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SECTION I

INTRODUCTION

There are spectral regions in the infrared that are not occluded by

atmospheric absorptionI The coincidence of good detectors and atmospheric

transparency in the 2-6 3.! and the 8-12 M bands makes these -pectral regions

of special interest. Military applications in the 2-6 um band and, to a

lesser extent, the 8-12 umn band have been discussed elsewhere 2 . Prior tu

1970, tunable sources had not been developed to provide continuous coverage

of these bands, although discrete line lasers were available at fixed wave-

lengths throughout the bands. Siaice then, the availability of new nonlinear

optical materials with wide band infrared transparency has mcde possible the

construction of cptical parametric oscillator (OPO) and mixer devices that

operate continuously over the 2-6 vm and 8-12 um bands. (Although tunable

semiconductor sources such as the lead salt diodes and spin flip Raman lasers

have recently been developed, we do not consider such devicts in this repcrt.)

In Section 11, we discuss parametric oscillators. A review of the chrono-

logical development of wavelength coverage and c discussion of power output

and efficiency vs wavelength are given. In Section 111, we rewiew recent work I
on turable mixers. In Section IY, we calculate and discuss the theoretical

perforsance of 11 nonlinear optical material-. In Section V we show, as anI

example, how the theoretical performance data can be used in selecting a

pump wavelength and a nonlinear optics' -aterial for a singly resonant OPO

operating in the 3-6 um band. In the Appendices we include the refra-tive

index data and Sellseier equations for each nonlinear material and present

the details of the co:nputer program used for the LalcVIations.

11



SF( IO If II

PARAMETRIC OSC I LLATORS

A parametric ostillator generates two waves, a sign&1 and an idler,

from noise in a nonlinear crystal when properly excited by a loser pump

beam. The energy and momentum conservation requirements on the pump,

signal, and idler beams are:

Wp + W i Energy Conservation (1)

•7i, " f ki Momentum Conservation (2)

The theoretical maximum efficiency of the process for generating signal

energy is ws/1w and for idler energy is w /wp (Figure 1). For the

degenerate case, t.e. wi zs ap /2 100% conversion is possible to a

single line. In practice, 67% conversion has been obtained in a degenerate

oscillator' and fOO% conversion has been reported in the case of degenerate

upconversion where the frequency of the pump is doubled. 4 Detailed dis-

cussions of parametric oscillators a're contained in Refirences S and 6.

The chronological progress in spectral coverage for nonlinear devices

is shown in Figure 2 for the visible and infrared region. The numbers in

Figure 2 correspond to the reference numbers given in Table I and in the

list of references at the end of this report. LiNbO3 is the most commonly

exploited material and has been used from the green to 3.7 pm where it is

limited by absorption. The materials used for parametric oscillators must

be transparent or low loss at the pump wavelength as well as the signal and

idler; they must also have adequate optical quality to allow an oscillator

19
cavity to be formed. Pumping LiNbO with different visible wavelengths

2
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yielded spectral coverage from 0.548 to 3.65 Um; more recently, pumping

LUNbO3 with an electronically tunable dye laser 3b offered rapid selection

of wavelengths in the near IR. Proustite (Ag3AsSs) pumped by Nd: CaW 4

provided coverage out to 8.5 0m; CdSe pumped by CaF 2: lDy reached
28 20

13.7 um30. Amnmann, Yarborough and Falk2 0 achieved simultaneous optical

parametric oscillation and frequency doubling of the signal in LNbO3 pumped

by 1.06 um to generate wavelengths higher than the initial pump. Hence, the

infrared and visible spectrum of interest can be covered by parametric

oscillators.

The highest IR peak powers (Figure 3) were obtained from parametric
oscillators pumped by ruby lasers, 11.13,15,16 followed by the CdSe oscillator

2+ 30
pumped by CaF2 :Dy20 Peak powers up to 15 kilowatts have been obtained

from parametric oscillators pumped by neodymium lasers. In contrast, all

the h*gh average power parametric oscillators have been pumped by neodymium

lasers capable of high repetition rate performance (Figure 4). The only

parametric oscillator shown in Figure 4 that was not pumped by neodymium was
14

a CW argon laser-ptuped lithium niobate oscillator. It should also be

noted that the parametric oscillators of References 3 and 20 were internal

parametric oscillators that exposed the oscillator to the total laser flux

in the cavity. The parametric oscillator of Reference 19 was pumped in

the greer. which resulted in 900 phase matching for high average power,

performance.

In Figure 5, power conversion efficiency for the various paramett'ic

oscillators is shown. The highest efficiency was that of the previolusly

mentioned degenerate oscillator 3 at 2.16 Um. Power conversion efficiency of

19
46% from a 0.659 Wm pump to two tunable outputs was reported. A 40% peak

power conversion to the signal was obtained in a ruby-pumped singly resonant

16
oscillator. Conversion efficiency of 40% as measured by pump depletion

6
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was "epored for an oscillator with the signal resonated. The various mans

of rep•ovting power conversion efficiencies were not totally self consistent,

and in some cases, an interpretation was required. For explicit details on

the efficiencies see the references and Table I.

There are three ways commonly cited to give an idea of the power

conversion efficiency, Average power conversion efficiency is the ratio of

the average output power of the parametric oscillator to the average Xnput

power of the pump. Peak power conversion refers to the ratio of the peak

power of the parametric oscillator to that of the pump. Note f'rom Table I

that the pulse length of the oscillator is frequently shorter than that of

the laser pump; this results in an apparent higher efficiency for peak power

conversion because of pulse compression. Pump depletion is a measure of

the amount of energy lost from the pump in passing through the parametric

oscillator. This lost energy is converted to signal and idler energy in

the parametric oscillator as well as absorbed and scattered in the parametric

oscillator element%. Hence, not all energy measured by pump depletion is

transformed to useful parametric oscillator output.

Parametric oscillators of lithium niobate have been tuned by angle, by

temperature, and by the electrooptic effect (Table I). The brilhging of

the crystal to thermal equilibrium at new temperatures changes the indices

of refraction, and hence, the frequency of the parametric oscillator. This

process is a slower tuning technique than that of merely rotating the

crystal, The technique of changing parametric oscillator frequency by

changing the wavelength of the dye laser pump has been recently demonstrated

36using an acousto-optic filter. This offers random frequency selection

within the limits of the dye laser pump and maximum flexibility since

10



frequencies can be shifted on a pulse to pulse basis. Plectrooptic effect

tuning 1 demonstrated a frequency shif of 6.2 A*/kV/cu in LiNbO3 0 so it

cannot be effective)y used for large fiequency excursions because of the

voltage involved.

Bjorkholm succinctly points out 1 3 . "The advantage of a singly resonant

oscillator is that it should be such nore nearly continuously tunable than

a doubly resonant oscillator. In the latter, because of the accidental

distribution of the signal and idler cavity modes, frequency excursions

from the operating point predicted by index-matching data can be large

with respect to the axial mode spacing of c~e oscillator (-O.1A*). For

the singly resonant oscillator, the tuning discontinuities should be no

larger than one-half the mode spacing." In another article Djorkholm

remrrks that the tunability of the SRO is at least five times and probably

&-i order ofk agnitude so" accurate than the tunability of the DRO.babl

F Ii

r .



SECTION I I I

TUNABLE MIXERS

Coherent infrared radiation can also be produced as the difference fre-

quency generated when two coherent sources, the pump and the signal waves,

are mixed in a suitable nonlinear crystal at the proper phass matching

angle. Table :I lists typical pump wavelengths and correspor.ding signal

wavelengths required to generate IR wavelengths from 2 to 12 um. Again,

the energy and momentum relationships (w - ws ai and k - k

respectively) must be satisfied to have efficient power transfer.

Most experiments to date have utilized single pass systems which do

not require optical cavities and associated mirrors. Such systeus offer

the advantage of simplicity, but sacrifice the more efficient utilization

of input power through multiple reflections in the cavity. However, crystals

of very high optical quality are required for use in optical parametric

oscillators, whereas poorer quality crystals can be used in, dixers.

In January 1971, Dewey and Hocker21 reported infrared difference fre-

quency generation by mixing the inputs of a Q-switched ruby laser and a

tunable dye laser in a LiNbO3 crystal. In their experiment, the output of

an unpolarized Q-switched ruby laser was separated into two parts by a beam

splitter. One beam pumped a tunable dye laser. The output from the dye

laser was then combined with the second part of the ruby beam and directed

into the LiNbO3 crystal which was rotated to maintain the proper phase match-

ing angle for different wavelengths. Pulses of approximately 6 MW of peak

power were produced in the to d um range for an initial input of 4 MW from.

the ruby laser.

12
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The dye laser mixing technique wa3 extended further into tht l• rVgi•.

by Hanna, Smith, and Stanley"- wh-.n they rported (December 1971) that they

had mixed the outputs of a ruby laser and a tunable dye laser (pumped by

the ruby lUser) in a proustite crystal to generate peak powers of a few

watts at approximately S us and over.a range of 10.1 to 12.7 Us.

In June 1972, Meltzer and Goldberg2 9 obtained tunable difference fre..

quency generation in LiIO3 over a range of 4.1 to 5.2 jim. They mounted the

LIO3 crystal inside the dye laser cavity. The dye cell was pumped by a

ruby laser and tuned with a diffraction grating. Phase matching was achieved

by rotation of the crystal. IR output pulses of approximately 100 W peak

power at 4.7 us were obtained for a total ruby laser input of 4 14V. The dye

laser power was approximately 70 kW.

