » 6 the carrier density is proportional to the 

time integral of the local power density;  accordingly 

and 

Y(t) /    a^U'Mt' + / a^COdt' 
o o 

'IR 

6     L 

o    o 

e-(L-x)Y(t)  dx dt 

(4) 

(3) 

If va assuas a square wave laset pulse, and recognize that the a ,i 

tern will dominate the absorption, equations (4) and (5) can be inte- 

grated to give 

6 
-La2P t 

, P / I1"« I 
IR 2 dt (o) 

This integral has a scries solution 

'IR 
U0F 2 o 

so 

z 
J-l 

(La9P 6)" 
/ o 

J • Jl (7) 

Choosing the proportionality constant and a ö to give the peak 

energy out at the same laser input power as in the first case gives the 

dashed curve in Figure IB. The sum in equation (7) converges slowly 

for m2?o^  >> ^* For examPle the point at 30 Mw/cm required 60 terms 

to give a 1Z accuracy. 
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It ft. ioter..tlnR that th. two limit, both predict a peak la tb. 

I.R. «Tgy. in qu.llt.tlv .gr..«nt with th.t observed in cfe l^or- 

•tory.    Howevr. oth.r exp.rl^nf will be required to deteiBäuc coa- 

clu.iv.l3r whether th. crrler ab.o.-ption 1. responsible  for the early 

•.tur.tion of the I.R.   conversion efficiency. 

U)    43« Cryst^. Sult^I. for 10.6M Frequency Doubling.    Twelve 

i\ «.terl.1. w.r. cho..„ for th.lr appropriate...  for 10.6M frequency 

doubling.    The., «t.rl.l. ^ong with th.lr transml.sion rang.s.  r.frac- 

Um indlc... 10M doubling coh.r.nC. length and nonlinear coefficients 

•re .how. ft. T^I. I.    a. figurt of aerit 8hown ^ ^ ^ ^^ ^ 

Froportloa.l to th. 5p Pow.r on. would .xp.ct to gener.t. in if crystals 

-r. Md. of ..ch «c.rl.1 with . fixed nunter of twin, appropriately 

•Meed.    Thi. ted. to .^.h-ize tho.e „ateri.ls  that have long coherence 

l-ngth. for th. 10M fr.qu.ncy doubling proc...    Th. unu.ual combina- 

tion of . long coh.r«nc legth and a high nonlinear coefficient makes 

C^b look very prol.lng for thi. proc...    Experiment.! work on these 

cry.t.1. «.it. .v^lrf,ility of suitabl. crystals. 

C)    Expsrlmnt. on ruby las.r pumped dye l«.r. have been conducted 

to d.t.«ln. th. .ff.ct. of dy. lMer puling geometry on the tunable 

•poctr.1 r«g. of ..ch of .everal near infrared dye..    Three cavity 

«.OMtrl.. w.r. coop.r.d:    .id.-p^ed. end-pumped,  and angle-punped. 

Co^.rison wM i^d. to flehlamp-puaped (with an elliptical cavity) 

operation report.d by W.bb .t al. of Eaatmau Kodak.     For Dye #940 

(Kod.k #IR-125).  th. r..ult. were as follows: 
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Ruby Laacr Pumped 
Tuning Range   (nin) 

In DMSO                In H2Ü-Surfactant 

Angle puapcd 840-940   

Side puaped   860-940 

End pumped 847-967 860-930 

FlMhlanp Pumped 

Elliptical cavity 924-952 

Gratlng-tunad oparation to wavelengths aa long aa 1081 n« has ueen 

achieved. 
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.01 .1 1 10 100 
RUBY LASER POWER(megawatts) 

Figui; 1A.  Conductivity of ZnSe observed during laser pulse vs. 
Ruby laser power. Note the conductivity is propor- 
tional to P for low powers and P2 for high power levels. 
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RUBY + DYE LASER POWER IN (MW/cm^) 

Figur« IB. Predicted dependence of IR difference frequency output 
on Ruby + Dye laser power for the cases: T « 6 (solid 
curve) and T » 6 (dashed curve). Bojh curves were nor- 
malized to give the peaks at 10 te/cm . 
overlap for power less than 10 to/cm . 

