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ABSTRACT

A Fortran computer program has been developed which ana-
lyzes a nonlinear material to determine (a) the range of IR wave-
lengths that can be converted in a phase matched (PM) process, ]
(b) the PM orientation of the wave vectors for critical and non-
] critical PM, (c) the angular aperture for PM conversion, and (d)
1 the maximum number of resolvable lines for image conversion.
3 These characteristics are determined as a function of IR wave~ 3
length for a given pump wavelength, pump radistion divergence,
and length of nonlinear crystal.
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This {s an interim report; work on the problem is continuing.
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A COMPUTER PROGRAM TO ANA! YZE OPTICAL PARAMETRIC
UP-CONVERSION PROCESSES IN NONLINEAR CRYSTALS

INTRODUCTION

Infrared (IR) light can be up-converted to vistble light, via a parametric process, in
crystals which have 2 nonlinear susceptibility (1-3), In the second-order processes con-
sidered here, IR light of frequency «;p i3 mixed with intense light of frequency «,,
called the pump light. The result is signal light of frequency og = wyp + wp. For the
process to be efficient, the crystal must be transparent at the three frequencies involved,
and momentum .aust be conserved; i.e., the process must be ''phase matched" (PM). A
process is8 PM if the dircctions of propagation in the nonlinear crystal for the three fre-
quencies of iight can be found such that the signal wave vector equals the sum of the pump
and IR wave vectors, l.e., (kp+ksp) - kg = 0.

Given a nonlinear crystal, it is n:cessary to find the range of IR wavelengths that
can be up-converted in the material and to {ind the characteristics of the up-conversion
process as a function of the IR wavelength. Up-conversion of IR to the visible necessi-
tates the use of an intense eource of laser light as a pump whose wavelength 18 near the
long-wavelength edge of the visible spectrum. Once the wavelength of the pump source
has been specified, the range of w;p for PM up-conversion can be determined. Then for
each set of frequencies wp, u;p, and wg, the orientation of the crystal with respect to
the wave vectors that gives a PM up-conversion, i.e., the phase match angles, can be
found, Tn each case the wave vectors can be sither collinear or noncollinear, and both
situations must be considered. Also, if the IR to be up-converted carries spatial infor-
mation such as an image, one must determine such things as the acceptable angular ap-
erture for PM up-conversion, the resolution 1imit* for the beamdivergence of a given
pump, and the orjentation which maximizes the angular aperture. Further, all of the
characteristics of & PM up-conversion process must be calculated as a function of wiy,
the IR frequency.

Finding the PM angles and other characteristics of an up-conversion process means
solving transcendental equations. To obtain any desired accuracy the complete analysis
is best done on a computer using an iteration technique. This report describes a Fortran
IV program wi.ich does that analysis. The characteristics of the nonlinear crystal nec-
essary for the analysis are its limits of t-ansparency and its refractive indexes as a
function ¢f wavelength.

The next section describes the mathematical basis of the calculation. This is fol-
lowed by a description of the program itself and two appendixes which give a listing of
the program, sample input data, and the corresponding output.

MATHEMATICAL FORMULATION

The requirements for PM up-conversion (4) are

wp + wrp = g (l)
and

*The resolution limit considered here is the particular case of an extreme multimode pump source
with the IR image and pump source optically at {nfilnity with respect to the nonlinear crystal. See,

for example, “IR Image Optical Parametric Up-Conversion,” R.A. Andrews, IEEE J. Quant. Electr.,

Jan. 1970,
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2 R. A. ANDREWS

kp + kpp = ks . @

where the subscripts P, IR, and S refer to pump, infrared, and signal, respectively, and
k is the corresponding wave vector. For a crystal of length L, PM up-conversion takes
place as long as

8k = |ak| = [kp + kpp - k| s 32, 0]
where for convenience we assume that Ak is measured along the direction of ks as

shown in Fig. 1. In general, the orientation of the nonlinear crystal for PM up-conversion
is given by the solution to the following equation:

- [n‘(«;,:or) . n'(w:::m) cos 4 sec p - i(_‘:‘q_;@ =0, )
where
¢ = angle between kp and k;z
p = angle between kp and kg

6, = angle between the Zz-axis and kgt =P, IR, S)
i, j.k = 0 or E for extraordinary or ordinary polarization
It is assumed that the parametric process is confined to the y: plane, where x, y, and

s are the optical axes of the nonlinear crystal, and : is the optical axis for a uniaxial
crystal. However, the crystal may be optically biaxial; therefore

Fig. 1 - Crystal geometry for
up-conversion from infrared
to visible wavelengths
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n%(w.8) = n (o) ®)
and
2 19 7V2
n‘(m.e) - sin 0, . cos : , (O)
[ny(m)] [ﬂ‘(m)]

where n,, n,, and n, are the refractive indexes for light polarized along the x, y, and
¢ directions.

