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TUNABLE LASERS

ARPA Contract No. NO0014-76-C-0431
Technical Report No. 3

For Period Ending 12/31/75

Summary

In our research on nonlinear crystals and processes fui frequency

mixing in the infrared we have mad.vprégress along two fromnts.

We have produced tunable infrared from 11y to 23y by mixing the
outputs from two ruby-pumped dye lasers in proustite. Peak powers of
2 watts were shown for the wavelength range 16-20u. Analyeis of the
output power verses waveleagth showed that beam convergence at :he non-
linear crystal can be responsible for a substantial reduction in output
from that which one would expect were the crystal at the beam waste.
This effect is studied quantitatively and an excellent agreement is
found between theory and experiment.

We show that there are applications where randomly twinned crystals
could meet specific needs for crystals to be used in nonlinear mixing
processes. In order to lay a proper background for the development of
such crystals we have made a preliminary theoretical investigation of
the effects of crystal absorption and twin spacing on the power produc-
tion from a randomly twinned crystal. We have also found the probability
distribution function for the power produced by a randomly twinned

crystal. This distribution function has the form




.-P/N

1
N

w(P) =

vhere N is the number of twins with spacings larger than the coheraence
length, and N >> 1 . P is asrmalized so that N twin planes give on
the average a power of N . Slince the distribution is quite wide there
is a substantial probability of getting much less power than expected.
The probability of observing an enhancement of N/2 or less for N

twins is 40%. Accordingly some crystal selection will be necessary.
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For Period Ending December 31, 1975

Research Program:

In our research program we have been studying in detail, various
approaches to the production of tunable infrared power. The emphasis
of this program lies with nonlinear mixing in solids. In this vein
we are studying traditional phase matchable materials and also materials
that are not traditionally phase matchable but are potentially so given
the development of techniques to produce controlled twinning. Ramar
shifting of dye laser radiation to produce tunable I.R. has great

potential. We are not currently hressing this program.

Accomplishments:

A) Phase Matchable Materials. We have studied difference frequency

generation in proustite in a frequency range where the crystal shows
substantial absorption. The variation of the absorption coefficient with
wavelength was used to probe the effective coherence length of the mixing
process and show that even a weak beam convergence or divergence at the
crystal can produce a substantial reduction in the difference frequeacy

pover from that which one would expect wers the crystal at the beam waist.




&

This work is being written for publication and a draft of this paper

appears as Appendix I.

B) Phase Matching by Twin Planes. The coherence length for some

nonlinear mixing processes in 43m materials can be fairly loag. For
example the coherence length for frequency doubling of 10.6u radiation
is greater than 200u for both CdTe and ZnTe. This combination of large
coherence length, large nonlinear coefficient and high damage threshold
means that it is practical to consider synthesizing a crystal from a
stack of carefully cut and polished plates, each with a precise orien-
tation and thickness. A relatively few plates (5 or 6) is quite suf-
ficient to cause pump depletion. Such an experiment is currently in
progress at Los Alamos using CdTe. In order to assure some streagth
these plates were cut and polished to a thickness several times the
coherence length. The orienting, cutting, and polishing requirements
are quite stringent as each plate must be oriented so that both the
fundamengal and the harmonic beam have the same polarization and can
enter and leave the crystals at Brewster's angle. The optical path
length inside the crystal must also be very close to n + 1/2 coherence
lengths so that the cumulative errors of several plates will not be
important.

It occurred to us that the same result could be achieved much more

readily by using a randomly twinned crystal with 30 or more twins spaced

by at least 200u. This crystal would have aprroximately the same thick-

ness as the synthesized crystal but would not ha/e the same orientation




requirements. It would also have oaly two surfaces, neithar one critical.
The power produced by the stack of plates is proportional to the square
of the number of plates (ignoring depletiom) while for randomly epacing
we expect a linear relationship between the number of twins and the
power produced. Accordingly 30 randomly spaced twins would produce as
much harmonic power as 5 or 6 plates.