The two curves 
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APPEMDIX I 

ENHANCED  NONMNEAR CPTICAL EFFECTS 

IN ROTATIONALLY IWIHWKD CRYSTALS* 

by 

C. F. Devey, Jr. and L. 0. Hocker 

Massachusetts Institute of Technology, Cambridge, Maos.   02139 

Abstract 

We have produced continuously-tunable Infrared radiation between 

4un and  21m by mixing the outputs of a ruby laser and a ruby-puoped 

dye User in a single rotationally-tviimed ZnSe crystal.    The peak 

output power of 5 watts at 4m is approximately 2b0 tine* larger than 

the power obtained from an untwinnod Zp^e crystal of comparable length. 

This enhancaner.t  is attributable to randomly-spacol rotational twin 

planes perpendicular to the direction of propagation.    Regularly- 

spaced twins should produce an eahanceaent proportions! to tne square 

of the number of twin planes. 

*    Research supported by the Advancod Reeoareh Prelects Acencv 
under grants DAHCO4-71-C-0049 ard  N0014-67-A--0204-Ü092." 
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The use of wnllnear optical netcrlals to transfer the high 

spectral brightness of a laser from one wavelength to another has been 

1  2 studied  In great detail. Frequency   doubling,  parametric oscillation, 

difference-frequency generation, and o. her higher order processes in 

nonlinear crystals have received particular attention.    In order chat 

these processes be efficient,  the nonlinear crystal muat be transparent 

at the wavelengths of Interest, have a high damage threshold,  possess 

high tönlinear coefficient, and be phase-raatohable for the mixing 

processes employed.    Experience has shown that the necessity to eatisfy 

all four criteria simultaneously severely restricts the choice of 

acceptable ssterlals. 

The nost common method of achieving phase matching is to utilize 

nonlinear crystals exhib ting birefringence such that,  by appropriate 

orientation of the crystal axes relative to the direction of pro-yapation 

of the optical beams,   the birefringence exactly cancels the dispersion 

over the length of the crystal.    An alternative approach wan suggested 

by Bloeobergen in 19623 and inveatigated experimentally by Boyd and 

Fatal* in 1966.    In cubic crystals which have high nonlinear cocfficicnta 

and damage threaholds as well as large regions of optical transparency, 

phase matching can be achieved by using a number of thin plates of the 

material oriented  such that the sign of the nonlinearity reversec from 

plate to plate.    A corollary  technique is to construct a composite 

17 
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■"•rial «hibitlng p«iodlc variation of th« »«n n or Cft* nonlinear optic«! 
coofflr:lÄt »*'7'8      Th— - 

•    ThM, .pproache. h.v. not been exploited to 
-7 .^Ificent d^r...    It ^ provÄl ^^ ^ ^^ ^ 

Ujse ^ of thln ,_ ^ ^ ^^ ^^   o^^ 
«nd optical quelUy. 

We have recognized that th—.- <- « that th«:e 1. . naturally^ccurrlng phenOBenon 

in cubic cryatale which may be «olov-d ^« - w* 
7 oe employed to achieve periodic phase- 

