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20.    Abstract 

Specific applications  for randomly wvianod 43m crystals are shown.    To form 
a proper theory for the development of such crystals we have studied the etiects 
of crystal absorption and twin spacing on such crystals.    We have also calcu- 
lated the distribution function of the expected power from randomly twinned crys 
tals and have shown it to take the f jrm 
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TUNABLE LASERS 

ARPA Contract No. NOOO14-76-C-0431 

Technical Report No.  3 

For Period Ending 12/31/75 

Summary 

In our research on nonlinear crystals and processes  fu..  frequency 

mixing in the infrared we have made progress along two  fronts. 

We have produced tunable infrared from llu to 23y by mixing the 

outputs  from two ruby-pumped dye lasers in proustiue.    Peak powers of 

2 watts were shown for the wavelength range 16-20u.    Analysis of the 

output power verses wavelength 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 



«—■—■»., »w^ 
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U(P)      "     N 

where   N    1« the aumber of twin« with spaeings larger than the coherence 

length, and   N » 1 .    P is normalized so that   N    twin planes give on 

the average a power of   N .    Since 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 402.    Accordingly some crystal selection will be necessary. 
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DEVT-OPMENT OF POWERFUL WAVELENGTH-TUNABLE 

INFRARED LASER SYSTEM 

ARPA Coatract No. NOOOl-76-C-043i 

Seml-Annual Technica. Report No. 3 

For Period Ending December 31,  1975 

Raaaarch 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 tills 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 pressing this program. 

Accomplishments; 

A)    Phase Matchable Materials.    We have studied difference frequency 

generation In proustlte 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 frequency 

power from that which one would expect were the crystal at the beam waist. 

-1- 
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Thls work Is being written for publication and a draft of this paper 

appears as Appendix I. 

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

nonlinear mixing processes la 43m materials can be fairly Icig.    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 strength 

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 

fundamental 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 approximately the same thick- 

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

r<——>■—»———IMI^ ■ ■  ——— ■—  - _ ..          -■- - - 
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r«qulr«n«nta.    It would also have only two surfacaa, neither on« critical. 

Tha power produced by the stack of platea is proportional to the square 

of the number of platea (ignoring depletion) while for randomly spacing 

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 auch applications randomly twinned crystals appear to 

have c-->nai der able potential we have considered randomly twinned crystals 

from  i theoretical standpoint.    Appendices II,  III,  and IV study 

briefly three different aspects of this problem. 

MMan   
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APPENDIX I 

DIFFERENCE FREQUENCY GENERATION 

IN PROÜSTITE FROM 11 TO 23y 

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

multiplicity of authors.    Harmonic        and difference-frequency gener- 

ation/2,3'^  parametric oacillatiou/5,6^   and up conversion^7,   ' 

have been successfully accomplished over the wavelength range of about 

1 to 12u.    The high intrinsic absoi-ptivity of this material for wave- 

lengths greater than 12u, however, has provided a deterrent for nonlinear 

mixing experiments at these longer wavelengths.     In this experiment we 

have used difference-frequency generation in proustite  to produce tun- 

able I.R.  over the wavelength range 11 to 23U*    Despite substantial 

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

this wavelength range. 

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 ♦ l.Ou using Kodak dye Air 1 and Nippon Kankoh-Shikiso 

Kenkyusho dye NK 1748.    The dye l&aer outputs were about 5 m. with a 

pulse width of about  ^0 ns.    The linewi ths were measured to be about 
o 

3 A.    By mixing the output of these two dye lasen  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 Uobden        .    In order to 

A-l 
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correlata  Che generated Infrared power wich Che absorptivity of 

proustite 1c was necessary Co measure Che  absorption coefficient of 

prousclce over Che wavelength range of  interest.    Previous measuremenCs 

of Che prousdee abeorpdon coefflclcnc In chls wavelengch range^    *     '13' 

were not sufficiently quantitative  for our purposes.    Proustite Is  a 

negatively birefringent uniaxial crystal,   and type 1 phase matching was 

used.    The I.R.  signal exists in Che crystal as an ordinary wave; 

accordingly, we measured  Che ordinary wave  absorption  coefficient.     This 

measurement was performed on a Becknan  IR-12  dual-beam specCrophoComeCer 

operated In Che single beam mode.    Polarization was provided by an AgCl 

polarizer.    Transmission measuremenCs were made on cryscals (grown, 

cut and polished by R.R.E)  wich thicknesses  of 3 mm,  1.0 mm and 0.3 mm. 