In December 1972, Bhar, Hanna, Luther-Davies, and Smith 3 1 reported the

use of an OPO as their tunable source to generate two input wavelengths

which, when mixed in a proustite crystal, produced tunable IR radiation over

a range of 7.8 to 11.9 Um. The OPO was tuned from 1.87 to 2.47 MmU. The

total input power to the crystal was approximately 100 W.

Down-converted IR radiation from 4.6 to 12 js was reported by Hanna,

Rampal and Smith34 in June 1973 when they mixed a ruby laser beam in silver

thiogallate (AgGaS 2 ) with the output of various ruby-pumped dye lasers. The

Q-switched ruby laser produced a peak output power of I •W4 (TE•oo mode) with

a pulse duration of 10 nsec (fwhm). Part of this power was separated by a

bean splitter and was used to pump the dye laser. Four separate Oyes were

used to cover tho 4.6 to 12 um spectral range. Peak powers of hundreds of

milliwatts were produced.

14



Decker vrd Tittel' 3 5 reported (Apria 1973 and July 1973) tunable

d3ffereoce frequency generation in proustite over the range 3.2 to 5.65

Un with a Q-switched rub, laser mad tunable dye loser sud over the range

S.82 to 7.25 um with the outputs of two independent ruby pumped dye lasers.

Peak IR powers up to several KW were obtained.
37

Byer, Choy, 14rbst, Cheala, and Feigelson recently reported (January

1974) continuously tunable IR difference frequency generation in silver

gallium selenide (AgGaSe 2 ) over the range 7 to 13 us by vrixing the outputs

from a LiNbO3 parametric oscillator. A 1.318 us output from a Nd:YAG laser

was doubled by a LiIO3 crystal to obtain 0.6S9 on which in turn pumped a

LiNbO3 temperature-tuned oscillator to produce a 1.62 to 1.47 on signal. j
This signal was matched with the 1.318 un pump to produce the 7 to 13 us

IR radiation.

Tunable coherent infrared radiation produced in a four-wave mixinig

process was reported in April 1973 by Sorokin, Wynne, and Lankard' . The

mixing process was achieved by utilizing resonant enhancement of a third

order optical nonlinearity in an alkali metal vapor (potassium at 500"C).

A 100 kW nitrogen laser was used to simultaneously pump two dye lasers

whose outputs were focused into a heat pipe oven containing the metal

vapor. The beam from the first dye laser at frequency w1 , which was tuned

to the 4s-Sp resonance lines of potassium (0.404 rn). induced radiation (a
J~

Stokes wave) at frequency w2 by stimulated Raman scattering between the

Sp-Ss levels. The beam from the second dye laser at frequency w3 then

"beat" together with the first two waves to create a fourth wave at fre-
quency w 4 (in the infrared) such that w 4 N 1 - W2 - W3 (the energy matching

relationship). The corresponding momentum relationship that had to be

15s



satisfied was An4w4  a Wl w-.n 2w2-an,9 3 where Ar. is the dispersion in the

refractive index. By changing the Isser dyes and by tkixing small auow.ts

of other gases with the potassium vapor, it was possible to obtain continu-

ously variable wavelengths from 2 to 20 uP. IR peak power outputs up to 100

MiW were obtained.

Mixing experiments reported to date have demonstrated the feasibility

of generating tunable infrared coherent radiation at very low power levels

in a number of differe.it materials. For the most part, pump sourcus have

been single shot or low repetition rate lasers with outputs in the visible.

To achieve worthwhile power levels requires that the two input sources, one

of which must be tunable, operate in the 1-2.S Pm region for increased

efficiency. The lack of a suitable high power tuiable source at these

wavelengths is a serious limitation at present.

16
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SECTION IV

ThEORETICAL PERPORMANCE OF NONLINEAR OPTICAL MATERIALS

The theory of parametric interaction of confocally focused light beams~s

was used to provide a basis for comparing materials for parametric generation

of tunable radiation in the 2-6 and 8-12 om regions. The effects of walkoff

due to birefringence were taken into account.

The materials used in the comparison are listed in Table III along with

the nonlinear coefficient% used in the calculations. The refractive indices

used were obtained from the references also listed in Table III. For com- 1
pleteness we have compiled in Appendix A the room temperature index data and

Sellaeier equations for each material. The list of materials is not com-

prehensive but does contain materials already used in nonlinear optical devices I
as well as several promising materials recently synthesized. Of the 11

materials listed in Table III, only LiNbO3 and LiIO3 are commercially available.

All the other materials are in various stages of development. Of the nine

non-comrcially available materials listed In Table III, both Ag3AsS 3 18' 24 ' 28

and CdSe 2 6 ' 2 7' 3 0 have been used in infrared parametric oscillators. Also,

Ag3AsS 3 ,31,33#35 AgGaS 2 ,34 and AgGaSe 2 37 have been used for infrared mixing.

These materials, then, may be considered to be the most advanced of the nine

experimental nonlinear materials.

In Figures 6 to 12, curves of the parametric gain per watt of pump power

as a function of oscillator output wavelength are given for the pump wave-

lengths 0.694, 0.946, 1.06, 1.3, 1.83, 2.1, and S.3 um, respectively. All

of the materials of Table III that can be phase matched and which uie trans-

parent at a given pump wavelength are included in each figure. A crystal

length of one cm was assumed in all cases. Each curve extends over

17
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TABLE III NONLINEAR OPTICAL MATERIALS

Material Crystal Birefrin- NLO Coefficients Refractive d (e)
Class gence 12 Indices

________ Type (X 10 /E , m/V) InieefType0

AgGaS2  42m Negative Id 36  - 12 (Ref 39) Ref. 39,40

Id 14 I Id36  td Jsine (Type I)
_____1 36__ _ _ _ _ __ _ _ _ _ _ _ 36

AgGaSe 2  T2m Negative Id 36  = 3 (Ref 41) Ref. 41,42 (Id 14 J÷ d5 6 )sinecogB(Type II)

1d 1 4 1 1d3 61

CdGeAs 2  42m Positive Id a 236(Ref 43) Ref. 43,44 Id 1 4 Isin2e (Type I)

ZnGeP2 2m Positive C;14I = 75 (Ref 45) Ref. 45 Id l4sine (Type II)

HgS 32 Positive Idl11 = 50 (Ref 46) Ref. 47,48 Jd 1 1 1Cos 2 O8+d1 4 1sin20(Type I)

Id14I a 0 Idlcose (TyTj II)

Ag.AsS 3  3m Negative Id2 11 = 2S.6(Ref 49) Ref. 48,50

Id31 1 a 16.0

AgsSbS3  3m Negative Id21  = 13.4(Ref 51) Ref. 52 Jd2 1!cosO+d.lJIsine (Type I)

Id311 = 12.6 Id 2 1Icos2e (Type II)

LiNbO 3m Negative' Id 2 1  = 3.6 (Rbf 53) Ref. 48,54
Id3 I = 6.25

TI AsSe 3  3m Negative d21  = 44.2(Ref 55) Ref. 55

Id 3 ll = 41.6

LilO - Id31!3
310IO Negative I = 7.5 (Ref 56) Ref. 56,57 Id 1sine (Type I)

k;14 = 0 Id 1 4 lsinecose (Type II)

CdSe 6mm Negative Id31! = 19 (R3f 58) Ref. 31 IdslSinO (Type I)

0 (Type II)

18
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the transparency range of the material.- In the case of the phosphides and

sulfides, however, the longest prnctical wavelength is limited by multiphonon

absorption to about 10 us. The Roman numerals beside *ich material identify

the type of phase matching (see the definitions given in Table IV). In

cases where both Type I and Type I1 phase matching are possible, only the

higher gain curve is shown if (as, for example, in the case of Ag 3 AsS3 ) the

gains for the two types differ by a large factor. In cases where the gains

for both types of phase matching are comparable, both curves are given. In

previously published comparisons of materials, '6 parametric gains are dis-

played as horizontal lines vs wavelength (deroting only the transparency

rtnge), and different pump wavelengths are included on the same diagram. The

actual gain curves, their crossings, and their relative shifts from one pump

wavelength to another, as seen in Figures 6 to 12, show that a simple composite

diagram can be misleading.

High gain implies a low pumping power required to reach oscillator

threshold. Thus, to build a practical device, ine must select a material

with sufficient gain to reach threshold and, ideally, saturation at a power

level within the svate-of-the-art of the pump lasor. However, gain is a

necessary but not a sufficient criterion on which to base the choice. If the

high gain can be achieved only by such tight focusing that the pump power

density exceeds the material's damage threshold, then obviously the material

cannot be used. Other criteria are availability and optical quality of the

material, and the availability of suitable anti-reflecting and high reflecting

coatings.

To answar the question of power density requirements, we present a de-

tailed comparison of materials at the pump wavelengths 0.694, 1.06, 1.3, and

2.1 Pm in Tables V to VIII, respectively. These pump wavelengths are represent-

3+ 3.
ative of the ruby, Nd , and Ho solid state lasers.
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TAIBL IV DEFINITION OF PHASE M•TCKING TYPES

lirtfringence Phase Hatching Beas Polarizations
Type Typ

Signal Idler PMP
(XA X/2) (X > A /2)

S p i p

Positive (n > A) I 0

Ila o 0 o 0

lib e o 0

Negative (ne < n0 ) I 0 0 4
Ila o • •

lib e o I

21
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The first column in Tables V to VIII identifies the material and the

type of phase matching. The second and third coluums give the output wave-

lengths. The fourth colum i. the gain per watt for a 1 ca thick crystal.