Since for such applicatious randomly twinned crystals appear to
have considerable potential we have considered randomly twinned crystals
from a theoretical standpoint. Appendices II, III, and IV study

briefly three different aspects of this problem.



APPENDIX I

DIFFERENCE FREQUENCY GENERATION

IN PROUSTITE FROM 11 TO 23u

Proustite has been shown to be a useful nonlirear material by a

multiplicity of authors. Harmonic(l)

2,3,4)

and difference-frequency gener-
(5,6) (7,8,9)

ation, parametric oscillatiom, and up conversion
L have been succesafully accomplished over the wavelength range of about
1 to 12u. The high intrinsic absorptivity of this material for wave-

lengths greater thamn 12}, however, has provided a deterrent for nonlinear
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nixing experiments at these longer wavelengths. In this experiment we
have used diffaerence-frequency generation in proustite to produce tun-
able I.R. over the wavelength range 1l to 23ji. Despite substantial

absorption, significant levels of I.R. power are achieved over most of

this wavelength range.

e 3 FETR T

A ruby laser was used to end pump two tunable dye lasers operating
with orthogonal polarizations. These two lasers operated in the wave-
length range .84 + 1.0u using Kodak dye Air 1 and Nippon Kankoh-Shikiso
Kenkyusho dye NK 1748. The dye laser outputs were about 5 mj with a
pulse width of about 30 ns. The linewiiths were measured to be about
3 2, By mixing the output of these two dye lasers the entire range of
11 to 23u could be phase matched with only a 7° rotation of the proustite
crystal. The pnase matching angles were found to be close to those cal-

culated from the index of refraction data of Hobdcn(lo). In order to
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correlate the generated infrared power with the absorptivity of

proustite it was necessary to measure the absorption coefficient of
proustite over the wavelength range of interest. Previous measurements
of the proustite absorption coefficicat in this wavelength rangc(u'u’u)
were not sufficiently quantitative for our purposes. Proustite is a
negatively birefringent uniaxlal crystal, and type 1 phase matching was
used. The I.R. signal exists in the crystal as an ordinary wave;
accordingly, we measured the ordinary wave absorption coefficient. This
measurement wus performed on a Beckman IR-12 dual-beam spectrophotometer
operated in the single beam mode. Polarization was provided by an AgCl
polarizer. Transmission measurements were made on cryscals(ll‘) (grown,
cut and polished by R.R.E) with thicknesses of 3 mm, 1.0 mm and 0.3 mm.
The results of these measurements are shown on Figure 1.

The absorption peaks at 10u, 14.5p, 16.5u and 22.5) are readily
identifiables as combination and overton2 bands by reference to the
comprehensive work(ls) of Byer, Bobb, Lefkowitz and Deaver. Their
notation is used in the absorption peak ideantifications shown in Fig. 1.

Msasurements were made of the infrared power generated by mixing
the outputs of the two ruby-pumped dye lasers in a 4 mm thick proustite

(14)

crystal . The crystal was cut 20° to the optic axis in the appro-

priate quadrant to make the d31 and d22 contributions to the nonlinear
polarizations additive(16) . For each wavelength the crystal orientation
was adjusted for optimum output. Focusing of the dye laser beams was

accomplished with a 35 cm focal length lens. A f:2 mirror was used to

focus the infrared radiation leaving the crystal onto HgCdTe detector.




The results of these measurements are shown on Fig. 1. The
responsivity of the HgCdTe detector used for these measurements peaked
at about 17u and fell oif rapidly at longer wavelengths. The exact shape
of the detector response curve is of considerable importance for deter-
miaing the power levels reached for wavelengths greater than 17u.