Solutions to Eq. (4) and, in particular, collinear up-conversion (4=, = 0) represent
examples of critical phase matching. The noncritical phase matching (NCPM) solution
(Ref. 7) requires that

(00k (0p.8)/34)5 = 0 )]

The crystal has finite length L and up-conversion will take place whenever Ak < 2./L.
Hence, for a fixed pump beam direction, there will be a range of values of ¢ for which

IR light will be up-converted. This range defines the angular aperture s for kzp and is
defined by all values of ¢ such that for a fixed value of ¢,,

Ak($.6p) < 2n/L (8)
or

a= |¢1 = ¢zl ' (9)
where

kg, 0p)| = 20/L . ¢, > ¢,

lak(s;. 6p)1

Ak(¢y.€p)

2r/L 3y < @,

0.

azyr 18 the angular aperture inside the crystal. Qutside the crystal,
agx = { sin"[nj(m”. 8p+ é,) sing,] - lin"[n"(m”. 6p+ $;) sin ﬁ]l (10)

In this manner, each PM process can be characterized by the width of the ak(¢) ve ¢
curve with 6, fixed. Hence, the half-widths are defined as

HW, = ¢ - &, (11
and

W,z ¢ - &, . (12)

The pump radiation always has a finite divergence, and hence the PM angles are not
well defined. Variations in 6, will glve PM up-conversion {or different values of 4;
hence the angular apecrture is increased. The diverg nce & of the pump radtation inside
the crystal 18, however, less than that outside, 1.e.,
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4 R, A, ANDREWS

ApNT = Agx/Ti(wp) . (13)
where i i{s some average index of refraction.

The maximum angular aperture is obtained with NCPM. The aperture is the greatest
if, in this case, Eqs. (4) and (7) are solved with ak = -2,/L. This technique is discussed
by Warner. However, a larger angular aperture does not always guarantee better reso-
lution. To determine resolution, one must find the change in ¢ that will cause a variation
in 65 just equal to the width of ¢¢ values caused by the divergence of the pump radiation.
A variation in 6, due to a divergence of A causes a change in 95 of

k © Tk
y = A+ sin"[—ﬁ sin (¢-A)] - sin™? [k%: sin ¢] ) (14)

This change in 65 is equivalently produced by a change in ¢ (with ¢, fixed) of

k
€= sin"{,—(l—‘: sin [A + sin™! (- kTIS-R;sin A)}} (15)

Hence, the number of resolvable lines of IR is equal to

R = QI".T/E (16)

GENERAL DESCRIPTION OF THE PROGRAM

The program is written in Fortran IV language and, in the form given in Appendix A,
has been run on a CDC 3800 computer. Input to the program is minimal and is on
punched cards.

. or each material to be unalyzed, it is first necessary to fit dispersion datato a
Selimeier aquation of the form

n@=A;+B/(Ci-A% - DAY, (i==xy.2). an

(The program can easlly be modified to use any other dispersion relation by modifying
the function FIN (W, I), which is given ir Table 1.) Besides the constants 4, B,, C;,
and D;, it is necessary to supply the upper and lower wavelength limits of the transpar-
ent region of the crystal, the length of the crystal, and the range of values of the pump-
source divergence to be considered. This information is given on a set of four data
cards for each material. The required format is given in Table 2. The first data card
gives the number of materials to be analyzed. Data cards 2 through 5 are repeated for
each material. The symbols used for the data are defined in Table 3.

Pump wavelengths of 0.6943 1 and 1.06 ¢ have been selected, since they lie in or
near the red part of the spectrum as discussed above, and intense laser sources are
readily available at these wavelengths. The program analyzes up-conversion processes
in which all three wavelengths lie in the region of transparency. The IR wavelength i8
scanned from the lower wavelength limit of transparency upward in equal increments on
a legarithmic scale. The interval 18 determined in statement 10 of the main program.