The resulCs  of  these measurements are shown on Figure 1. 

The absorption peaks aC lOy,  14.Su.   16.5y and 22.5y are readily 

identifiables as  combination and overCom bands by reference Co Che 

comprehensive work of Byer, Bobb, Lefkowicz and Deaver.    Their 

notation Is  used In Che  absorption peak identifications shown in Fig.   1. 

MeasuremenCs were made of Che Infrared power generated by mixing 

Che outputs of Che two ruby-pumped dye lasers in a 4 mm chick proustite 

cryscal .    The cry seal was cue 20° Co Che opdc axis In Che appro- 

prlaCe quadrant Co make Che d      and d      contributions Co the nonlinear 

polarizations  additive .    For each wavelength  Che crystal orientation 

was adjusted for optimum output.    Focusing of Che dye laser beams was 

accomplished with a 35 cm focal lengch lens.    A f :2 mirror was used Co 

focus  Che infrared radiation leaving Che crystal onto HgCdTe detector. 

itmam mmmm 
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Th« rMults of  these meaaurementa  are shown on Fig.  1.    The 

responsivity of  Che HgCdTe detector used  for these measurements peaked 

at about 17u and fell »fl   rapidly at longer wavelengths.    The exact shape 

of the detector response curve Is of considerable importance for deter- 

mining the power levels reached for wavelengths  greater than 17y. 

A twinned ZnSe crystal^        was used in place of the proustite to 

calibrate the detector.    This crystal is transparent out to about 22u. 

Past 17u the detected signal was observed to chop off at between a factor 
2 

of 2.4 and 2.8 per micron.    Correcting for the expected \    dependence 

of the difference frequency generation,  and adding an additional factor 

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

wavelengths we  find the detector fall off to be between 2.r< and 2.4 per 

micron.    We have adopted the factor of 2  fall off rata 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    XTD    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 

frequency wavelength range 10 ♦ 24M both for the IR beam and the pump 

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

will flso change only slightly.    We consider these wavelengths too far 

removeu from restrahl for resonance effecta such as those seen by Taust 

and Henry to be important.    Thus to some reasonable approximation 
_2 

the wavelength dependence only as the usual    X        tens and indirectly 

.MMaMMMMMM.! — ■■■ - '—L—'-— -       - 
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through th« absorption coefficient.    Thus we find 

PX2    -   A L*ff(a) (1) 

where    L ff    is the effective crystal length taking into account 
2 

absorption, be «on walk off and the ^ike.    Figure 2 shows    Leff  ,  suitably 

normalized, plotted against the absorption coefficient    a    data at all 
2 

wavelengths we measured.     (The normal^.i-.ation of    L --    will be apparent 

later.)    Since this plot combines  the expftrimen'ial errors of both the 

absorption coefficient and X.I.  difference frequency «xperiments,   it is 

not surprising that there is substantial scatter in the data. 

The effective  length of an absorbing crystal used in a difference 

frequency generation experiment can be readily derived.    Following tVie 

f 18) approach of Millar and Nordland we find for perfect phase matching 

( 
JM\      m    !_+_* ^le  (2) 

* L / ianr 

It is not possible to fit the observed data with this function. 

This equation appears as the AK - 0 curve on Figure 2. The only free 

parameter in this equation is the normalization which corresponds to an 

arbitral displacement of the curve along the vertical axis. It is 

clear that if the curve is forced to fit the data for large a it will 

not fit for small a and vice versa. In the limit of strong absorption, 

2 
we expect an 1/a  dependence of the power regardless of other effects. 

HHBMMBgHHgiUM^.^^  "-           



' 

A-5 

«ad accordingly It la appropriate to match equation (2)   to th« larga    a 

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 divergence 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 linewldths are responsible, as they are only 

about 4 cm    ,  and the phase matching angle varies only very slowly with 

wavelength.     (Indeed at ISy this change is  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 ths 

aarly satui ?cion of the power production. 