A twinned ZnSe crystal(u) was used in place of the proustite to
calibrate the detector. This crystal is transparent out to about 22.
Past 17u the detected signal was observed to chop off at between a factor
of 2.4 and 2.8 per micron. Correcting for the expected )\2 dependence
of the difference frequency generation, and adding an additional factor

of A to compensate for the reduced number of twins available at longer

o

wavelengths we find the detector fall off to be between 2.0 and 2.4 per

—

micron. We have adopted the factor of 2 fall off rats for these mea-
surements as it seems to describe the data most consistently.

In order to see the influence of absorption on the infrared power
produced in the experiment we must first remove the wavelength dependence.
Besides the explicit A;i power dependence the variation of the indices
of refraction and nonlinear coefficient with wavelength must be con-

sidered. The refractive index variations are small for the difference

e e e e e

frequency wavelength range 10 - 24u both for the IR beam and the pump

(18)

beams. This implies by Miller's rule that the nonlinear coefficient

will slso change only slightly. We consider these wave'!engths too far

removed from restrahl for resonance effects such as those seen by Faust

(19)

and Henry to be important. Thus to some reasonable approximation

the wavelength dependence only as the usual A-z term and indirectly
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through the abgorption coefficient. Thus we find

2 2
P\ = AL‘ff(o,) (1)

vhere I..ff is the effective crystal length taking into account
absorption, beum walk off and the iike. F.'gure 2 shows L:ff , suitably
normalized, plotted against the absorption coefficient a data at all
wavelengths we measured. (The normalilzation of Liff will be apparent
later.) Since this plot combines the experimental errors of both the
absorption coefficient and I.R. difference frequency experiments, it is
not surprising that there is substantial scatter in the data.

"he effective lengtt. of an absorbing crystal used in a difference
frequency generation experiment can be reudily derived. Following the

approach of Miller and Notdland(ls) we find for perfect phase matching

2
L -aL -1/2 alL
( eff) - l+e - 2e 2)

\ L (a/2)®

It is not possible to fit the observed data with this function.
This equation appears as the AOK = O curve on Figure 2. The only free
parameter in this equation is the normalization which corresponds to an
arbitrary displacement of the curve along the vertical axis. It is
clear that 1f the curve is forced to fit the data for large a it will
not fit for small & and vice versa. In the limit of strong absorption,

we expect an l/u? dependence of the power regardless of other effects,




and accordingly it is appropriate to match equation (2) to the large o
points. The discrepancy between the observed and expected values for
small a must be due to a limitation other than crystal length.

Double refraction and beam divcrgcncc(zo)

are not to blame, as for
this experiment both the aperture length and the effective length of
focus were substantially greater than the crystal length. Nor is it
possible that the dye laser linewidths are responsible, as they are only
about 4 cm.l, and the phase matching angle varies only very slcwly with
wavelength. (Indeed at 18u this change 1s zero.) However the crystal
was not placed at the focus of the lens, and accordingly the crystal
spread meant that all parts of the input beams could not be phase matched
for the same :rystal orientation. This effect was responsible for tha
early saturacion of the power production.

In crder to determine quantitatively the effect of this spread of
input angles we must return to a more general form of equation 2, leaving

in the effect of imperfect phase matching and integrating over a dis-

tribution of input angles.

oL _ , ~1/20L

. (l+e : ccs(A:(9.¢)L) 11(6,¢) 12(6,¢)d9 -
Lags s (*(3,9IL)° + (al/2)
L /" (3

[ 1,00 1,00,0740 4o
S

Here 11(6,¢) : 12(9.¢) are the intensity distribution of the point
/ (e’¢) nz "13

n
beams and AK(6,¢) = 27 i MGALAE S | .+ We have agssumed that the
xl Al Al
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crystal is far from the focal point of the lens so that 11(6.¢) and
12(9.4>) are esseatially constant over the length of the crystal.