,
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Table 1
Subprograms

Name

Calculations

Line No. of
Accuracy Test

———————

FNX (XX, PP, DD)

Angle between kp and s-axis for PM
where

XX = angle between k, and k;p
PP = (see text)
DD = value of Ak at PM (see text)

TNCPM (TCL, D)

Noncritizal PM angle
TCL = collinear PM angle
D = value of Ak at PM

144

PVAR (T, P, DD, E)

Variation in ¢ for PM when 6, is
varfed

T,P = PM angles 65, ¢
DD = amount ¢, i8 increased
E = value of Ak

178

| FDK (T, P)

Ak
T,P s PM angles 6p, ¢

HWDK (L, T,P,I)

Width of Ak(¢) V8 ¢ curve
L = length of crystal
T,P = PM angles

I = index to specify type of
* variation in ¢ to be performecd

281

Printout routine

Refractive index
W = wavelength of desired index

I=1, 2, or 8 corresponding to x, »,
or : optical axis

Refractive index for arbitrary
direction of propagation

A = angle between direction of
propagation and s axis

Refractive index squared for arbi-
trary direction of propagation

Q = same as A in FN1 (A)

Y
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Table 2
Input Data Cards
Nata Card
Number Format Symbols
1 (12) N
2 (AS, 5X, 6F 10.1) ANAME, UL, LL, L, DL, DU, DD
3 (4F 10.4) AX, BX, CX, DX
4 (4F 10.4) AY, BY, CY, DY
6 (4F 10.49) AZ, BZ, CZ, DZ
Table 3
Definitions of Symbols
Symbol Definition Units
N Number of materials to be analyzed Integer
ANAME Name of material
UL, LL Upper and lower wavelength limits for Angstrom
transparency
L Length of crystal Centimeter
AX, BX, ... DZ Parameters for Sellmeler equation for in-
dexes corresponding to x, y, and z opti-
cal axes. (For uniaxial crystal : — ex-
traordinary polarization, x = y — ordinary
polarization.)

For each set of possible wavelengths, all polarization combinations are checked for a
possible PM process. The output is labeled "0 + 0 = E,'" etc. for (ordinary polariza-
tion) + (ordinary polarization) = (extraordinary polarization), etc. 'Nol Phasematchable"
is printed if an orientation cannot be found for phase-matched up-conversion. If up-
conversion at a given set of wavelengths 18 phase matchable, then all the parameters
discussed in the previous section are calculated and printed (see Appendix B).

The functions of the various subprograms are listed in Table 1. In particular, the
function FNX (X, P, D) is more general than need be for this program. FNX will calcu-
late a PM angle for any orientation of k;; with respect to kp. Inthis case P is the
angle between the (kp, :~axis) plane and the (k;g, z-axis) plane, and X is the angle be-
tween kp and k;p.

The various calculatio s are iterated until a predetermined accuracy is reached.
The line numbers for the uppropriate accuracy determining points in the nrogram are
listed in Table 1.
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PROGHAM PHASM(CH

DATA (UP=57.2957795) ¢ (ONT4017453293)4(CCu8+28318EB8)+(C121000s)

COMMON/1 /W1 s W24 W3

REAL LLeL K]

REAL NX 1 oNXZ 2 NXIeNYLoNYZaNYIINZ]L sNZ24NZD

READ 99N
DO 9 ll=leN

850 READ 110 ¢ANAME UL +LL ¢L ¢DL +DUIDD ¢+ AX1BX+CXeDXsAY4sBY 1 CYIDYAZIBZ4CZy 00001200

1 oz
OELKA6+28313/L
E=DELK/S0

DF KKe2,3E-5/L

1212 (Ru=DL)/700+1.
DO 18 12Z=1.121
DOD=0OL+CL#(12Z2-1)
PRINT 1CO+ANAME sUL oL oL
PRINT 102.00D

PRINY 101 ¢S +0bLK«DELKK
00 1 1=21.2

wis5943,.