In order 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. 

(l+e_0tL - 2e1/2aL r;cs(AK(e,((.)L) 

/L,ff\       _s f" ;C,»)L)2 +  (aL/2 
i^e,$) i2(e,^)de d<» 

Ji^e,*) i2(8,^)de d* 
(3) 

Here    1.(9,4))   .     I-,(6,$)    are the intensity distribution of the point 

/n.O,^)        n,        a, \ 
beams and    AKO.i»  - 2TTI r   "   T"   ~   I- ] *    W* have »""»«d th*6  th* 

■^M< ■Man 
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crystal Is far from the focal polut of tha lens so that 1.(6,$)  and 

1,(6,$) ara essaatlally constant over the length of the crystal. 

Thla integration Is not possible Co do analytically in general, but 

can be approximated after some sinpiifying assumptions are made. First, 

we assume 1.(6,$)  and 1,(6,$) are r«. «-angular functions with the 
X '■* 

same width.    This is a good approximation for our cade as the dye lasers 

were run multimoit 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  <,re 

(2 4) used to match beam sizes and are accordingly only used in one beam    ' 

5ince 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 

in this experiment,  the angular spreau 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    Ia(6,$) 

as    a ;  and defining    g -     .„        we can look at this fquation in a few 

of its limits: 

1)     for      otL » 1, aL » gaL \ff\2 

L  / Col)2 

/Leff\
2 

2) for    gaL « 1, aL « 1 \   L/ *      1 

i /Leff\2 ,   2n 
3) for      aL « 1,        gaL » 1 l~L/ iZ 

— -——-—-"**--*"-—■   '  
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Intermediate values can be obtained by machine Integration. Where 

great accuracy is not required the approximation of the integration for 

gaL » 1    ia given by 

\        /       agaL 
ire 

-l/2aL (4) 

luia equation is plotted in figure 2  for various values of gaL.    Best 

fit to the data ia  found with    gaL - 20  .    This is in reasonable agree- 

ment with experiment as    ga - 40 cm"1    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 jhould bo us Jd .with caution,    w«: have 

also shown the effect of a spread of Lern angles on the power produced 

in a nonlinear crystal.    Even   i wealt buam convergence can lead to a 

substantial reduction in the difference frequency power generated. 

mmatmk ■MMMMMMMM     
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APPENDIX II 

POWER PRODUCED BY HARMONIC GENERATION  IN A 

RANDOMLY TWINNED ABSORBING CRYSTAL 

W« show here a derivation of aquation (1)   given without proof In 

our paper Enhancement of Second-Haraonlc Generation In Zinc Selenide 

by Crystal Defects. 

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

of Zarnlke and Midwinter's book    Applied Nonlinear Optics. 

For general    u. + u- - u.    mixing 

2 L 

'8lTiüi3    d123 .    _      f    iAKz   . m E3    "     7-1  El E2   i   e dz (1) 
K

3C o 

In the special case of frequency doubling    E.  •■ E.   ■    Also 

« ■ 2"W - i) —— 
when   the subscript    1    refers to the fundamental and    3    to the harmonic. 

Thus 

. -^1"32ju3 .a f ,m. dx U) 
K3 =2 l o 

With N twins,  the crystal Is broken Into    N + 1    domains with a 

reversal of sign of the nonlinear coefficient In each domain.    If the 

twins appear at positions    L 

A-12 
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2 J+1 

-STT lu), dn1,        ,    N n /       iAKz 

K3C 1-0 t 

-8irlU>3d113    - 2    & , ^J    1 
 5    El     1 ^ ^     iM. 

K3C J-0 

■ iAKL 1AKL 
•        J      -  « (3) 

-8uia>3 d^        2 

K3C2AK        ^ 

N IAKL iAKL 

2 J (-1)J  «        ^ + « 
iAKL 

R.  C.  Miller and W.  A. Mordland  fPhvs.  Rev..  B2.  t896.   (1970)]  show how 

to account for absorption: 

n'   + 47" 
(*) 

so 

AK 
2? 

^1 ni 
x1 " r2 

iX a. 

X34TT 

AK' 
2TT 

ia. 