This integration is not possible tc¢ do analytically in general, but
can be spproximated after some simpiifying assumptions are made. First,
we assume 11(6.4)) and 1.,‘(6.¢) are ruc-tangular functions with the
same width. This is a good approximation for our case as the dye lasers
were run multimode and apertured outside the cavity. Secondly, we
consider the distribution of input angles to be the same for both dye
beams, appropriate for our case, but not in general as often lenses ure
used to match beam sizes and are accordingly only used in one beam(z’“).
Since the outputs of the two dye lasers employed in our experiment had
nearly identical spatial characteristics, the lens was used to adjust
the power density at the crystal. For the phase matching angle used
ia this experiment, the angular spread in the plane of the optic axis
contributed much more to the mismatch than the spread perpendicular to.
it and we can ignore the contribution due to the beam spread perpen-
dicular to the optic axis.

After defining the full width of the rectangular functions In(6.¢)
4K

dé

as a ; and defining g = we can look at this equation in a few

of its limits:




Intermediate values can be obtained by machine integration. Where
great accuracy is not required the approximation of the integration for

gal >> 1 1is given by

2
L
S8k ) o $ (l_e-a.LIZ) (1_.-@/2) cnn_l gaL + m-llzm' (4)
L 2 \ alL

agal .
vuis equation is plotted in figure 2 for various values of gaL. Best
fit to the data is found with galL = 20 . This is in reasonable agree-

ment with experiment as ga » 40 at

for our experiment and L = .4 cm
giving an anticipated value of gal of 16.

In conclusion we have shown that reasonable levels of tunable
infrared power can be produced in crystals that show strong absorption.
In assessing the value of a nonlinear crystal, it is apparent that such
terms as transparent and opague should be usad with caution. Wwe have

also shown the effect of a spread of Leam anrles on the power produced

in a nonlinear crystal. Even i weak bzam convergence can lead to a

substantial reduction in the d.fference frequsacy power generated.
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APPENDIX II

POWER PROCUCED BY HARMONIC GENERATION IN A

RANDOMLY TWINNED ABSORBING CRYSTAL

We show here a derivation of equation (1) given without proof in

our paper Enhancement of Second-Harmonic Generation in Zinc Selenide

by Crystal Defects.

We chose as a comfortable starting point equation 2.41 (page 43)

of Zernike and Midwinter's book Applied Nonlinear Optics.

For general Wy + W, = Wy mixiag
griw’ d y
-8riw
E = 3 123 E E femxz dz (1)
3 2 1 2
K, ¢
3 0

In the special case of frequency doubling El = l~:2 . Also

an n, 41\’(n1- n3)
AK = ZﬂT i wll B v
1l k| 1l

wherv the subscript 1 refers to the fundamental and 3 to the harmonic.

Thus

2 L
-8riw, d
£ - 113 El2 ( .iAKz dz (2)

3 0

With N twins, the crystal is broker into N + 1 domains with a
reversal of sign of the nonlinear coefficient in each domain. If the

twins appear at posicions Lj

S A o ek

A raam—
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L
2 31
-8niw, d N
E. = 3 113 E 2 2 (_l)n-[ eiAKz P
3 K 2 1
3¢ 3=0 L
: 3
:
2
-8riw, d N 1AKL 1AKL
- 3 113 £ 2 Z (_1)_1 1 - 3+l _ 4 3 (3)
K 2 1 iAK
3 c j=0
2
-8riw, d N 1AKL 1AKL 1AKL
- g 113 I.:1.2 2 Z (-l)j 4 b + e o, (_1)N+1 4 tHLJ
K3 c AK =1

R. C. Miller and W. A. Nordland (Phys. Rev., B2, 4836, (1970) ] show how

to account for absorption:

id.a
e ' 4 323
n n' + = (&
80
L
'A-E - .2.:1—1-'- - n3 = f.k_sa—3- - ég'— - f—?— (5)
27 A Ts' X 4T 27 X

Here the primed n and K are pure real. Substituting we find:*

-8m w32 d 2 N

E af/2L '
§. = 113 "1 {(_1))%14_2 (-l)j e 3 eiAK L} (6)

3 Ky & (8K-12/2) jel

80

*
LN+1 corresponds to the far edge of the cryctal so LN+1 = 0 and Lo =

-L where L is the crystal length. Assume a large number of twins
with AKL >> 1 .