IF(leEQe2) WI=106000¢
NY13FIN(WIel)
AYlaFIN(wls2)
NZi1=FIN(Wle3)

wa=Lu

SO YO 11

10 wWil=swe~wZ/Be
IF(W2eLTeUL) GO YO I
11 w3sle/(le/Witlerw2)

IF (Wl eGTolLoeOReWl oL ToULeOReWZEaGTeLLeOR W2l ToULoOReW3eGTolLeURew3 00003400

H sLTeUL) GO TO 10
NX2sF [N({W2e1)
NY22zF IN{WEZ+2)
NZ2aF IN{W243)
NX3=F IN(w3. 1)
NY3=F IN(WI.2)
NZ3sFIN(W3.3)
DIVaDDD/ I (NX14NZ1),24)

PROGRAM LISTING

/T7INI/ZB/ZIN2/79/7INLZa21X/7107PNC 00000300
1711 2 eTCL o TNCL ¢ HWE 1 s HWC 2 e HWNC 1 s HWNC 2 s HWC 3 s HWC 4 s HWNC 3+ i 1WNC4A «D + D+ D IVO0O000400
2!!2/CXHWIoEXHwZQEle-EXWZ.EXHNS-EXHW6-FNLXoFNLZoPCl-PNCl'PCZ
3 /S5 /HE ] HW24E/ZT VAR BX 1 CXoUXIAY sBY sCY DY AZeLiZeCZaD2r2/KI
& 78/7NX1 «NXT aNX3eNY 1 «NYZoNYIINLL sNZZaNLI

DsASIN((W2/W3IHSIN(OIV +ASIN((W3/W2)#SIN(=-DLIV 1)) )#CL

DO & K=1.6
1F(KeGTe3) GO TO &
3 IN3=2
INI=])
IN2=]
IF(KesEQe2) IN1s2
IF({KeEQe3) 11222
.GO 70 12
6 IN3s)
IN1s2
1n2s2
IF(KeEQeS) INI=})
IF(KeEQeSH) INZs)
12 Jr1
YCLRFNX(OesQasOa)
IF(1%eGTel} GO TO S

1
!
H
i
i

1

00000100
00000200 i

00000500
00000600
00000700 :
00000800 i
00000900 ’
00001000
00001100

00001300
ou001400
VU001500
00001600
00001700 i
00001800 i
00001900 !
00002000
00002100
00002200
00002300
00002400
00002500
00002600
00002700
00002800
00002900
00003000
00003100
00003200
00003300

000V3500
00003600
00003700
00003800
20003900
00004000
00004100
00004200
00004300
00004400
0000450
00004600
00004700
00004800 !
00004%00
00005000 :
00005100 i
00008200
00005300
00005400 |
00005500
00005600
00005700
00005800 |
00005900

P
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CALL HWOK(LeTCL Do)} 00006000
IFtIXeGTel) GO TO S 00006100
HwWCl1sHWL#C1 00008200
HMWC2aHWw2#C | 000082300
FNaFN2(TCL) Q0008400
EXHWISASINI(SINI(KHW] ) #FN)#C ) 000063500
EXHW2uASIN{SINIHW2) #FN) #C1 00006600
PCIaPVARITCL «0e¢sDIVA2040Q4) Q0006700
PC2uPVAR(TCL e 0 v=DIV/2e+0s) 00006800
CALL HWDKI(LsTCL+DIV/Z24+PC1 4 6) 00006900
HWCIsHW2 00007000
CALL HWOK (L« TCL-UIV/2¢+PC2¢5) 00007100
HWCAsHW] 00007200
Al1sDIV/24ABSIPCL+HWC) 00007300
A2RDIV/2++ABS(PC24+MWCA) 00007400
ENsFN2(TCL) Q0007%00
EXW1wABS{ASINI(SING Al 1®FNI+ASINISING A2 1#FN))I*C! 00007600
HWCIsHWEI#C] 00007700
HwCanHwCa*C ] -, e e, eme .- CO00T7800
FNL1a(A1+A2)%C1 /0 e S P e TR 00007900
0Q=0, 00008000
T TNCLaTNCPM(TCL +OQ) 00008100
CALL HWOK(L.+ TNCL+PNC+3) 00008200
HWNC 1 sHW1#C) 00008300
HWNC2=HW2#C 1 ocoe8aen0
FNSFN2( TNCL+PNC) 00008500
EXMHWS2ASINISINIHW] ) SFN)#C] 00008600
EXHWERASIN(SIN(HW2 ) #FN)#C ) 00008700
IF(JeEQs2) GO TO 8 00008800
CALL OuT 00008900
Ju2 00009000
DQ=DELK 00009100
TCLEFNX{0e¢e00424DQ) 00009200
GO 70 7 00009300
8 PNCIsSPVARITNCL«PNCsDIVDELK) Q00UP600
CALL HWOK (L« TNCL+DIV«PNC] +3) 00009500
HWNC3sHW) Q0009600
HWNCasHW2 00009700
FNSFNZ2 ( TNCL+PNC) 00009800
EXW28ABS(ASINISIN(HWNCI)#FN)=ASINISINIHWNCS ) #FN) )y 2C1 00009900
HWNC3IsHWNCI#CL 00010000
HYNCASHWNC4#C] Q0010100
FNL2"ABS { HWNC3-HWNCA ) /D 000lo200
& CALL QuT 00010300
4 CONTINUE 00010400
2 GO 710 10 00010500
1 CONTINUE 000108600
8 CONTINUE 00010760
CONTINUE 00010800
FORMAT(12) 00010906
o}