4F 
(5) 

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

2    A        F 2   r 
-8TT a)3      d113 E1 

'3 K3 c2       (AK-ia/2) 

N a/2L 
-l)^1 + 2      {-I)2    e 

J-l 

j       iAK'L J    e (6) 

so 

*L corresponds to the far edge of the cry^.al so L^ - 0 and Lo 

T^ere L is the crystal length. Assume a large number of twins 

with    AKL » 1  . 

MA - ■ .     ««MM« M *.    . .■ 
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/:/     2      4 ,2       ,_. _*v2 
cn3 ^ 64 TT    a)3    n3 d113 (1^ 

P3    "   IF"   E3 E3    "      *      2 c3 (^,2 J a2.4) 

N      -0/2 L    / ^iAK^ 
1 + 2        • :, (e 2 

J-l \ 
+ :^) c«^ 

N        N ...       -a/2a.+ L)       iÄ'CL.-U) 
+ 4   |      J (-l)j+k    « J    ^     « :,      " . 

j-l    k-1 

(7) 

Obviously (7)  is of little help when we don't know the values of the L., 

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

For close twin spacings    2IT »  (AK(L   -L    ^     the second term contri- 

butes notning as  it alternates  sign with each twin while the cosine term 

chaa3es only slightly.    For wide twin .ipacings    AK(Lj- L^)  > 2TT    the 

cosine term has essentially rmdomized oy the next plane so  for randomly 

spaced twins this term will contribute nothing.    The third term will 

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

assutoption 

32TTU3
2 n3 d*13 (E.EJ)2 

(n3)2 w3
2c(AK,2 + a<'/4) 

H        -aL 
1 + 4   J     e      3 (8) 

If we assume the twins are roughly evenly distributed through the 

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

N 

J-l 

-OL 

-!/ 
-ex  . 

e    dx 5L (1-* > (9) 

Mi l—l   ■! 
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-    32IT 

»2.2 
P.    4IT 

I  2 113 AK2 + a2/4 
(10) 

But by Miller's rule 

JU3   - ("l2"1) ta2"1)' 113 

where    6..-    la a material conatant indapendent of the index (Miller's 

6).    So 

4      2^2   .2 128.3 P,2 (n^-l)   (n^-l)    6 133 
^2 2 (AK2 + a2/4)    . 

(11) 

The key approximation appears  in the step tetween equations  7 and 8. 

The assumption there ia  Chat the phases of the radiation emitted by each 

segment are randomly correlated.    In practice there is some accidental 

correlation which brings in contributions  from thoae terms.    Recently we 

took one crystal orientation and swept    AK    (by changing X)   und obser"3d 

large fluctiwtlona in the power produced in a difference frequency mea- 

surement.    This modulation results  from the changing contributiona  from 

these terms  (which can subtract from the power produced as well as add 

to it).    Pc-iodic twinning with the right spacing would produce positive 

contributions from ill these tei 
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APPENDIX III 

DIFFERENCE FREQUENCY POWER PRODUCED BY 

N TWINS WITH AN AP3ITRAPY SPACING 

IN A NON-ABSORBING 45m CRYSTAL 

In this model we consider a crystal with H twin planes separat ad 

by distances  large compared to a coherence length. 

OHt 

^ 

COSTAL, 

I     ^ 

For simplicity we will assume N » 1 so we can ignore contributions 

from the ends. We also consider oL « 1 so that absorption effects 

are negligible.    In this case for difference frequency generation 

P,    - 
128 n3 d2

123 P.P, 

X- n-n^ c(MC') 

N        N ...        iAK'CL^-T. ^^ 
4   V       I    (-l)J+lt    e j    k   , 

j-l    k-1 J 
(1) 

This equatior   follows  from equation (7)   in Appendix II. 

A-16 
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We break down chis equation to see separately the contrluutions 

from the    j - k   and the    J +- k    terms 

P3    ■ J-l    k-'j+l \ / 

N-l      N ... 
N + 2    S       I      C-D3 cos^K-CL   -Lk)) 

j-l    lc-J+1 J 

'2) 

A simplest model of the twin spacing would evoke a function 

e (x-x ) which is defined as the probability of finding the next twin sl        o 
at position    x ,  given a twin at position    xo  .    We assume here that a 

twin's positional probability can bo written as a function of  ehe Posi- 

tion of the previous twin without explicit dependence on the position 

of the twin before trhat 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    g^Cx-x^   ,  the probability of 

finding at    x    the n6    twin away from the twin at    xo . 

g.Cx-x^    -     j g1(x,-V   g^x-x^dx' (3) 

8Q<x-xo)    -    /   «n-l^'-V  SiCx-x')^' 
(4) 

--   -- -- - ■^Mfe/Miiai -   - - '~ - 
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(x-^ 

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

spaclngs 
N-l N-j . 