The next two colums give the pump power required to reach threshold for

singly and doubly resonant oscillators according to the following relation-

ships:
5

(gain/watt) x Pt . 2 as (SRO) (3)

(gain/watt) X Pt - asai (DRO) (4)

where a and a are the single pass power losses at the signal and idler

wavelengths, respectively. For the comparison presented in Tables V to VIII,

we have assumed values of as a ai a 0.1. At degeneracy (Xs a Xi), a singly

resonant oscillator has the same threshold as a doubly resonant oscillator.

Hence, the numbers given in parentheses in the SRO columns are fictitious

and should be interpreted as the pump power for an SRO operating near

degeneracy.

The next two columns give the pump power required for pump depletion

(saturation) according toS

Ps (w/2)2 Pt (SRO) (5)

Ps - 4Pt (DRO) (6)

In Equations S and 6, it is assumed that the pump pulse length is much

greater than the time required to build up the signal from the incoherent

background noise. In cases where buildup time is not negligible, the pump

powers required for high conversion efficiency depend on the gain per pass

and the ratio of pulse length to oscillator cavity round trip time. Since

these parameters can vary over wide ranges, the problem of buildup time is

37
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not treated here. However, a good rule of thumb is that a parametric

oscillator pumped by pulses shorter than -100 ns way be expected to be

limited by buildup time.

The columns labeled A in Tables V to VIII cre the cross-section areas

of the Gaussian beans at the cavity confocal point and are given hy

A - 2w /2 (7)

bo p/(nseni)

where, for a I cm crystal,

b o M B2/2 B2 > 2 (8)

b° =1 2--< 2

B2a wP2np/4)p (9)

In these equations, wo is the Gaussian bean waist, X p is the pump wavelength,

ns, ni, and np are the refractive indices at the signal, idler, and pump

wavelengths, and p is the walkoff angle. Equatiqns 8 maximize the confocal

parameter b° (and, hence, minimize the power density at the focus) for a

given value of the walkoff parameter B. Values of b larger than given by

Equations 8 are, to a good approximation, offset by a reduction in gain, so the

cross-sections in the Tables V to VIII are essentially optimum.

The columns following A give the power densities at threshold and at

saturation. The final two columns give the theoretical maximum conversion

efficiency at the two output wavelengths.
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SECTION V

RANKING OF MATERIALS FOR A SPECIFIC APPLICATION

As an example of how the detailed data presented in Section IV can be

used, let us consider a specific application, namely, a parametric oscillator

with output in the 3-6 pm region, at a prf of S kHz in an SRO configuration.

To achieve this repetition rate at the power levels needed to drive a para-

metric oscillator requires either a Nd or Ho pump laser operating in a

Q-switched, cw-pumped mode. To obtain the highest possible average power,

the Nd3+ laser should operate on the 1.06 um (1.08 um) line of YAG:Nd3+

(YAI03:Nd 3 +), rather than at other possible Nd wavelengths (0.94 •m, 1.3 pm,

etc.). At an average power output of 10 watts TENo0 (a reasonable upper limit

for the present state-of-the-art), a train of 100 nsec pulses at 5 kHz will

have a peak power per pulse on the order of 20 kW at the 1.06 um or 1.08 um

pump wavelength. The hov+ laser operates at 2.1 um. A reasonable upper limit

for state-of-the-*, -,TriA(-P' laser output is 2 watts TEo 00o. Thus, the pump

limit is about 4 kW per pulse at the 2.1 um pump wavelength.

Using the data in Tables VI and VIII, we can rank the parametric oscillator

materials in the order of their merit for the application just posed. This

ranking is displayed in Tables IX and X. For purposes of ranking materials in

Tables IX and X, we have assun- - dawu. 'hreshold power densities of 100 1W/cm2

for LiNbO3 and LiIO3 and 50 MW/cm2 for all other materials.

According to Tables IX and X, HgS and ZnGeP2 are the best materials for

pumping at 1.06 and 2.1 um, respectivei Both materials have peak power and

power density requirements well below the upper limits discussed previously.

For SRO configurations, AgGaSe 2 pumped at 2.1 pm is the only other material

39



TABLE IX
LIMITATIONS OF MATERIALS FOR 1.06 Its-PUMPED SINGLY RESONANT PARAMETRIC OSCILLATORS
LIMTATONSOF OPERATING IN Thf 2-6 pm OUTPUT RANGE AT S lNs PRF

Threshold Power Saturation Power
Threshold Power Saturation Power Density Less Than Density Less Than

Material Less than 20K1? Less Than 20 KW? Damage Threshold? Damge Threshold?

HSS Yes Yes Yes Yes

Ag3AsS5  Yes Yes a Yes Yes

AgPUiR 3  Yes Yesb Yes Yesb

AG6 2  Yes Yes Yes No

LiNbO3 c Yes No Yes Yes d

UlO• No No No No

a but not beyond lu Span
b but not beyond u 4pm

C limited by absorption to wavelengths shorter than u 4.Sjm
d but not beyond N 3p!

U limited by absorption to wavelengths shorter than nu S.Spm
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TABLE X

LIMITATIONS OF MATERIALS FOR 2.1 TA-PUMPED SINGLY RESONANT PARAMETRIC OSCILLATORS
OPERATING IN THE 3-6 wm OUTPUT RANGE AT 5 KIz PRP

Threshold Power Saturation Power
Threshold Power Saturation Power Density Less Than Density Less Than

Material Less Than 4 01? Less Than 4 KW? Damage Threshold? Damage Threshold?

ZnGeP 2  Yes Yes Yes Yes

AgGaSe 2  Y)s Yes Yev Yes

HgS Yes No Yes Yes

T1 3AsSe 3  Yes No Yes Yes

Ag3AsS 3  No No Yes Yes

Al 3SbS 3  No No Yes No

AgGaS 2  No No No No
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that has saturation powst and power density levels within the state-of-the-art.

I6m evert mat other mterials can.be used in M configurations up to soms

level between threshold and complete pump depletion. The materials that can

be categorically excluded from consideration in SRO configurations are LifO3

pumed at 1.06 us ad AgWs. Ag3Sbs and Ag3AsS 3 pumed at 2.1 u..
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SECTION VI
SWAWY AND CONCLUSIONS

In this xeport, we have reviewed the state-of-the-art of parametric

oscillators and mixers, and have provided detailed theoretical performance

data on the most promising materials for use in the 2 to 6 and 8 to 12 im

regions, and have performed a critical evaluation of the materials usable

in the 2 to 6 me region. The spectral coverage available from parametric

oscillators and mixers has increased dramatically since 1970. This has

been made possible by the development of now nonlinear optical materials

such as AS3 AsS3V CdSe, and AGaSe2 . High average powers and conversion

efficiencies have yet to be obtained over the entire infrared bands of

interest. Substantial improvements in power and efficiency can be made by

further development and use of materials such as HsS and ZnGeP 2 .
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APPENDIX A

AS3AsS3 (proustit.)

Seilmier Equation:
4 8

(hn)2 7.4822 + 0.4635 - 0.0016 A2

(e)2 0.3352 - 0.0007 X`2

A2 _ 0.1117

Refractive Index Data: 5 0 ' 5 9

A ((on) n n - n
_------ ----- _

O.5876 1.7018 2.7896

0.6328 1.5803 3.0190 2.7391 -0.2799

0.6516 1.5347 2.9970 2.7230 -0.2740

0.6678 1.4975 2.9804 2.7094 -0.2710

0.6943 1.4403 2.9550 2.6910 -0.2640

1.014 0.9862 2.8264 2.S901 -0.2363

1.129 0.S857 2.8067 2.$756 -0.2311

1.367 0.7315 2.7833 2.5570 -0.2263

1.530 0.6536 2.7728 2.5485 -0.2243

1.709 O.5851 2.7654 2.5423 -0.2231

2.50 0.4000 2.7478 2.5282 -0.2196

3.56 0O2809 2.7379 2.5213 -0.2166

4.62 0.2165 2.7318 ;.5178 -0.2140

10.6 0.0943 2.7030 2.5040 -0.1990
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AgGaS 2 (Silver Thiogallate)

Sellmeier Equation:
4 0

(n ,8 0.2410 0.00210 1,2

A -0.0870

(ne) = 5.497 * 0.2026 0.00233 A2

A2 0.1307

39
Refractive Index Data:

-1 -1 nno aBe-no

.4900 2.0488 2.7148 2.7287 .0138

.5000 2.0000 2.6916 2.6867 -. 0049

.5250 1.9048 2.6503 2.6239 -. 0264

O5500 1.8182 2.6190 2.5834 -. 0356 1:1
.5750 1.7391 2.5944 2.5537 -. 0407

.6000 1.6667 2.5748 2.5303 -. 0444

.6250 1.6000 2.5577 2.5116 -. 0461

.6500 1.5385 2.5437 2.4961 -. 0476

.6750 1.4815 2.5310 2.4824 -. 0486

.7000 1.4286 2.5205 2.4706 -. 0499

.7500 1.3333 2.5049 2.4540 -. 0509

.8000 1.2500 2.4909 2.4395 -. 0514

.8500 1.1765 2.4802 2.4279 -. 0522

.9000 1.1111 2.4716 2.4192 -. 0525

.9500 1.0526 2.4644 2.4118 -. 0526

1.0000 1.0000 2.4582 2.4053 -. 0529

1.1000 .9091 2.4486 2.3954 -. 0532

1.2000 .8333 2.4414 ;.3881 -. 0533

1.3000 .7692 2.4359 2.3819 -. 0540

1.4000 .7143 2.4315 2.3781 -. 0534
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NO) OpAll n..... n n n"