FORMAT (20X 21 Hn#8 UP-CONVERSION IN ¢AS+4H ##8//39H THE SHORTEST wAQ0011000
1VELENGTH TRANSMITTED 1S «F10s2/38H THE LONGEST WAVELENGTH TRANSMITOO0011100
2TED 15 +F10+2/25H THE LENGTH OF CRYSTAL 15 +F10e2+2XeINCMes 90M ALODOI1200
AL PHASE MATCH ANGLES ARE IN DEGREESs PeMe ANGLES ARE MEASURED 2ETWO0011300
AEEN THE Z-AX1S AND X} ,33H TCL ® COLINEAR PHASE MATCH ANGLE /374 TO00114060
SNCL = NONCRITICAL PHASE MATCH ANGLE /49H PNC s ANGLE BETWEEN (K1 KCG0011500
62) FOR NONCRITICAL PeMe /36M ALL HALFWIDTHS ARE IN MILLIRADIANS / 00011600
777H HYC = HALFWIDTH OF DELK VSe THETA CURVE MEASURED BETWEEN MAX. 00011700
BAND FIRST ZERO/JIPH HWNC = HALFWIDTH FOR NONCRITICAL PeMe ) 00011800

~

mawuwm4mmmmumwumumawwmmmuwmamxwwumnumﬂmwunmm-nmuwm.
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102 FORMAT( 68H PCl«PC2 = PC1 FOR TCL = TCL+OR=0D1IV/2+ THE INTERNAL DIVQOO11900

IERGENCE OF wl 7 31H PNCI = PNC FOR TNCL = TNCL+DIV 7 32H Ew = EXTE0Q012000 ‘
l SRNAL ANGUL AR APERATURE -/ 32H R = NUMAER OF RESOLVEABLE LINES 00012100 ;
!‘ 34a9H EXTERNAL OIVERGENCE (FULL ANGLE) OF PUMP BEAM = FG.8) 00012200 |
i