P     «   N  +   2 1    (-W       cos AK (L.-L       ) 
3 j-1 k-l J       J+lt 

(5) 

aid 
N-l    N-k ,k P    ^   N + 2^        I    (.l)"    cosAKa-L...) 
k-l    J-1 j    -j+k' (6) 

Now we average over the probability distributions  to get the average 

power. 
00 

.k 

o 

1 k r 
3   «   N + 2 (N-k)   (-1)    J  cos AK gk(x)dx 

k-l _ 
(7) 

Consider first the case where the coherence length is very long 

or    g. (x)    has very small values.    In this limit 

MM   - —    —   -^  .       ..    ^   . ....   ■—■iM   _ 
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k-M 

j coa AK gk(x)  dx   -  1 

and 
N-l 

P,   c   N 4- 2 X    (**)   (-D 

lo    (for N odd) 

1    (for N even) 
(8) 

Thua very closely spaced twins do not cüntribute to the radiated power. 

If we make the opposite assumption  (as In Appendix II)  and 

AK g. (x)  » 2iT  ,  then the cosine terms average to zero and 

P3   «   N (9) 

We  find then that the power radiated from a group  of 'A  twins  randomly 

spaced but with a characteristic spacing    AL    goes roughly 

W 

% TW/^ Sfficitje- 

A accurate description of the region between 0 and 2TT/AK would 

require accurate knowledge of the g^U) • 

MMnt^aMMiMi—i^i   -—■ '-"•iii m 
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APPENDIX IV 

DISTRIBUTION OF OUTPUT POWERS OF A RANDOMLY IWINNED 

NGN ABSORBING CRYSTAL WHERE THE COHERENCE LENGTH 

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 oL « 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. 

I 

ft 
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The probability distribution of the end point    ü)(E)   la determined by 

this  two dimensional random walk. 

,ts i     ~|E|2/H (1) 

Here we have chosen the normalization so that the field produced for 

each twin is of unit value. 

The distribution is radially aymnetric so we can convert from 

E to E magnitude easily 

2Tr 

w<E) ■ / 
u(E)de 

2  -E2/.S 
N e (2) 

We can check what the average power we can expect is by solving 

E2    -   /  E2 U<l)  EdE    - |  / E2 e"£  /N EdE     . (3) 

o L  o 

2 
For clarity we substitute    P - E ,    dP - 2EdE    so 

00 

■    E       ■    N   J Pe-P/N dP (4) 

which la aa we expected. 

We alao have found the probability diatrlbutiou function  for    P 

u(P) 
1      -P/N 
N    * (5) 

MMMMM 
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K. H 

u>C\>) 

Li mi> practical expcrlmencal situations,  a spread of conver- 

gence angles,  local spatial heating and spreads of Input wavelangths 

will raean that a number of different samples of this  distribution will 

be made  for ^ach pulse.    Effectively,  different parts of the beam will 

see different sets of spadngs of the twins.    As has been done In 

other branches of physics we shall loosely define a tern "coherence 

area" to refer to that part of the beam that  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 tue same, fraction of the 

Input beam. 

To develop the function    u)(P,m)    we shall flrnt find    u(P,2) 

ta)(P,2)    -    f tüC?')  uKP-P')  dP' 

/i -P'/N    ^-(P-P^/N J0i ?_      -P/JJ 
2 -s-   • e   '        '■     dP'   -   -V   e 

IT N 
(6) 

Continuing, 

MaMiaaarM 
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u)(P,3)    - J^P'.Z) uCP-P')  dP* 

./A,..-»•«.-<«■>« ••■idf «^     (n 

By now the Unit Is  clear 

1   /P\n    .-P/N 

This has th« fona of a poissonlan dlstrlbutltm 

e      b 
at 

which has,  in the limit of la-^e    b   ,   the form 

1 -(a-b)2/2b 
e 

^rifb 

Accordingly we find 

/0    . 11       Ä-(ni-P/N)2/2P/N 

(8) 

(9) 

(10) 

(11) 

for large    u . 