tn. m „u. Aa „^ b-. „^^^ ^ the iu ^^ ^ ^ 

o* pr.p.^i.0 .Ul ^.rt„. . _„_, „ the (iiriction ^ ^ 

—«*. ^tart«^ ., -ch tvln toui>Ury     ^^ ^^^ ^^ ^ 

-.Un-r ^U,,«^ tottt„ tirtce „ ^ ^ the ^^ ^^^ 

-iso- ^^ „ eh. dlrMtlon o£ ^ ^^ ^^^    ^ 

" —!. fUM .p,!^ p„pMilcuUr M ^ lu dlrtctioii pnteM 

. -*u«. ^^.^ „^ cwpoBeiit „.^^^ to ^ m ^^^^ 

—I« opticx ^„tt.. of . cry.e,u ^^^^ roMtioiai ^^ ^ 

**-l«. - ..... .f . ^ of optlCiUy,colltttttd ^ ^^^ 
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of thicknesses equ.-;.!. to the twin plane spacing.  Consequently, perioUic 

phase matching of the type originally suggested by Bloembergen can be 

achieved in a single crystal containing regularly-spaced rotational 

twins. 

For a finite coherence length the net polarization in an untwinned 

piece of material follows the circle shown in Fig. la.  Here C is 

that component of the radiated electric field in phase with the non- 

linear polarization at the beginning of the sample and L    is the 

quadrature component.  The position, Ö, on the circle is simply TTX/JI 

where x is the distance into the sample along the direction of propa- 

gation, and Ä,c is the coherence length.  Fig. lb illustrates the case 

where twin planes occur at £ , 2£ , 3JI , ... At each plane the incrc- 
c   c   c 

mental field reverses sign, but continues to de. base at the same rate. 

The dotted line shows .lanes at X " y te, y I , y £  ..., the plate 

separation suggested as most dcsireable bv Bloembergen.  Inasmuch as 

tue magnitude, not the phase, of L detcruines the nonlinear optical 

power, these two spacings give nearly identical results. 

Normal methods of crystal growth produce rotational twins with 

uneven spacing.  For twin separations of the sar^e order as I   . but of 
c 

otherwise random lengths, the electric field changes in the manner of a 

complicated random walk as in Fig. 1c.  If the spacinr, is large compared 

19< 
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to lc.   the electric  field changes CccordinB to Fig.   Id.     The magnitude 

of  the net electric  field after  traversing M  twin planes of  randorr 

.pacing larger than about 0.5  ^ is   \t\ %  (NE^1'".  where E, is  the 

electric  field produced by a slat one coherence length  thick.     Inasmuch 

.. the power radiated by the nonlinear polarization  is proportional  to 

|E|2.  th. nonlin-r optical power radiated fro« a randomly-tvimcd 

MBpl. will b. gr-ter than that radiated by an untwinned «mple one 

coharence length thick by a factor aqual to H.    A cryctal with 

regular twin, aaparatad by an integral number of coherence lengtho 

would exhibit an enhancement of radiated power proportional  to H . 

To d««on.trate th. enhanced nonlinear effects which can be obtained 

in twinned cry.tal.. we have generated infrared diff erence-frcau. ncy 

radiation in a piece of randomly-twinned ZnSe.    The experiment employed 

a Q..witch«i ruby la.er at* a ruby-pumpel dye laser as the t« mixing 

beam, in a configuration origirally reported by us in 1971        The 

ZnS. cry.tal contait-d about 150 parallel twin planes perpendicular to 

the 111 direction with .eparation. greater tban 2„. of which .-.bout h.lf 

w«e greater than 20vm.    The separations are ncasur^lc as the twin 

plane, can be easily Identified from the side of.  the crystal  (.M Fig.   2) . 

Th. coheranc. length for these experi^nts ran,cd  from 2ym to lOy. 

depeniing upon which II difference frequency wa6 being g^nerctcd.    We 

vould therefor, expect aocut a factor of % 102 i^rovcxent ever an 

untwinned eample one cohcrea:e lensth thick. 