:j . 5000 .6667 2.4280 2. 374S -., 035
i1.6000 .62S0 2.42S2 2.3716 -., 035

S1.8000 .SSS6 2.4206 2.3670 -.o 036

2.0000 .500O 2.4164 2.3637 -., )&27

2. 2000 .454S 2.4142 2.3604 W.-X,0I•?
2.4000 .4167 2.4119 2. 3S83 -., 035
2.6000 .3846 2.4102 2.3S67 -,.0535
2.8000 .3571 2.4094 2.3S39 -, 0535
3.0000 .3333 2.4080 2.3545 -, 0535
3. 9000 .312S 2.4068 2.3S34 -. 0534
3.4009 . 2941 2.4062 2.3S22 -. 0540

3.6000 .2778 2.4046 2.3511 -, 0535
3.8000 ,.2632 2.4024 2.3491 - , 033
4.0000 .2500 2.4024 2.3488 -. 0536

4.5000 . 2222 2.4003 2.3461 -., 042

2(

5.0000 .2000 2.3955 2.3419 -. 0536
5.5000 .1818 2. 3938 A..3401 -. 0537

6.0000 .1667 2. 3908 2.3369 W. 0539
6. SO00 • 138 2. 3874 2. 3334 -. 0540
7. 0000 .1429 2. 3827 2. 3291 -.O 036

7. 5000 .1333 2. 3787 2. 3252 -.• 035
S8. 0000 • 1250 2. 37S7 2. 3219 -. 0538

S .5000 . 1176 2.3699 2.3163 -.,0536
9 . 0000 .1111 2.3663 2.3121 -. 0542

g. SOO0 .1053 2. 3606 2.3064 -. 0542
10.0000 .1000 ;. 3S48 2. 3012 -. 0536
10.5000 .09S2 2.3486 2.2948 -. 0538
11.0000 .0909 2.3417 2.2880 -. 0537
11.SO00 .0870 2.3329 2.2789 -. 0540
12.0000 50833 2.3266 2.2716 -. f0550
12.5000 .0800 2.43177
13.0000 .0769 2.43076

S2



42
Selimsio Iq~uatian:4 t

(n°) 2 3.9362 , 2.9113 ÷ 1.7954

371=82

33132 * 3.3616 t 1.7677

Refractive Index Data: 4 1

x (ii) _-1____ -__ _e____e - m"

.7250 1.3793 2.8452 2.8932 .0480

.7500 1.3333 2.8191 2.8415 .0224

.8000 1.2500 2.7849 2.7866 .0017

.8500 1.1765 2.7598 2.7522 -. 0077

.9000 1.1111 2.7406 2.7275 -. 0130

.9500 1.0526 2.7252 2.7085 -. 0167

1.0000 1.0000 2.7132 2.6934 -. 0198

1.1000 .9091 2.6942 2.6712 -. 0230

1.2000 .8333 2.6806 2.6554 -. 0253

1.3000 .7692 2.6705 2.6438 -.,0267

1.4000 .7143 2.6624 2.6347 -. 0277

1.6000 .6250 2.6516 2.6224 -. 0292

1.8000 .5556 2.6432 2.6131 -. 0301

2.0000 .S000 2.6376 2.6071 -. 0305

2.2000 .4545 2.6336 2.6027 -. 0309

2.4000 .4167 2.6304 2.5992 -. 0313

2.6000 .3846 2.6286 2.5968 -. 0317

2.8000 .3571 2.6261 2.5943 -. 0318

3.0000 .3333 2.6245 2.5925 -. 0320

3.2000 .3125 2.6231 2.5912 -. 0319

3.4000 .2941 2.6221 2.5899 -. 0321

S3



5.6000 .2778 2.6213 2.5889 -. 0324
3.8000 .2632 2.6200 2.S876 -. 0324
4.0000 .2500 2.6189 2.S863 -. 032S
4.S000 .2222 2.6166 2.S840 -. 032S
S.0000 .2000 2.6144 2.5819 -. 0326
S.So00 1818 2.6128 2.5800 ,.0328
6.0000 .1667 2.6113 2.S784 -. 0329
6.SOCO .1538 2.6094 2.5765 -. 0329
7.0000 .1429 2.6070 2.5743 -. 0327
7.5000 .1333 2.6049 2.5723 -. 0326

.8.0000 •1250 2.6032 2.5704 -. 0328
8.SO00 .1176 2.6009 2.5681 -. 0329
9.0000 .1111 2.5988 2.5659 -. 0329
9.SO00 .1053 2.S964 2.5635 -. 0329

10.0000 .1000 !.5939 2.5608 -. 0331
10.S000 .0952 2.5917 2.5585 -. 0332
11.0000 .0909 2.5890 2.5555 -. 0335
11.5000 .0870 2.5868 2.5536 -. 0332
12.0000 .0833 2.5837 2.SSOS -. 0332
12.5000 .0800 2.5805 2.5473 -. 0333
13.0000 .0769 2.5771 2.5439 -. 0331
13.S000 .0741 2.5731 2.5404 -. 0327

I
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AgSSbS 3 (Pyza yite)

Selluier Squation: S2

.2 2
(*)2 - 1 + 6.58S~ *2 O .113? •

20.16 225

(e) 1 2 545 A2 + 0.0202,X2

X2 . 0.1 6  J2T 22S

Refractive Index Data: Data not tabulated.

sIi

dI

I

i

A I



Sellwlier Equation: 4 3  C

(n)2 • 4 * .1 * 1.886

(€ ) .4 9 921 2 1.909
1- .68472 ljQE)Z

Refractive Index Data:4 4

A (___m) A" (jan") a. . S". .
A11 NOJan n2.3000 .4348 3.6076 

-2.4000 .4167 3.5973 3.7545 .IS722.5000 .4000 3.5895 3.7316 .14202.6000 .3846 3.5823 3.7156 .13332.7000 .3704 3.5773 3.7030 .12572.8000 .3571 3.5721 3.6926 .12062.9000 .3448 3.5684 3.6846 .11623.0000 .3333 3.5645 3.6775 .11313.1000 .3226 3.$615 3.6714 .10993.2000 .3125 3.5581 3.6661 .10803.4000 .2941 3.5536 3.6574 .10383.6000 •O2778 3.503 3.6508 .10053.8000 .2632 3.5468 3.6454 .09864.0000 .2500 3.5440 3.6402 .09624. 2000 •.2381 3.5415 3.6368 .09544.4000 .2273 3.5391 3.6329 .0938
4.6000 .2174 3.S372 3.6299 •0928
4.8000 .2083 3.5354 3.6273 .0912
5.0000 • .2000 3.5336 3.6249 .09145.5000 .1818 3.5285 3.6178 .08936.0000 .1667 3.5251 3.6134 ,08836.5000 .1538 3.5223 3.6104 .0881
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I

7.0000 .1429 3.S200 3.6073 .0873

7.5000 .1333 3.5175 3.6050 .0875

8.0000 .12so 3.3157 3.6030 .0o73

8.5000 .1176 3.5140 3.6009 .0869 1
9.0000 .1111 3.5120 3.598 .0"68

9.SO00 •1053 3.5098 3.5966 .0867 1

10.0000 .1000 3.5078 3.5942 .0864

10.SO00 .0952 3.5054 3.5922 .0868

11.0000 .0909 3.5031 3.5896 .0865

11.5000 .0870 3.5004 3.5871 .0868

12.0000 .0833 3.4977

12.5000 .0800 3.49S0 i
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US*

Sellmier Equation: 3 1  0

s(n')1  4.1321 4 1.857 A•2  3.0461 A2

x2 - 0.2187 X - 3380
@2 2 x2

(n ) 2 0 4.0829 + 2.0038 A + 3.5540 A

x 2 - 0.2075 A 3629

Refractive Index Data: 58

n-1 -1 n n n

1.0139 0.9863 2.3481 2.5677 0.0196

1.1287 0.8860 2.S246 2.5444 0.0198

1.3673 0.7314 2.4971 2.5170 0.0199

1.595 0.6538 2.4861 2.S059 0.0198

1.7109 0.5845 2.4776 2.4974 0.0198

2.3253 0.4301 2.4627 2.4823 0.019%

3.0 0.3333 2.4553 2.4748 0.0195

4.0 0.2500 2.4500 2.4694 0.0194

5.0 0.2000 2.4464 2.4657 0.0193

6.0 0.1667 2.4434 2.4625 0.0191

7.0 0.1429 2.4398 2.4586 0.0188

8.0 C.1250 2.4367 2.4552 0.0185

9.0 0.1111 2.4333 2.4514 0.0181

S10.0 0.1000 2.4294 2.4475 0.0181

11.0 0.0909 2.4252 2.4430 0.0178

12.0 0.0833 2.4204 2.4379 0.0175
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gSs (Cinnabar)