We have now    m    tines as great an average power, as    m    different 

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

1/m of the input power so we must substitute    mP    for    P  . 

■^nu^^ 
-MMMSHHMi 
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w(P,a) 
1 -(m-niP/N2/2P/N 

i^lPm 

(12) 

1 -(P-N)2/2P^/a 

/tXPm 

For large    m    (already assumed la (11))  this becomes 

(13) 

2 /„..2 
uj(P,m) 

which has a half oldth of 

^   1   -(P/!J)72ir/m ■ ——— e     ' 

Af?m 

N//m . 

(14) 

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

need 

.3N - N/Vm 

so 

^ 10 

mmmiLt^mmtm 
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0.633 

4(39l 55I8I 

0.589. 10.6 

44 t13 

-36t6 

29±7 

31 12 

-1611 

17 11 

H«M«9on<l 

Murmw 

0.378 

4.1367"«' 

1.0003 

J.7161 

1 0006 

08 to 23 

0.002 

III 

CdTe 

1 to 28 

0.002 

ZnS (Hex.) ZnS (Cub.)       ZnSe 

2.703.2.710 

2.640. 2.646 

2.546. 2.566 

2 491.2.510 

2 4619,2.4715' 

2.226.2J39t2'       2.427,2.447 111 

1jl«t 

3J9 

3.39 

55 113 

291« 

31 18 

H«>«(On«l 

Murait« 

nsi 

0.377 

42972' 

1 0003 

70068 
1 0006 

2.35«. 2.378 141 

284' 131 

181 

2.69<" 
„(13) 

45(101  68I8I 

44(13l 

10       .106 

-1716 

17 113 

-1916 

2118 

15 12 

-9   12 

811 

-5 91 lOJI1141 

2J2 10.0e1141 

-2 85 10 33 

Cube 

Spt<«l«riW 

F43m 

6.4830 

1 0004 

1141 

0 4 to 14 

24207' (51 

0.374 

0.5 to 19 

O.OOJ 

2.855'« 

ZnTe 

0.5 M > 26 

0008 

2 369 ,141 2 61 131 

2 3640' 

2 333311 

(51 

3 064 

3035 

2.913 

m 
(91 

191 

2.3146«' 

2.2932,5' 
2.2762•5I 

2879' 

2853 

191 

191 

2 48' (31 2.790'9' 

2 741«»' 

(71 2.392' 
«1151   3,(71 

2 70' 181 

-1 I.^.O11"21    ISl'6'  2 0I81.2 2,8I4 51,9I.3 9^0, 

(111 10 4' 
0 404.0S46 

16.1418' 
0 633,3 39 

0 5475.0 546. 10 6 

2 0<8' 
0633 

jjdOl  7, 

0 589. 10 6 

4.318' 
0 633 

(101 

31 18 

2512 

78 129 

32 12 

412 

3 0 10.2 
2.6 103 

Hoiitond 

Wuruit* 

(191 38218 

1 0004 

6.2587, 

1 0001 

CutM 

Sen«i«rit« 

F43m 

54094(201 

t 0002 

Cubic 

Sot*<«"i« 

F43m 

56687 

♦ 00^7 

Cubic 

Sph«l«ril« 

F43m 

6 1034 

i 0003 
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Id Th«nn»l Eipcnxnn1 

(10 "/"Clle 
He 

Tharmtl Conduct!."v, JS'C 

(«Wcm/OCl 

SMCI)« Hat. 2S°C leal/9/*KI 

Mailing Point I % I 

Vww PriNitr« at M P iMn.) 

V«B<X Pr««uf« Html   LO«:QPT* 

l'T-min»nutn toul yioor 

prnwr«, T in K I 

Plt«gf«l Slrtogih Ip«! 