101 FORMAT(Q6H HWC AND HWNC ARE MEASURED WITH TCL/TRCL FIXED /19H DELT00012300 '

Dz=D/%5.0 00017700

i ‘ 1A K 1S WITHIN +F7u3418H 1/CMe OF 2PI/L/9H 2PI/L = «FT43:3X24H (2P00012400
P ; 21/L1/K3 1S APPROX ® (E10e3/46H K1sK2e AND K3 ARE COPLANER IN THE (00012500
: : AYeZ) PLANE +37H € POLARIZATION IS IN THE (Ye+2Z) PLANE .,4lH O POLARIQO012600
i AZATION 1S OUT OF THE (Y+Z) PLANE ,69H FOR UNIAXIAL CRYSTALS THE 2-00012700
: SAXIS = C—AXISe« NZ = NEs AND NX = NY = NO ,26H * INDICATES DELTA K Q0012800
: 6c 2F 1/ /56H WlsW2+W3 CORRESPOND TO PUMP. IR, AND SIGNAL WAVELENGT00012900
! THS /5SH NXeNY(NZ ARE REFRACTIVE INDICES FOR X+YeZ ORTICAL AXIS ,//500013000
5 | AYH ALL POSSIBLE UP-CONVERSION PROCESSES ARE LISTED BELOW ==--=/,///)00013100
¢ : 110 FORMAT(AS 48X 46F1041/4F 10e8/8F10e4/4F1004) 00013200
END 00013300 ;
: TFUNCTION TNCPM(TCLD) 00013400 i
i , COMMON /10/P 00013500
! TsTCL 00013600
) ! 0P=0405 00013700
H | 8 T1=FNX(DP+34141594D) 00013800
: IF(TIeLT«T) GO TO 10 00013900
! OP=s-0P Q0014000
i T18FNX(DP+3.141594,0) Qo0lalpo
) IF(T1eLT=T) GO TO 10 00014200
: DP=DP/10e 00014300 }
IF (ABS(DP) 4L Te0+00001) GO TO 21 00014400 i
GO TO % 00014500 !
10 raT} 00014600
P=OP 00014700
14 TIsFNX(P+DP+3418159.0) 00014800 {
IF(T)eLTeT) GO TO 12 00014900 ;
: P2P+0OP 00015000
: DP=—0P/4e 00015100
; IF (ABS(DP)«LT20.0001) GO TO 20 00015200
TaTl 10015300
GO 710 1a J0015400
| 12 P=P+DP 00015500 §
: TeT1 00015600 i
. ! GO TO 1a 00015700 i
¢ : 20 TNCPM=T] 00015800 ]
: RE TURN 00015900 .
21 TNCPM=T) 00016000 !
: P2DP 00016100 i
! RETURN 00016200
; END 00016300 !
! FUNCTION PVAR(T.P.DD.E) 00016400 i
; COMMOM/ 1 /W] s W20 WD/ 2/K) 00016500 ;
! , REAL X1 00016600 :
: : D= 001 00016700 {
: IF(DDeGTe0,0) D==D 00016600 ;
! pPP=2p 00016900 H
T1=T+0D 00017000 :
i K1=6+2831BEB#FH1(T]) /Wi 00017100
, 1 PP=PP+D 00017200
! ) 2 XI=ABS(FOK(T1PPI+E) 00017300 .
! i X2=ABS (FOK(T | +PP+D)4E) 00017490
! IF(X2eLTeX1) GO YO 1 0001700
! PP=PP4+D 00017600
i
i
1
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IF(ABS(D)eLTe1E-S5) GO TO 10

GO 10 2

PVAR=PP

RETURN

END

FUNCTION FNX{XX+PP,0D)

DATA (Es]E=6) 3

COMMON/ 1 /W1 +W24W3 74/ 19%

FK(Q-A)=SORT((FNI(A)/NI)i!2+FN2CIQ)I(VEGW?)-Z.GFNI(A)l
SGRT(FN2CIQ) ) #CXX/ (Wl %W2))

O=DD/6+.2831HE8

P=PpP

X3 M

IF(XXeGTe0) GO TO 20

Xa—X

Px24141%592T7a4+Pp

IKX=s1Jx=0

D12ABS(XP=XX)

XP XX

CX=COS(X)

SXESINI(X)

CXX2COS(3.1415927-X)

CP=COoS(P)

!F(Q-LT-O-O?’OQnR.GE‘l.S’) R=C.,07

IF(D1eLTal100,%€) D12100«#E

IF(D14GTe0e1) Ol1=0,1

IF(R«EQa2407) DO120,1

IKX=1KX+]

IFUIKXeGTa100) GO TO S

RD=2R+4D1

CR=COS(R)

SRESIN(R)

CRD=COS(RD)Y

SRO=SIN(RD)

C2z2CRECX+SRESXBCP

CS=CRO*¥CX+SRD*#SX=CP

YI=FKIC24R)

YZ2sFK{(CS+RD)

CJ:(FNX(R)/Hl-CxX'SQRT(FNEC(C2))/UZ)/YI

CA2(FNI(RD)/WI=CXX#SQRTIFNZCICS) ) /WD) /Y2

CO=CINCR+SRUSART(ABS(1.~C3I%C3) ) #CP

C7=C4'CRD+SRD’SOQT(ABS(l.-CQ‘CQ))'CP

YaABS{SQRT(FNICICE) ) /WI+D~Y1)

Z=ABS(SQRT(FN3C(C7))/W3+D-Y2)