Sellueler Equation: 48

)2 - 6.9445 0.3658 - .19A 2

A 0.1357

( 8.3922 + 0.5390 2

X2 .'0.188 " 0.0027X2

Refractive Index Data: 4 7

X N"u (UOl!n n° no

0.62 1.6129 3.2560 2.9028 0.3532

0.65 1•5385 3.2064 2.8655 0.3409

0.68 1.4706 3.1703 2.8384 0.3319

0.70 1.4286 3.1489 2.8224 0.3265

0.80 1.2500 3.0743 2.7704 0.3039

0.90 1.1111 3.0340 2.7387 0.2957

1.00 1.0000 3.0050 2.7120 0.2930

1.20 0.8333 2.9680 2.6884 0.2796

1.40 0.7143 2.9475 2.6730 0.2745

1.60 0.6250 2.9344 2.6633 0.2711

1.80 O.5556 2.9258 2.6567 0.2691

2.00 O.SO00 2.9194 2.6518 G.2676

2.20 0.4545 2.9146 2.6483 0.2663

2.40 0.4167 2.9108 2.6455 0.2653

2.60 0.3846 2.9079 7.6433 0.2646

2.80 0.3571 2.9052 2.6414 0.2638

3.00 0.3333 2.9036 2.6401 0.2635

3.20 0.3125 2.9017 2.6387 0.2630

3.40 0.294. 2.9001 2.6375 0.2626

3.60 0.2778 2.8987 2.6358 0.2629

3.80 0.2632 2.8971 2.6353 0.2618

4.00 0.2500 2.8963 2.6348 0.2615

S.00 0.2000 2.8863 2.6267 0.2596

6.00 0.1667 2.8799 2.6233 0.2566
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7.00 '0.1429 2.8741 2.6156 0.2585
8.00 0.1250 2.8674 2.6112 0.2562
9.00 0.1111 2.8608 2.6066 0.2542

10.00 3.1000 2.8522 2.6016 0.2504
11.00 0.0909 2.8434 2.5914 0.2520
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Sellmsier Equation:*

iI 2

(n)2 a 3.463 + 0.0214 - 0.00677 X2

X2-. 0.09S8

(e) 2 a 2.961 # 0.0142 - 0.00423 X2

)l 0.0915
Refractive Index Data: 56 "5 7

S_' (i-'1 no n n-n
- - -~ -

0.400 2.500 1.948 1.780 -0.168

0.436 2.294 1.931 1.766 -0.165

0.500 2.000 1.908 1.754 -0.154 1
0.530 1.887 1.901 1.7S0 -0.1514

0.578 1.730 1.888 1.742 -0.146

0.690 1.449 1.875 1.731 -0.144

0.800 1.250 1.868 1.724 -0.144

1.060 0.943 1.860 1.719 -0.141

*Equation fit to refractive index data and curves in Ref. S6 and 57.
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TS
1% 1

Li~b03

Sellaser Equation: 4 8

2()2 4.9260 ÷ 0.1170 0.0275 A2

A - 0.0473

* (n) 2  4.5778 0 09- 0.0221 A2

S-2.0.0446

Refractive Index Data: 54

S'.(am -L1 (0i")n n-n _n
- -

0.42 2.3810 2.3038 2.4144 -0.1106
0.45 2.2222 2.2765 2.3814 -0.1049
O.50 2.0000 2.2446 2.3444 -0.0998
0.55 1.8182 2.224i 2.3188 -0.0947
0.60 1.6667 2.2083 2.3002 .0.0919
0.65 1,5385 2.1964 2.2862 -0.0898
0.70 1.4286 2.1874 2.2756 -0.0882
0.80 1.2500 2.1741 2.2598 .O0.0857
0.90 1.1111 2.1647 2.2487 -0.0840
1.00 1.0000 2.1580 2.2407 -0.0827
1.20 0.8333 2.1481 2.2291 -0.0810
1.40 0.7143 2.1410 2.2208 -0.0798
1.60 0.6250 2.1351 2.2139 -0.0788
1.80 O.5556 2.1297 2.2074 -0.0777
2.00 0.5000 2.1244 2.2015 .0.0771
2.20 0.4545 2.1187 2.1948 -0.0.761
2.40 0.4167 2.1138 2.1882 .0.0744
2.60 0.3846 2.1080 2.1814 -0.0734
2.80 0.3571 2.1020 2.1741 .0.0721

3.00 0.3333 2.0955 2.1663 -0.0708
3.20 0.3125 2.0886 2.1580 -0.0694
3.40 0.2941 2.0814 2.1493 -0.0679
3.60 0.2778 2.0735 2.1398 .0.0663
3.80 0.2632 2.0652 2.1299 -0.0647
4.00 0.2500 2.0564 2.1193 -0.0629
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T13ASS0 3

Sellmier Equation: 5S

(W)2 -1 9.977 X2 ÷ 0. 067 A)2
-9 

2 

i i i.7( 
0)

(•e) . ÷ .78S X2 ,•O.OS1 X,2

A2_ (0.435) X2- (20)

Refractive Index Data:

S-1 C0-) "n 0e-n

A- 1n n In

1.553 + 0.03 0.644 3.443 3.248 -0.195

2.66 1 0.05 0.376 3.356 3.170 -0.186

3.29 ± 0.1 0.304 3.339 3.1S2 -0.187

3.365 ± 0.065 0.297 3.337 3.155 -0.182

3.38 1 O:16 0. 2; 3.339 3.152 -0.187

4.35 ± 0.09 0.230 3.332 3.148 -0.184

4.46 ± 0.17 0.224 3.33r, 3.142 -0.192

4.55 1 0.2 0.220 3.326 3.142 -0.184

5.26 t 0.3 0.190 3.321 3.141 -0.180

5.3 ± 0.1 0.189 3.326 3.142 -0.184
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ZnGOP 2

Sellmeier Equation:

.2 2n.7497 + 0.6889 - 0.00278 X2
X`2. 0.1402

((e) - 9.9870 + 0.7451 - 0.00271 X

22 9 0.1489

Refractive Index Data: 4 5

X fps) n e nn- n

0.64 1.5625 3.5052 3.5802 0.0750
0.66 1.5152 3.4756 3.5467 0.0710

0.68 1.4706 3.4477 3.5160 0.0684
0.70 1.4286 3.4233 3.4885 0.0652
0.75 1.3333 3.3730 3.4324 0.0595
0.80 1.2500 3.3357 3.3915 0.0558
O.85 1.1765 3.3063 3.3593 O.0530
0.90 1.1111 3.2830 3.3336 O. 056
0.95 1.0526 3.2638 3.3124 0.0486
1.00 1.0000 3.2478 3.2954 0.0476.
1.10 0.9091 3.2232 3.2688 0.0456
1.20 0.8333 3.2054 3.2493 0.0438
1.30 0.7692 3.1924 3.2346 0.0423
1.40 0.7143 3.1820 3.2244 0.0423
1.60 0.6250 3.1666 3.2077 0.0411
1.80 O.5556 3.1562 3.1965 0.0603
2.00 O.5000 3.1490 3.1889 0.0399
2.20 O.4545 3.1433 3.1829 0.0396
2.40 0.4167 3.1388 3.1780 0.0391
2.60 0.3846 3.1357 3.1745 0.0388
2.80 0.3571 3.1327 3.1717 0.0390
3.00 0.3333 3.1304 3.1693 0.0384
3.20 0.3125 3.1284 3.1671 0.0386
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S CPR 0i .0-

3.40 0.2941 3.1263 3.1647 0.0384

3.60 0.2778 3.1257 3.1632 0.0376

3.80 0.2632 3.1237 3.1616 0.0380

4.00 0.2500 3.1223 3.1608 0.0386

4.20 0.2381 3.1209 3.159S 0.0386

4.50 0.2222 3.1186 3.1561 0.0374

4.70 0.2128 3.1174 3.1549 0.0375

5.00 0.2000 3.1149 3.1533 0.0383

5.50 0.1818 3.1131 3.1518 0.0387

6.00 0.1667 3.1101 3.1480 0.0379

6.50 O.1538 3.1057 3.144S 0.0387

7.00 0.1429 3.1040 3.1420 0.0380

7.50 0.1333 3.0994 3.1378 0.0384

8.00 0.1250 3.0961 3.1350 0.0389

8.50 0.1176 3.0919 3.1311 0.0392

9.00 0.1111 3.0880 3.1272 0.0392

9.50 O.1053 3.0836 3.1231 0.0395

10.00 0.1000 3.0788 3.1183 0.0396

10.SO 0.0952 3.0738 3.1137 0.0399

11.00 0.0909 3.0689 3.1087 0.0398

11.SO 0.0870 3.0623 3,1008 0.0386 4
12.00 0.0833 3.0552 3.0949 0.0397

*Equation fit to refractive index data in Ref. 45.
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"APPENDIX B

The calculations presented in this report were carried out on a CDC

6600 computer, using a program called NONLIN. A listing of program NONLIN

is given in this Appendix.

Three units must be added to NONLIN in order to perform a calculation.

The first unit consists of the index of refraction equations for the material

of interest. The indices are defined by the arithmetic function OINDEX (X)

and EINDEX (X), when X is wavelength in microns. These two functions are
to be inserted before the first executable statement in NONLIN; a pair of
comment statements (see lines NON 74 and NON 7S) have been included in the

program to indicate the correct location for the index functions. (In the

actual deck of cards used, this pair of -omment cards was of a different

color than the rest of tht deck to aid in locating them.) A listing of the

index of refraction functions for all the materials appearing in Table III

is given in Appendix C.

The second unit that must be added to NONLIN is the subroutine DSQUAR.

This subroutine is to be inserted immediately after NONLIN. The purpose of

DSQUAR, as oxplained in the comments section of NONLIN, is to compute the

square of the effective nonlinear optical coefficient as a function of the

phase matching angle 0. This subroutine will vary depending on the crystal-

lographic point group to which the material of interest belongs. The varioas

DSQUAR subroutines that were used for this report are listed in Appendix D.