Etnmawd Mwimum 'tit 

OporMin« Tanpcniur* (*%) 

TypcM Oork NnKtivitv 

1 until   BM 

HrttMobiliii«» (cm2/VMcl 

Miflh«.i mMMirtd it 300°K 

HI^MI mtMurtd « 80 K 

En«.wG».f3000KI.VI 

<ie0dT IOV/'K) 

E'<».IIV« M»M ol FrM C«m«ri 

Eloctront 

HolM 

Sound VtlociiiM. 25^ lm/i*cl 

Longitudind MOvt«. 

P'opoiilion «nd 

CdS 
4819 

I 11» I 
I loib l 
•*■ 

»•o 
»•100° 
0.27 

2.1 

~4000 

>200o 

>10« 

5200 

2.42<», 

-8. 10- 4(i7l 

0208m'33> 

Mm'»» 

CdS« 
5670 

11120| 
I10T0 I 

Mb 
25° 100° 

„»«on« 
051 

-11.101 
*«M« 

~3000 
>200o 

>10» 

asoi«) 
5000 

1.72"»' 

-».IO-«3« 

0.136m, 

t 7m. 

pwlicit motion Ik 4470 3660 

PropifMian and 
po'ici« motion ic 4340 3610 

Pirtte*« motion 

I He) 
IM 1770 1630 

:   PrapafMion 

Ptcticit motion 

licl 
IN 1800 1830 

Propagation and 
.    pvtidt -notion ic 1700<» 1690 

Oidäctrtc Cooftant» <33T/«o 10.33 10 85 

25,C'M» 'l1T'«o 9 38 9.70 

«J3*«o 953 10.20 

«ll'^o 9.02 953 

"•arartoetrc «31 -6.18 -3.92 

Conaunti. 2^,»C'J4, 
•hi ♦ 10.32 ♦ 784 

«•is -i;« -10 51 

icoul/m2) 
«31 -0.244 -0.160 

•33 ♦0.440 ♦0.347 

•16 -0.210 -0.136 

•14 
p.^ao^aetie k33 0.262 0.194 

Co, jtlnf Faeto»!134' "31 0.119, 0.083, 

"IS 0.188, 0.130, 

"t 
0.164 0.124 

k,^ 
fiiaatie Cenawnu'34' •111 2069 2.336 

norMm2/MI < 
1607 1.736 

'< 
-0.999 -1.122 

•« -0561 -0.872 

H** 6.649 7698 

'••« 6.136 6.920 

•,1° 2.040 2.322 

^3° 1M1 1670 

< -1028 -1.138 

< 
-0523 -0 539 

W0 6.412 7 466 

A-33 

CdT*       ZnSIHex.)   ZnS (Cub.) 
5.849 

|110| 

4.5"3" 

SO1 

0.06 

0 063 

109712° 

16 

-9,969 
♦6 780 

~3000 

>200o 

lOOO1»' 

10000 

u ll31l 

0.11mt 

0.63m. 

11 1131 

"•'»4 

~0304 

-0023 

4 087 

(11M| 

I 1010) 

6.6<™ 

4 6,", 

i'i» 

1718 ±10' 

~ 10.000 

>2J0' 

,(29) 

36 

0.27m, 

4.086 

|110| 

59 

26° 100° 

0.1161 

dU-J 

(241 

>>2000 

10>»-10,<),11' 

100 Ul 

5060 

3360 

8.37 

8J2 

31, 

♦0.14, 

^ 

ZnSa 
8.262 

|110| 

7ll7> 

29° 
018 

0.016»™ 
1526 t lo'281 

♦S830 

ZnTe 
5636 

|110| 

8 J6 

25° 100° 

0 18 

sj 

-12.592 

~8500 
>200o 

♦6 860 

129215' 

0.8 

-11.101 
♦6.861 

^-lO"231 

400(4» 

5000 

27 

0.17m, 

4040 

2760 

9.12 

9.1, 

0.04. 

-3800 

>2000 

tfl^-IO9 

1301X1 

2600 

2.23«"' 

-5.5« lO-4133' 

0.6m. 