2 4 2 *®, 2
P .ﬂlgg*.i‘.ﬂw:’ 3113(33)
3 27 33 P 32 3 (AK'Z % @ /&)
N -a/2 L +{AK'L -1AK'L
s l1+2 e J <¢ I+ e {) (-l)bﬁ'ﬁ'1
L i=1

but if we assume they are randomly spaced everything simplifies greatly.

For close twin spacings 2m >> (AK(LJ-LJ+1)) the second term coatri-

butes nothing as it alternates sign with each twin while the cosine term
chanses only slightly. For wide twin apacings AK(Lj j+1) > 21 the
cosine term has essentially r-ndomized sy the next plane so for randomly
spaced twins this term will contribute rnothing. The third term will

suffer the same cancellations except for the cases j = k . So under this

assumption

2

271w, n (E.E *yd N  -al
§=1

3)'

(n 9, c(AK' +u /-'o)

1f wve assume the twins are roughly eveanly distributed through the

' —a/2(L, + L) 1AK(L- ) o
+4 z Z )j+k e ij Lk.\
L =1 k=1
1 Obviously (7) is of little help when we don't know the values of the Lj’

crystal, then the sum can be replaced by an integral for large N

3 - 9




C
2, 2T — - 45 0n

33

2

2,2 4N =
2 —Pl 4 [1+ 2% (l-e )]
AK” + u2/4

But by Miller's rule

2
413 * (“12'1) (“32'1)5113

where 6113 is a material constant independent of the index (Miller's
§). So .
1280 2% (n 2-1)4( 2-1)2 8. 1+ o™y
5w 1 \™1 %3 133 a1, " } an
3 A2 ny nl2 c (ak* + Gz/“)

The key approximation appears in the step hetween equations 7 and 8.
The assumption there is that the phases of the radiation eudtted by each
segment ave randomly correlated. In practice there is some accidental
correlation which brings in contributiouns from those terms. Recently we
took one crystal orientation and swept AK (by changing A) und observed
large fluctuations in the power produced in a difference frequency mea-
surement. This modulation results from the changing contributions from
these terms (which can subtract from the power produced as well as add
to it). Periodic twinning with the right spacing would produce positive

contributions from all these terms.




APEENDIX III

DIFFERENCE FREQUENCY POWER PRODUCED BY
N TWINS WITH AN ARSITRARY SPACING

IN A NON-ABSORBING 43m CRYSTAL

In this model we consider a crystal with ¥ twin planes separatzd

by distances large compared to a coherence length.

o)

B g
TWINNED
CRYSTAL.

N

ONE
e.ND

For simplicity we will assume N >> 1 so we can ignore contributions
from the ends. We also consider alL << 1 so that absorption effects

are negligible. In this case for difference frequency generation

v

1AK'(L,-L. )
e Ik } (1)

P =»

3,2
128 n~ d P.P N N .
k=

2 ey B P~
A3 n4n,n, c(AK") j=1 1

This equatior follows from equation (7) in Appendix II.
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We break down chis equation to see separately the contrisutionms

from the j = k and the j + k terms

T e T re—

N-1 N 18K'(L, - L)) -18K'(L.- L,) 3
) (-n’*“(- T JL“) i1

Py« N+ +
fo1 k=3l
N-1 N
e n+2 3 S (DI coslur @, -1y 2)
Je1 k=4l j

A simplest model of the twin spacing would evoke a function
gl(x-xo) which is defined as the probability of finding the next twin
at position x , given a twin at position x - We assume here that a
twin's positional probability can be written as a function of che pusi-
tion of the previous twin without explicit dependence on the position
of the twin before that one, and also that knowledge of the positions
of all previous twins will provide no further information. This is a
very powerful assumption and probably is not generally the case. Given
that assumption we can proceed to find gn(x-xo) , the probability of

finding at x the nth twin away from the twin at X, -

X
gz(x-xo) - .[ gl(x'-xo) gl(x-x')dx' (3)

xO

x :
g (xx) = [ g (x'-x) g (ex)ex’ (4)