These subroutines are based on the expressions for deff (C) given 'n Table III.

The third unit to be added to NONLIN is the input. For the CDC SCOPE

System, an end-of-record card (7/8/9 in column 1) must be inserted between

subroutine DSQUAR and the input.

As an example of the calculations done for -.his report, the output

generated for cinnabar (HgS, point group 32) is reproduced in Appendix E.
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*S .9 *N '*S • Lg5T .. .. s~ry~-

,4!4,..,~ -_ L

PROGRAM NONLIN(INPUTOUTPUToTAPE3.INPUTTAPE4UOUTPUT) NON IC No" 2

CPROGRAM TO COMPUTE PHASE 4ATCHZNG CURVES AND SMALL SIGNAL GAIN FOR MON 3
C COLMNEAR THREE WAVE OPTICAL PARAMETRIC INTERACTION* TMEORV OF NO" 4
C COMFOCALLY FOCUSEn PHASE MATCHING IS USED (REFERENCES - B GD. SOYD NON S
C AND Do A. KLEINMAN (P ANTf K), -PARAMETRIC- INTERACTION OF FOCUSED NON 6 J
C GAUSSIAN LIGHT SEAMS"* Je APPLv PHYS. VOL. 3 99399?(1 960)q AND So E. NON I
C HARRIS* "TUNABLE OPTICAL PARAMETRIC OSCILLATORS", IEEE PROC. VOL. S?7 NON 6
C 2096(19691)o A CRYSTAL THICKNESS OF I CM IS ASSUMED. NON N 1c No" to

C INPUT - CARD 1 MEAn FORMAT(SAIO) NON 11
SNON It

c HFAD IS ANY 80 COLUMN COMMENT, NON 13
C WHICH WILL RE LISTED WITH THE NON 14
C r)UTPUT. NON 1s
C NON 16
C CARD 2 IFIFDO FORMATMM3,SFF103) NON 17 I
C NON is
C IF(IBIF.LE.O) THE MATERIAL TO RE PHASE NON 19
C MATCHED IS NEGATIVE RIREF. NON 20
C IF(IBIFGT.O) THE MATERIAL IS POSITIVE NON 21
C RIREFRINGENT, NON 22
C MON 23
C t ARE TOE ABSOLUTE VALUES OF THE NON 24
C NLO COEFFICIENTS IN UNITS OF NON 25 S
C 10*412 M/v' NON 26
C NON 2?
C CARDS 3%49FTCo PUIMPCUTOFF FORMAT(2FIO,3) NON 28
C NON 29
C PUMP IS THE PUMP WAVELENGTH (IN NON 30
C MICRONS)o NON 31
C NON 32
C CUTOFF IS THE INFRARED LONG WAVE- MON 33
C LENGTH CUTOFF FOR THE IOLER, NON 34
C IN MICRONS. IT IS NEEDED TO NON 35
C PREVENT CALCULATION OF NON 36
C REFRACTIVE INDICES BEYOND THE NON 37
C RANGE OF VALIDITY OF THE INOEX NON 38
C EQUATIONS. AS MANY PUMP NON 39
C WAVELENGTHS AS DESIRED NAY BE NON 40
C INCLUDED, ONE PER CARD* NON 41
C NON 42
C THE OUTPUT IS SELF EXPLANATORY. THETA IS THE P.M, ANGLE, RHO IS THE NON 43
C SIREFRINGENCE WALKOFr ANGLE* AND O-EFF IS THE EFFECTIVE NLO NON 44
C COEFFICIENT (VARIES WITH THETA). H(4) IS THE FUNCTION DEFINED RY B NON 45
C AND KgEO 3.49)e THIS FUNCTION TAKES WALKOFF INTO ACCOUNT THROUGH THE NON 46 .
. PARAMETER o, OEFINED RY q AND K (EQ 3.35). GAINIWATT (MAY) IS THE NON 4?

C GAtN/WATT FOR AN INFINITELY THICK. LOSSLESS CRYSTAL, AREA IS THE NON 48
C OPTIMIJM BEAM WAIST CROSS SECTION. NON 49
C NON 50
C TOE SURROUTINE I)SQUAR(OSQTHETARI) MUST 4E SUPPLIED RY THE USER. IT NON 51
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C RETUP4S THE VALUE OF 9-EFF (SQUARE!,) AS A KUNCTION OF THETA, FOR THE MON 52

CFOLLUWING CASES - NON 53I
C NON 94
C 10C NEGATIVE SIREF., TYPE I P.M. (0 * 0 a E) NON SS
C 1.1 NEGATIVE RIREF., TYPE IT P.M. 10 + E a El OR (E 0 0 a Fl NON 56
c C 12 POSITIVE RIRFF., TYPE T P.M. WE + E a 0) NON SY
C 1*3 POSITIVE RIREF., TYPE IT P.M. (0 * E v 0) OR (E * 0 a 0) NON SS
c CMON 99
C SUBROUTINE OSQUAR V'JST ALSO CONTAIN THE FOLLOWING CARD NON 60

COIM"ON/COFF/fl(g NON 61l
C NON 6?
C INSERT BETWEEN THE TWO BLUE COMMENT CARDS BELOW THE FUNCTIONS NON 63
C OINOEX(X) AND EINflEXIX), WHERE OINOEX AND ETNOEX ARE FUNCTIONS THAT NON 64
C CALCULATE THE ORDINARY AND EXTRAORDINARY REFRACTIVE INDICES FOR THE NON 65
C MATERIAL AS A FUNCTION OF WAVELENGTH (X a WAVELENGTH IN HICRONS). NON 66
C NoN 67

DIMENSION HEAD(S) MON 6 S

REAL IOLERLHS NON 69
DATA NEGIP0SC24C3/8HNEGATIVE,8HPOSITIVE,19189815528E-3, NON TO

DATA TAqT99AAABACtAOAF9AF/lH *lHI,1OHO + 0 aE1910H0 + E *E)v NON ?2
1IJHE + 0 z E),IOIIE + E a O)91OHO + E 0 )910ME + 0 aOlt NON 73

C INSERT OINOEX(X) AND ETNOEXIX) HERE. NON 74
C NOW YlU ARE IN eUSINFSS* NON ?s

CI=180*/C3 NON 76
REAO(3910) HEA'),IBIF*D NON7??

10 FflR"AT(8A10/13*5Fld*.3) NON 7S
IFl14IF) 15,15,16 NON 79

15 TIKINDuNEG NON S0
GO TO 20 NON 81

16 ITCINDuIPOS NON 02
20 REAO(3925) PUMPCUTOFF NON 63
25 FORMAT42F10*3) NON SI,

IF(EOFI13) 26,27 NON 8s

26 STOP NON 866
2? PRINT 30*HEAnqIKI~nOPUMPoDoCUTOFF NON S7
30 FlRMAT(1liI,'PROCPA4 NONLIN--COLINE ARLY PHASE MATCHED OPO*/1H0/1H ,NON 55

ISAIO/IH0/II 9*PHASE MATCHING FOR 49AS,' 9IREFRINGENT CRYSTAL*I1H0, NON 89
2*0UMP WAVELENGTH(MI1CRONSla',oF12.3/IHO,'NONLINEAR COEFFICTENTS(XIO NON 90
3F12 MlV)v',5Fl5.3/iHOC*qUTOFF WAVELENGTH=#,F1?*31 NoN 91
CIJTOFF~i. CUTOFF NON 92
L=0 NON 93
T=0 NON 90o
O4EGAPI* ,/PUMP NON 95
DEL20MEGAP/I5O* NON 96
XOu 0INDEX (PUMP) NON 97

31 SIGNAL=2.'PUI4P NON 98
OMEGAS'1 ./SIGNAL NON 99
04EGAI=OMEGAS NONIOG
TILEReSIGNAL NONiGI
IF(L*EQ*O) GO TO 34. NON102
GO TO (112*t12q1060q108fi)*L NONIO3
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34. IF(IRIF) 3'5*3941000 MCMI 01

35 WEmEINOEW(PUMP) MOMIOS

Y~sOINDEX (SIGNAL) MOMIOS

77EROmYO "CHIO0?

sXO*XO-XE*WE MOMIOS

TP(X) 74.74%40 NON109

1.0 IP(YELE.YO) GO TO 6% MOMIIo
PRINT 454TAAAPUMP MON111

4.5 FORMAT(1H094THIS MATERIAL CANINOT 4E TYPE T**Aio2H (9A1094 PHASE "A NCN112

ITCI4EV FOR TI4E 5UMP WAVELENGTMHFIZ.3a M4ICRON*) MCMI113

50 O04EGAS3tfhEGAS+nflL NON111.

IF(OIIEGAS*GF*O'IEGAP) GO TO 100 MOMN115

OMEGAI3OMFGAP-OMFG4S NOtN11S

SIGNAIZI. fOMEGAS MONIIS

III.ER'1 ./OMEGAI N0M119

TF(IEqo2) GO TO 1005 N4ON120

Y~nOINOEX (STGNAL) MONIZI

712.1OINEX (TER) N0N122

TF((OMEGAP#YE).GY.(OMEGAS'YO+OMEGAT'!O)) GO TO 50 N0N123

PRINT 609SIfCIAL9 TOLER NONt21.