i:   •■■.''    • l 
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The User dyei u»ied were DTTC, DOTC, and DTDC      in DMSO and 

equeoue-eurfactent12  iolutlone.    Difference-frequency generation 

vet observed over the wavelength raage 4ym to Zl^, with a peak 

power of about 5 watte at Aym and about 0.3 watts at 21ym.    The 

decrease of power at longer wavelengths is attributable in part  to 

a -leerease in dye User power fron DTDC mixtures, and in part  to a 

decrease in the number if twin planes larger than "  11^ (ic ^ 30vm 

rt a wavelength of 21vn).    The ratio of infrared power to dye User 
2 2 

V'/wer, FJ-Z^J. vith raoiom twins is profortional to Rt^ /  X^  ;  for 

ruby User-dye User difference-frequency generation in ZnSe,  i. 

increases nesrly linearly with J^ so that ^ix^d «ovild be expected 

to be epproximately indepeni ent of wavelength if the effective v\luc 

of N were constant. 

When an untwinned ZnSe crystal   «s substituted for the twinned 

mUing crystal, a peak, power of 1 mW vus obeerved at Ays.    The 

untwinned specimen was slightly wedged  so that no Maker fringes were 

observed.    The infrared power from an untwinned pUne-poralld sUb 

at a fringe maximum would therefore be 2 DW, or   250 timea smaller  th^n 

that measured using the twinned crystal.    This value is in rc-toruble 

agreonent with the enkincement factor of 150 pred ctcd  for a random 

walk process with 150 twins larger than 0.5t,. 

Zl 
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ConfInaatlon that the observed   ilgnal was indeed the difference 

frequency uas done In the usual manner—by tuning the infrared output 

wavelength through the narrow passband of a multilayer dielectric  filter, 

observing absonce of the signal whea either the ruby or dye beam was 

blocked, und seeing the disappearance of  tie signal when the IR wave- 

length was tuned Into the ZnSe absorption edge at  22\m. 

All of the above experiments were performed with a surface power 

2 
density of at out 10 KW/cm .   Using this power density, an overlap area 

2 13 of 0.1 cm    ,  the nonlinear coefficient of Soref and Moos    , and the 

coherence length appropriate to 4um mixing, we find that the untwinned 

crystal produced about 1/4 of the power predicted by theory.     Such 

discrepancies are frequently observed  in mixing experiments of this 

type.     In this experiment,  increasing the power density by focusing 

did not  Increase the IR power even though the input power density was 

substantially below bulk or surface damage thresholds.    This could be 

explained  if the IR power was being absorbed  by free carriers produced 

by the intense ruby and dye beans.    Carriers can be produced either 

by direct excitation of bound  impurities or by two-photon excitations 

acrcss  the band gap.       '     *       Further  inveatigation of  this 

effect'ind  its  relation  to  second-harmonic  generation  is  in progress. 
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In co«lu»ion,  the effectiveness of using rotational twinning 

as • «ean. for changing the phase of the «ruinear polarization inside 

the crystal has heen demonstrated    in ZnSc.    Practical systans capable 

of producing Urge nonlinear optical conversion efficiencies must 

•wait the development of techniques for producing twins with controlled 

.pacing.    Additioml cubic crystals which show promise for nonlinear 

mixing processes with both regularly and irregularly spaced twins 

include G48b. OdTe.  IrAs, GaA.. ZnTe. InP. GaP. ZnS and the copper 

hailldes.    Wa have also found that free carriers produced by two-photon 

absorption in some crystals may present a lower power limit for dif- 

ference-frequency generation than either bulk or surface damage 

thresholds. 
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FIGURE CAPTIONS 

Fig«   «^l 

Plot of «aplltude and phase of the net difference frequency elec- 

tric field    for:      a)  untwlnnod crystal 0 - ™ I    b) regularly 
c 

twinned crystal with twin spacing - £c',    c) randomly-twinned 

crystal with twin cpaclas < A,',    d)  randomly twinned crystal 

with twin spacing > I .    The distance along the path from the 
c 

origin is proportional to the distance into the crystal. 

Figure 2 

Magnified section of the ZnSe crystal showing the twin planes. 

The 111 direction is in the plane of the figure and perpendicular 

to the twins. 
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