X

o b
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We return to equation (2) for a moment and rewrite it by twin

spacings
Nil Nij Kk
P, « N + (-1) cos AK (L.-L,,.) (5)
3 P 3“3k
aad
Nz—l Nik k
P, = N+2 (-1) cos K (L,-L,.,) (6)
3 151 37 “j+k

Now we average over the probability distributions to get the average

power.
N-1 -
Py N+2 (k) (-D) [cos 5K g, (x)dx (N
kel
0

Consider first the case where the cohereance length is very long

or gk(x) has very small values. In this liwic

— -

2
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- -}
j-cos AK gk(x) dx » 1
0
N-1 ‘
and P, &« N+2> (N-k) (-1)
) k=1

0 (for N odd)

1 (for N even)

Thus very closely spaced twins do not contribute to the radiated power.
If we make the opposite assumption (as in Appendix II) and

AK gk(x) >> 27 , then the cosine terms average to zero and

P3 « N 9)

We find then that the power radiaced from a group of N twins randomly

spaced but with a characteristic spacing AL goes roughly

Power
P

/
/
/
1 (& y
| 2Ky spacinG
E_ A accurate description of the region between O and 21/AK  would

'F require accurate knowledge of the gk(x) 1




APPENDIX IV

DISTRIBUTION OF OUTPUT POWERS OF A RANDOMLY 1WINNED
NON ABSORBING CRYSTAL WHERE THE COHERENCE LEJGTH

IS MUCH SMALLER THAN THE TWIN SPACING

In this model we consider a crystal with N twin planes separated

by distances large compared to a coherence length.

For simplicity we assume N >> 1 so we can ignore the contributions
from the ends. We also consider aL << 1 so that absorption effects
are negligible. In this case the radiation E fields effectively pro-

duced at each twin site add up as in a random walk.
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The probability distribution of the end point w(E) is determined by

this two dimensional random walk.

-2
5 - L clEIA
w(E) i (L
Here we have chosen the normalization so that the field produced for
each twin is of unit value.
The distribution is radially symmetric so we can convert from
E to E magnitude easily
s 2 -E/y
woE®) = [ wde = § e (2)
0
We can check what the average power we can expect is by solving
— - -] - -] 2
. - /‘
Ez-szm(E)EdE-l\Z?[Ezeh'VEdE. (3
0 0
For clarity we substitute P = Ez , dP = 2EdE so
= - -]
Foael =gt [ee™Mae -y (4)
0
which is as we expected.
We also have found the probability distribution function for P
1 -P/N
w(P) N ® . (5)
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P>

s nony practical experimental situations, a spread of conver-
gence angles, local spatial heating and spreads of input wavelangths
will mean that a number of different samples of this distribution will
be made for cach pulse. Effectively, different parts of the beam will
see different sets of spacings of the twins. As has been done in
other branches of physics we shall loosely define a term "cohereace
area" to refer to that part of the beam tha: sees the same set of twin
spa:ings. For the next section we will consider the case of there
being m such coherence areas each sharing the same fractioa of the
input beam.

To develop the function w(P,m) we shall firat find w(P,2)

P
w(P,2) = fm(P') w(P~P') dp’
0
P ]
_f;;_ e B/ (RPN e | N_Pz_ B/ 6)
0

Continuing,

e 3
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w(P,3) = j'm(zp',z) w(P-p') dp'

2

_[_1._ pt o B'/N .-(P-P')/N a’e _21_._(%)

N3

By now the limit is clear

m -P/N
e

) =

—
=29

w(P,m) =

This has the form of a poissonian distribution

which has, in the limit of larze b , the form

1 .-(a-b)Z/Zb

P > m—
/21b
Accordingly we find
2
w(P,m) =+ % 1 ~(=P/N) /ZP/N
V?;N

for large u .