6C FnRMAT(IH .'IN THE WAVFLENGTH RFGIONO,Fl2*3,* TO',Fi2o3,' MICRON*) NON125

GI TO 80 0MN126

74. PRIMT 75,TKiNflSTGNAL,IOLER MON127

7S FIRt4AT(lHOO*THE CALCULATED INDICES FOR THIS MATERIAL DO NOT GIVE N ON128

I.AB** RTREFQINqENCE PrOR SIGNALw*%FI2o39* qIDLER=*qF12*3v* NEWT CAS NON129

2E)l NOMI130

Gn TO I1O NON131

65 7lsYO M0W132

80 PRINT 9I.TAqAA MN1t433

91 FlRMAT(lHO.'REtULTS FOR TYPE I',AI.q2H (,At09* PHASE MATCHING ARE*/ NOt4134

1194 ) 0NO135

PRINT 90 MONt 36

90 FORMAT(IHO**STGNAL TOLER THFTA RHO THETA RH NON137

10 a-Frlr 4 H(R) GAINIWATT GAIN/WATT ARE NON138

2A4~1l4 ,IIX,2(8XH(RAnO))3X.2(Z!Y,5H(DEG)),o2Y.9H(*iCEt2).Z2
4 X, N0N139I

3594(lCM)96y*5H(M'y9AY)(7',HfSQ CM)/iH ) NON140

SIIH=WE~snRT (Y/W) NON 112

IF(SINTHeGEo1.) GO TO 1035 MON143I

TIIETAR-xASTN(SINTH) NONI144

SINS(qsSINTMOSINTH NONl145

Yal(#SINSQ+X(*WE NONI146

R,40R295*SIN(2*4THETAR)*~X/V NONt'4?

69 7:swo'xE/snRT(Y) 4No11.A

88 R4OR=ATAN(RHOR) NON149

T4ETAO3CI*T94FTAR NONI5O

RHOO:CI*PHOP NON151

CALL OSQUARIOS1,THETAR91) NONIS!

P*Zf(100 .'RHnR) f#2/PUMP N0N153

H1-216068/ (1.41. a M'q) NONIS'.

- H'=i.,R fOts
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N0N196

!F('R.LEo2.1 GO TO 93 "owls?

)a Q0NONI5O
G1 TO 94. N0N199

93 P32to NWONIS0
O~~SQORT(a) MON161
AREAuaE5* *UD17R N0N162
05F'FESORT LMt) WON163
GAINluCZ'OSQ*PUMP/ (STG4AL'SIGNAL*!DLER'IOLEP*7'Z) NONI6a.
GAINMaGAINI'94N MON165
GAINluGAIN1*H1 N0N166
PR~INT 99SqSGNAL TLE- 4TARRM0QTHETAD,9I4Ont,,EFF*qH1 ,GATNI.. NON16?

1GArNt1,AREA N4ON168
95 FORMAT(114 .F5.2,tý6.2,PE:1.-JlE13.3,0PF9.2, F6*29 M9.2 F9*29PI1996 N0N169

13(IPE1393)1 NONITO
96 O'4EGASz0MEGAS+I)rL NONI7I

I0(OMEGAS*GE.oMEGAP) GO TO 110 NONI?2

I9(Ot4EGA19LToCUTnFF) GO TO 110 NON17I.
StGNAL=I*/OMEGAS NONW)'
!)LERxio/OPIEGAT NONi? 6
VlaOINOEY(SIGNAL) NONI??
71=nINDFY(TflLER) NON178
IC(!.EQ.) GO TO q5 H4oN179
G1 TO 1',8,5010.15L NONISO

100 PRI7NT 105 NON181
106 FIRMAT11H ,'TY0F I! TS ALSO EYCLUflED*) NON182

G1 TO 20 N0N183
106 7t:EINOEX(T!LER) N0N184

GO TO 135 NON185
110 !~fLsEQo2) GO TO 20 NON186

7F(I.E~oC1 GO TO lit NON167
TP(r*E~ol) GO TO 160 NON 188
TF(L-41 InSS5.10~,0 N0N189

111 Lai NON190
7:1 NON191
GI TO 31 NON192

112 YvOzONOEY(S!'rJAL) NON193
Z0aVO NON194.

79EuEINOEY(!flLPP) NON19 I
TF((YOG7E),GE,(2.WF~l) GO TO(l3C,175)ip ON9
G) TO (114,16'd,L NON197

t11 PR~INT 45qT~oAAo.PIM0 N0N196
121 fn4EGAS=OMEGAS.OEFL NON194

TF(OMEGASoGF.OM4rr.AD) GO 10 160 NON200
O'4EGAr*OMFGAP-OVG AS NON201
Tlr(04EGAT*LT.CUTMFVP) GO TO 160 -N0N202
STGNALmI./014EGAIS NON203
V~nOTNOEX (SIGNAL) N0N204
Tf)LER:1* lOI4GAT NON?CS
7 EzE rNvOE Y( I nL FR NON206
TF((OMEGAS'YO+OMFGAT"?E),LT.(OIIEGA"XE)) GO TO 120

70



PRINT1 60*SIG4AL,flnLFR 04ON208
ZOUOTNOEX (YflLEQ) "04209

130 PRINT 919T~vAR NON210
PRINT 90 t4ON211

139 yta7O*ZO-?E*ZE N094212
TF(XT) 74*74*137 NON213

13? STNSqa0. NOWT.1d.
DE~u~lNON21S

14.0 LH~uOMEGAS.YO.O1*!GA!'7O'7EfSORT IVT'S!NSO.7E'?E) NON216
141 PHSuOMEGAP'YO'XF/S'fkTtW'SINSO+YE'X7) NON217
142? TF(LHS*GFoO4S) GO TO 150 MON21S

11.5 SINSO*SISOt4O.C N0N219
!P!(STNSQ.GE.1.) GO Tf) 1035 MON220
GO TO (1 40,1q5,j025)oL NON221

150 YF(OECeLE.1.F-6) GO TO 155 NON222

STNSQUSIJSQ-n70 wNO223
fl~Cw.1'OEc NONN224
GI TO 145~ NONZ229

159 THjETAqaSOQYISISO) N0N226 I
THETAR=ASYN(TI4FTAR) NON227
S!N2uoS*STN(2**TMETAR) NON228
IF AL,*E').3) GO TO 1045 N0N229
Y=XOSINSQ.)CE*XE NON230
OPPSrN2*X/Y MN0P231

GO TO fl56*2001oL N0N23 2

156 YIXI'*STNSQ+7E*7F NON23 3 I
PISSIN2*YI/V! NON23 4
PHORmA?4AXi.(RPP.I) N0N23 5

GI TO 89 NON23 6
160 L~22N23

GI TO 31 NON238

164 PITNT 4r,,TR*AC*P(IMP N0N239
ITC OlEGASwOMFGAS4.rFL NON4240

IF(OMEGASeG~oO4ErAP) GO TO ?0 !4ON24~1
S4E G A I 0M FG A P -f 0F G A 444
IF(OMEGA1.LTCUTOFF) GO TO 20 NOW243

STGNALsI*,/OMFGAS NON244.
YE2EOIMOEX(STGNAL) MON245
Tf)LERs1./OI4EGAI ON4
7 0 141) Y ( TOL Eq NON247

TF((OMEGAS*YrOMFGAT'70).LT.(OMEGAP*WE)) GO TO 170 NON?48
PRINT 60,sTGNAL.TonLF.R N0N249
VO*OINDEX(STGNAL) N0N250

175 PRINT 919T9,Vt N042S I
PRITNT 90 N0N2S2

180 YE=ETNOE)Y(STGNAL) N0N2S3
xYSaYnYO-YE*YE NONZS4
!l'(XS) 74*749190 N042SS

190 SINSQZ0. MON256
i'. NON257

195 LH*MGSY*ESR(SSNOY*E+MGT7 NON25~q

G3 TO 141 NON25q

71j



200 YSaXS*SINSQ+YEOYE "04260
PsuSIN2*XS/YS NON261
Rt4ORxAH4A~l(RPoRS) N0N262
GO TO 89 NON263

1000 T8? N0N264
Lx3 N0N26
YaE*ENOEXISTGNAL) NO?4266
7?ERO=YE N0N26?
T~FXO*LE*Yf, GO TO 1010 N0N268
PRINT 45*TA*Aflpttmp N0N269
GO TO 50 NON270

1009 Y~uF!NOEXISIGNALl NON271
7EzEINUEX(!nflLE) NONZ?2
!Ft (ONEGAP#KO),GT. (OMIEGAS'YE.OH4FGAT*?E) GO TO g0 NON273
PRINT 609STGNALTOLFR N0N274
GO TO 1015 NON275

1010 ?EZYE NON276
1015 YO*OINOEX(STGNAL) NORM7

7laOTNOEX (IDLFR) N0'4270
PRINT 919TAgAn N4'dI2?9
PRINT 90 NON280

1016 NSMYE*YE-YO*YO NON261
TV(XS) ?4,o1.,1020 NON282

1 W2 ENZEfZE-Z0470 N0N283
IF(XI) 74*74.,1021 N0N264

1021 SINSQ*0* NON265
nECuo1 NONZS6

1025 L'4SuOMEGAS*YOYtfl'SOqTgYE'YE-XS'STNSO) +OIEGA!'Zo*?E/SORT (ZE'ZE- NON29?
I X!*S!NSQ) NON286
R~4S*Ot4EGAD*YO NON289
GO TO 142 NON290

1035 PRINT t040*STGNAL,,IfLFR N0N291
1040 FIRMAT(iH09*PHASF MAlCt4ING CUTS OFF AT SjGNAL**qP12*3,# AND IDLER= N0N292

1**F12*3) NO4N293
Gq TO 96 N0N294

1045 YSaYE'YE-)XS'SINSfl NON?95
YInZE*7E-XI'STNSO NON296
PSzSIN2*XS/YS NON?97
RI=S!N2*YT/YT N04298
P'40RuANAXIM(S,oRI) NON4219
7=xo NON300
GO TO 88 NON301