10t0 

lOlO 

0 0284 

0079, 0.026 0.017 

1839 2.26 240 

-0.707 -O.« -0.873 

2.166 2.2* 3 21 

3.12»'»' 

MO?'391 

0J67'3«' 

0.46'»' 

0.21'»' 

3.51'»' : v^ 2.27 3.21 

Mi m*^. 
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CdS CdSe CdTe     ZnS (Hex.)   ZnS (Cub.)      ZnSe ZnTe 
(34) Unite Conitoll 

IConnnutdl 

(10'<W) •„■ Ml MM«" '046 8S9'"> dl8 ?,07 

< 
9.38 

C'J S«1 

e'^ 
6.10 

C4«k 1.60« 

*** 1630 

a« 9.13 
9.623 

C17U 6M 

en0 4.97 

.~0 1.960 

462 3.a81<^•, 693                      5061371 

1317 1.994"«' 4.613                    406(J" 

1445 -3 2'3»' .,.. 
7 42 ~12 4'MI 8S9(37, 

6.477 -UO1361 

4,63 ~«.0<»> ^06,37, 

3M -4.6,38, 

1 340 ~2J8<T' 4643 406'37, 

Mt 0— iliVTioiad to IM M «xuriM m poMM« in «Mtitrm« d«» •«( nortng teunm, but no yiarwiton eon bo m«Jo. In «•n«r«i. non-rtftronood 
motonol w« mumjily gonororad. but it •• pooMblo thoi wron moy «poor. Apotofit« iro o«forod to onyono whoM d.u irt mncriditod. Any w«. 
fltinon« »o» eoff«tiom oe oddiiiont v..ll bo ineo>porntd into t*>« n m romuon. 

MlMtd cryttott oro o««iloblo in tht tyMani CCS -CdS« with propoi «to« intoimodiot« bomioon tho ond mombon. Inquirio« «r« «Mtcomod. 

FOOTNOTES 
I« I     Much o» th« dot« in tho liitfitur« on tho "ho.ojoool" form ol ZnS .« on polytypo« *ot vory onty ditf<tty M bulk p»op«rti«« from m« cub« 

torn, dthou* Hieh <t (roquontly not d.Kiowd. V*« ho«« «itampM to «<nKi«t« th« don on «i« mtorn«! ««id«nc( «nd to «liminat« tho«o «""«h 
atMK^udy do no« «ply to put« «uratt«. Th« «Itompt moy not ho«« b^ c jmol.t«ly wccjr-hjl  En» H)l« of in»omj«l.on «»»f/ typo, moyb« 
f«i)« .o *op«p«nby I  B  Kobyokov. So.wt Phy.. ■Cry.U/.369-71 119661 «td Sovot Phy«.   So d S..» 9,1269-71. 170711 (19671. «W 
in r«i«f»net 8. Th« d«t« on the cub« »omi of ZnS «>« u«u«lly on mot«riol iwhieh n fr«o of polytypo«. 

(b.l      Roforon.«« 21 «nd 3 gtv« fomtul« for cotculoting indie«« of r«fr«ciion v«r«ii M*v«l«n9th 

For CdS , 
no 

For ZnS 

1817ii107 

.,«.• ,„     2 076«107 

■"'•"* \2-1 691 xlO7   ' n9*X2-  V661.107 

1 208 « 107 

i{»*    XJ-0.732 xlO7 

A ♦ ^-   ,    . wth      8. 

CdT« 
9.68 
1.93 
0.366 

ZnS«        ZnT« 
4.00         4.27 
1.90         3.01 
0.113       0.142 

(c.)      Formul«« for eoleulotin» thonrnl «tp^nwon *«r«u« tomporoBir«; 
CdS k       L.Lo(1*40«10-*T*11.5«10-9T2-1S.10-t'T3l 

lie      L-Loll ♦2.4« 10"5T»4.9» IQ-'T2 - 9 . lOr'^T3) 

CdS«        ic      L-L0(1»4.8. 10-*TO.0»10-*T2) 
||c      L-L0(1 ♦26« 10-eT«2.0«10-*T2) 

ZnT« L • L0 (1 « 8 2 « 10r»T ♦ 6.5 « lO'V - 5 « lO-12^! 
L0-     L«ng*«t o'c, Tuin'C 

ZnS»1381 «, ■ S.6881 « 10"« ♦ 4.16 « lO"'3!« 2.13 « 10"'V ♦ 2.79 « lO"20!3 

«•MTO «, « th« lotnco coratont in em «t ■"C. 
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