IF (ABS(Dl)eLTe E ) GO TO &

IFCIKXeFQel) GO TO 10

IF (YaGTe2) GO TQ 3

Di==-D1,10

R=R=-10%D1

GO TO 1

R=R+D}

[F(ReLTe0e0s0ReRsGE-16 )} GO TU 12

GO TO 1

FNXER

IF(CHWLTeOs) luxs2

RETURN

IF{Zs4GTeY) DI==pD1

1IF{Z:GTaY) GO TO }

60 TO 3

e e e e vt ¥ Amt s

T R RTEN  TET L RiR ae e sy o e = WIS ey T o FEDSTVS TR SEOPIINY ST SR M T

1

000! 7800
00017900
00018000
00018100
00018200
00018300
0Q018400
00018500
00018600
00018700
00Q186800
00018900
00019000
00019100
00019200
00019300
00019400
00019500
00019600
00019700
000198G0o
00019900
00020000
00020100
70020200
00020300
00020400
00020500
00020600
00020700
00020800
00020900
00021000
000<1i00
00021200
00021300
0001200
00021500
00021600
00021700
00021800
00021900
000000
000z2100
000cccQ0
00022300
000<c400
00022%00
00022600
00022700
u00<c2800
000 ¥09
000c 3000
oU023100
00042200
00023300
00023400
00023%00
0003600
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12
14

144

10

20

1)

100

IFLiJXeGTe0) GO TO &
lJx=}

Re0.07

O180e1}

IKXn1l

GO TO 1

ToXn2

ReQ40

RETURN

IF(IJUXeGTeO) GO TO B
GO TO 14

PRINT 18484XPsR
1UX=2

FNXsR

FORMAT(10H FNX ERROR +3X¢3HX 3 +FPe04HX13HP = «FFed10Xe3MR

RETURN

END

FUNCTICN FDX(T«P)

COMMON /1/W1eW24WI/72/K)

REAL K2,K25¢K2C+K3 K]

DATA (C1v8,28318€8)
K2aCl#FN2(T+P) /w2
K2SsK2#SIN(P)

K2CsK2#COS(P)
PIASATAN(IKES/(K]14+K2C))
KI=CL#FN3(T+P3) /W3
FDKaK3-SORT(K2S##2+ (K2C+K1 ) ##2)
RETURN -
END

SUBROUTINE HWOK(L+sTePs1)

REAL LeL2K1

DATA (CC=6,28218E8)

COMMON /1/9W]eW2+wWl /2/7K1/5/V1eV2eE/G/ DX
K1sCOCRFNI(T) WL

LZ2= 6.28318/0
IF(ABS(FOK(T¢P))}eGTelL2#145 ) GO TO 30
DVs0«01

IF({1+EQe2:0Re 1 ¢EQs6) DVE=,01
vsDyv

DK=FDK( T+P+V)

IF(1eGTeI) DK=ABS(DK)

1F(ABS( DK =L2)+LT+E) GO TO 20
IFi DX +LTel2) GO TO 10
DV=DV/ 10

IF(ABS(DV)LTe1E=6) GO TO 31
VaV=DV#9,

GO 7O 2

VsVv4+DV

GO YO 2

IF(DVeLTeO0e) GO YO 2%
OVe=0,01

viay

IF({1EQ.1¢0Re1+EQeS) GO TO 25
GO TO 1

vasy

RETURN

I1x=2

PRINT 100+TePsL2
FORMAT(J3F1%,5)

Q00<c3700
000c3800
QVoe. 00
000&..000
00024100
QUQca&o
QU0Ea30N0
C0QcaaQD
UQ0c4900
Q00<c4eQ0
000es4700
000<c4q800
00024900
00025000
=eF944)000c5100
000c5<00
Q00EBH00
000<5400
00025500
00025600
00025700
000es800
000<c5%00
0006000
00026100
Qu0e6<c00
00026300
Q0026400
00026500
000c65Q0
000<6700
0006800
000<6Y00
000270Q0
00027100
00Ce72C0
00027300
Q0027400
0007500
Uo0c7600
QQ0c7700
000c 7800
00027900
00028000
000c8100
00028200
0008300
00028400
0008500
000<c4¥600
00028700
000288¢0
(o187 221 YeTe]
VVPeY0QOo
00029100
000&%<c00
000£9300
0009400
00029500
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RETURN
END

SUBROUTINE OUT

COMMON/ 1 /W] eW2ewW3 747 1X/7VQ/7PN

FZ11 /KA TCoTNC o HW L s HWE s HWN L « HWNZ o« HW3 s HWG ¢ HWND « HWNSG s WU » J s LV
271 27EHW] +EHWZ EXWE +1EXW2IEHWO 1 EHWO o FNL L e FNL2 o PCL T sPNLL L o PLL2
3 SO/NX] GNXZ2+NXTaNY 1 aNY2eNYINZ1 oNZ2N2Z2

REAL NX1oNX2sNXIeNY 1 «NY2¢NYINZ1sNZ24NZ3

DATA (UP=E57,2957795) 4+ (DN3,017453291)