1090 Y~nEINOEY(STGNAL) NON302
7E=EINOEY (IOLER) NON303
GO TO 1016i NON3 04

105, T=3 NON305
GO TO 31 NON306

1060 L*4 NON 307
YOzOINDEX(STGNAL) NCN308
7EwETN9EY(IOLER) NON309
71=YO NON310
TF((YO.ZF)oGE.(?.'XO)l GO TO 1070 NON311
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PRINT ..5,T4qAFPUMIP NORM 1

1065 OlEA~uOMFGAS+TOEL MON3113
IFtOt4EGAS*GF4OM4GAP) GO TO 31 NON314
T~fOtiEGATeLT,CUTOFF) GO TO 31 NOWl316

SIGNALuI*flaInMGAS maW317

YInOrMOEX(SrSNAL) t4ON31.9
?'EuE14OEX (IflLF) N0N320
!~tOH4EGAS'YnGOHFGAT'7E).,LTB(OM4FGAP'OXO)) Go TO 106S NON321
7laOINDEX (IDLER) 40t4322
PRINT 60%SIG4ALfLEq "04O323

1070 PRINT 91,T9,AE MON 32
P14TN 900N3 25

1075 XIaZPF97E-7fl#7 N0N326
TM'XI) 7'.,74410?6 N0N32?

1076 Yal.-(OMEGA1l*7fl,(O9EGAPeY0-ONEGAS*YO))0*2 NN2
STNTMSZE*SnRT t Y/v) N0N329
IF(SINTHaG~ol4) GO TO 1035 %ON3 30
T4iETARmASIN(SINTH) 1404331
ST NS~aSI NTH*STN TH N0N332
YEZ-X*T~ t4N333
R40ORme5*SlN(2**TMETAP)*'VT/Y 1404334
?=KO N0N335
GO TO 88 N0N336

1080 7EzEINOEX(IOLER) N0N33?
rGO TO 1075 N014336

108S G1) TO 31 N4ON339
1086 LS MON34.0

YEzEINOEX (STGNAL) N3m3.1
7'132OINDEX (iLFk) N0N342
VOazo HON3%3
TF((YE.70).GE.(2**XO)) GO TO 1095 NON344.

PRINT 459TR*ArPUMhP NO%40tS.

It(OMIEGAS*GF*OMVGAP) GO TO 20 NON3h?
0IEGAIxOMEGAP-Ot4EGAS N0434.8
IF(OPIEGAI*LT.(CUTOFF) GO TO 20 H043'.q
SIGNAL,-1./OMEGAS NON350
IILFRaist.OMFGAI NON351
YEvEINOEX (SIGIJAL) N043S2
MuOIONOEX (IOLER) N0N3S3
TFI(OMEGAS*YF4OI4FGAI'7O).LT.(Ot4EGAP'XO)) GO TO 1090 NO4O354
YOmOTNDEX(SIGNAL) tO4O3S5
PRINT 60,STGNAL*TOLEP t4ON356

1095 PRINT 91*T49AF NON3S?
PRINT 90 NONI58

1096 XSxYEOYE-YO*YO N0N359
IF(XS) 74,749I1CO N0N360

1100 Yz1.-(OMEGAS*YO/(O'1FGAP*XO-OMEGAI'70))"42 W04361
SINTH:YE*SORT (Y/YS) N04362
Tr(SINTH*GT~to) 6n TO 1035 NON633
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'TMETARmASTNI(STNH) N0N364
ST4SOZSINTH#S7NTI4 NON365I
aYFuYE-XSyINj NON?66PHOR.v*SSTN4(2.' THETAP') WS/Y NON3677=XO N0N368 I

G-) TO 88 M0N369
1105 VEzETNDEY(SIGNALI NON370

GO TO 1096 NON3 72
r~4r)NOM372
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SILVER GALLIUM SULF~nE
OINoEX(X)=SODY( 5 *7?84..241 /(X(#Y-.087 )-90021 *X*X)

SILVEP GALLIUM SELEN~Tn

ETNO)EX(X)=SOPTt3. 3I32,3.3616*X*X/IX*X-.34201i.38201) +17677*X*X/

CADMIUM GERMANIUM ARSFNTOF

FTOI~EX( X)=SQPT(4. 49. r)21'XXf((*YX-,2'.7.55247) 1. 886*X*X/(eX*-1296,

ZINC~ GERMANJIUM PHOSPHTOE
OTNOEX(X)=SfOQT(9. 74q7,.6889/(Y'x-.14O2) -.002?tR'Y*X)

C INN AP~A

EINnEX(X).ZSfPT(8.3922+ *53q/(w*X-sl38A) -.O027*Y#X)

PROUSTTTE
OTNOEW(X)=SOPT(7*4122 + .4635/(Y*X e1.16) - s0016*Y*Y)

FTNOEX(X)=SOPT( 693434 + *3352/(X#* *till1) - .007*YX)

PYQARGYRI TE

LITH!UM N109~ATE
OTNOEX(X)=OROT(4. q26+.1i7 /(X*X-*O473) -*0275'X'X)

FTOXX=OT*+99 .WX(*-45,4S+.j5*X*Y/(X*X-4O * ))

LITHIUM TODATE '
OTMDEX(Xý:SOPT(!.46'+.0?i'/ (Y'Y.0958)-oce177*yX)

CAnMIUM SELENIDE
nTDXX=nT4.31 88*.X(*-~8)3.046i*Y*Y/(X'X-3390*

1))
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SUBaROUTINE OSQUAR(OSQTHETAR*!)

C THE FOLLOWING CAPO)S ARE FOR POINT GROUP 41BAR12Ms THE COEFFICIENTS
C MUST SE LISTED ON THE INPUT CARD IN THE ORDER 0(1419 0(36l.

SINTMUSIN(THETAR)
SIN2=srN(2. *THETAR)
IF(IoNE.O) GO TO i0
DSQaD(2)*0t2) 'SINTH*SINTH
RETURN

io IF(II2) 15*20,P25

RETURN
20 OSQzDtl*)'(1)*STN24SIN?

25 9SQDO(1)*fl(1)*SINTH*SINTH
RET URN
END

SUB3ROUTTNF 0SOUAR(OSO.THETAR,I)
CoHmmN/rCOEF/r(5)

C
C THE FOLLOWING CAPnS ARE FOR POINT GROIJO 32 *THE COEFFICIENTS MUST

C W: LISTEn ON THF TNPUT CARD TN THE ORnER 0)(11), 0(14).
SINTH=SIN(THFTAR)
COSS0:1.-STN~TH*SINTH
TF(I.NE.0) Gnf TO iG

25 nso=D(1)fl(1)*COSso
RETOtp N

13 TF(I-2) t5.20.25
15 SIN2=STN(2@*THr-TAR)

nsD= (Of )*rCossQ+ .5'fl(2) *sIN2)**
RETURN

23 SIN2=SIN(2.'*THETAR)
flsQz(o(i)*rossl+ D(2)*SIN2)042
RETURN
END
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SUBROUTINE D9OUAR(OSOTHETART)
COMMON/COEP /0 (5)

C .

C THE FOLLOWING CARDS ARE FOR POINT GROUP 3'4. THE COEFFICIENTS MUST I~
C RE LISTED ON THE INPUT CARD IN THlE ORnER n(21) O(31).0(1) I

SINSQz (SIN(THF2TAR) )**2
COSSQ'1.-SINSQ
S IN2-S IN (2**T MET AR)
IP(I*NE*O) GO TO £0 '
OSQO2(1)'O)(i)'COSSO0,(2)4 0(2)*SINSQ+fl(1)'D(2)'SIN2
RETURN

10 IF(Z-2) 15915*20
15 GSQwCOSSO*COSSO* o(1) *D(1)I

RETURN
20 OSQinO(3)#D(3)VSTNSQOTfl()40(ti)*COSk~f+0(i)~o(3[~sIN2

RETURN
END

SIJAROtJTTNE OSQUAR(f)S09THETARI)
COMM4ON/ COEF /n (5)1

C THE FOLLOWING CARDS ARE FOR POINT GROUP 6 *THE COEFFICIENTS MUST
C RE LISTED ON THE INPUT CARD IN THE ORDER n(15), 0(31), 0(14),
C

SINTH:SV4.THETAR)
SIN2=sIN(2. *THET AR)
IF(IeNEo0) GO TO 10

0SO=fl(21*D(2) 4 SINTH*SINTH
RETURN

10 IF(I-2) 15*20,25
15 OSQ=o25#D(3)*D(s)*srN2*srN2

RETURN
20 nSQ= f(3)*fl(31VSIN2*SIN2

RETURN
25 OSQ=D(i)*0(1)*STNTH~srNTH

RETURN
END
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SURROUTINE nSqUAR(OSOTHETART)
COMMON/COEF /ntg )

C T4E FOLLOWING CAPnS ARE FOR POINT GROUP 6M4*4 THE COEFFICIENTS MUST
C RE LISTED IN THF INPUT CARn IN THE ORfiEP n(15)o 0(31).
C

SIN Tt4SIN (THET AP)
IF(I.NEo0) GO TO 10
Osoun(2)*O( 2) *SINTH'SINTH

RETURN

2 DSQxD(i)*nfl()'STNTH*SINTH
RETURN 4
END
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