2:§£i (N
) (8)

(9)

(10)

(11)

We have now m times as great an average power, as o different

systems were added together. In reality each of these systems had

1/m of the input power so we must substitute =P for P .
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wiFin) w wihes (- (m-me/N’ 2B/ (12)
/NP

. 1 0%/ 13
ANPm

For large m (already assumed in (1l)) this becomes

a1 gt
wPom) ¥ i B/ /28 /m (14)

3

which has a half width of N//a .

To find a r.m.s. fluctuation of a factor of two one would therefore

need

s0
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Nonlinear Optical Properties of 43m Crystals
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CdS CdSe CdTe ZnS (Hex.) ZnS (Cub.) ZnSe ZnTe
Elastic Comunu'u'
(Continued)
110'0Nim?) P 1 741 5.351136) 1046 85937
et 938 838
sl P 1 1 482 3881138 653 5.08'37!
PO A1) 393
cedt 1504 1317 1994138 4813 a.08'37
ces 1630 1.045 ~3.208 -
e 913 742 ~12.4139 859
s®  9en 8417 ~14,0138)
6® 58 453 ~e013® 5.08!37
) 60 49 386 ~asl3®
c® 1560 1.340 ~288!" 4843 a0g!37
We have sttempted 10 be as sccurate as possible in gathering data end noting , but nO guar con be made. |0 genersl, non-referenced
matenal was internally genersted, but it is possible that errors may Rpeer. Apologies sre offered 10 snyone whose data ere miscredited. Any wg-
", Qastions {or corrections or additions will be incorporated 1110 the next revision,
Mixed crystals ara aveilsbie in the systems C(S—~CdSe with prope “ies intermediste between the end members. Inquiries ere welcomed.
FOOTNOTES
(a)  Much of tha data in the literatura on the “hexagonal” torm of ZnS is on polytypes that very only slightly in bulk properties from the cubic
form, slthough such is frequently not disciosed, We heve sttempted to eveluste the dats on the internal evid and 10 slimi those which
obviously 4o Nt apply 10 pure wurtzite. Tha sttempt mey not have been complataly succemful. Exaiples of information on polytypes mey be
found in the papert by |. B. Kobyskov, Soviet Phys. - Cryst. 11,368-71 (1988) sand Soviat Phys. - Soi«d Stete 9, 1269-71, 1707-11 (19671, and
in referance 8. The date on the cubic form of ZnS are usually on materisl which is {ree of polytypes.
() Referances 21 snd 3 give formulas for calculating indices of refraction versus wavelength
For CaS 18171107 2076 x107
2. e TTnid € AL R
Nt =5235+ A _ 1851 x107 ° ng 5219+ 2.+ 081 x107
For 2n§ 2.5.164 1208110
o nes A -0.732210’
oo Cdfs Zn6e  InTe
2 a? A se A% k4
or =A+ , with 1. 1. .01
n-c? €2 0366 0.113 0.142
el F I for calculating thermal expaNsion versus teMperature.
: Cas Lk Lelg(1440x107°8T+ 115210972 1521071213
e Lelg(1+24x10-57xa8x107912-8x10"1213
CdSe lc Loy (1+48x10-87+30x10°%9
5 le Letgti+28x10-8Tx20x10"%2
ZnTs Lolo (1582210787488 10-972- 5 x 1071213
Lo® Lemgthat 0C. Tuino
Znsd38! 050081 x 1078 + 418 x 10~ 31 x 213 107812+ 279 x 107207

where o, is the lattice constant in cm et 1°C.
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