IF(KeGTelsOReJeGTol) GO TO S

DIVaDV#1000,

PRINT 100+WleW2eW3sNX) eNX2eNXIoeNY 1 sNYZeNYIeNZI sNZcoNLZIsVL LY

5 IF(IXeGTal) GO TG 10

11

TCL=TCxyUP

PCl=PCL I®UP

PC2=PCiL2#UP

TNCL = TNC*UP

PNCaPNaUP

PNC 1 2PNCL | #UP

IFtJeEQe2) GO TO 3

GO TO (11412013018 415¢1614K

PRINT 110¢TCL MWL 1 HW24EHNL +EHNZ2 9 TNCL « PNC s HWN ] t HWNC s EHWS o+ EHWO
RETURN

12 PRINT 120eTCLAHW] ¢HW2EHW]1 oEHW2 ¢« TNCL oPNC s HWN 1 ¢+ HWNZ2 s EHWS +EHWO

RETURN

13 PRINTY 130¢TCLIHW] ¢HW2+EHW] ¢EHW2 ¢ TNCL « PNC e HWNT ¢ HWNZ s EMWD + EHWO

14

RE TURN

PRINT 140¢TCLIHW]I sHW2+¢EHW] +ENW2 ¢ TNCL+PNC o HWUNT ¢ HWINE 4 ZRWD ¢ L HWO
RETURN

1S5 PRINT 150« TCLeHW) +HW2EHW] +EHR2 ¢ TNCL « PNC ¢ HWIN] « HUNS 4 EHWO s HWG

RETURN

16 PRINT 160¢TCLIMWI sHW2 ¢EHW] tERMW2 s TNCL ¢ PNC o HWN s HWNZ ¢ EFMWS o HWO

10
21

22

23

24

25

26

q

RETURN

GO TO (21422¢23¢24425426) 4K

PRINT 2i0

RETURN

PRINT 220

RETURN

PRINT 230

RETURN

PRINT 240

RETURN

PRINT 250

RETURN

PRINT 260

RETURN

PRINT 1704 TNCL s PNC o HWN 1 ¢ HWNZ s EHWS o EHWO
PRINT 200¢PC1+PC2HWI v HWAEXWI «FNL 1 +PNL]L s HWNI o HWNA o EXWE « FNLE
IF{KeEQeH) GO YO 4

RETURN

PRINT 300

RETURN

13

C00<9600
000eY700
0009500
000<¥J00
00040000
00040100
200Q430<00
09030300
00030400
00049200
vu020600
00020700
00030800
Q20209200
00031000
QQ031100
00031200
CU0J1300
00031400
00031500
00031600
00041700
00031800
000431900
00032000
20032100
00032200
00032300
00022400
0003500
00032600
00032700
00032800
00032900
00033000
oU043100
00033200
VUOIII00
00033400
00033200
QUE33600
00043700
00033800
00043900
UG034000
00034100
00034200
00034300
CU0 34400
00034500
00034600
00034700

100 FORMATIG6H Wil = ¢F10s2¢10XeDHWE = «Fl0ele ICXsDHWI = WWiQece 10X/ 3({6HO00-4000

110 FORMAT (9H O+0=E===¢7H

120 FORMAT(9H E40=E-—-s7H TCL 3 ¢ FTe4e2X216HHWC = «4F 601 12X« 7HTNCL. =

m o ——— =

1 NX = sFl0sQs9X)I/3(6H NY 5 +FL10e8¢9X)1/3(BH NZ 3 +FlQeG9X)//
25X+ 3SHINTERNAL RESOLUTION LIMIT (MRAD) = +F7eas
3 SXe JIGHINTERNAL OlVe 3 F644/7)

1 FTe8e2X16HPNC = 4 F74642XeTHHWNG = 24F6e1)

00034900
00035000
09035100

TCL = o FTeQ42Xs6MHHWE =2 +4F 841 42X s THTMCL = 00035200

2003%300
¢ QC 035400
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1 FTea:12X6HPNC » FU-81xeTHHWNG & 4aF6el) CQOI520C
130 FORMAT(OH Q¢ESE~w=¢?H TCL % ¢ FT4012Xe6HNHWE 8 44F B¢l ZX 1 TRTNCL = 4 CCOS5L0OC
1 FTe042XO6HPNC s FTcledX . IriWNG 8 44F8e)) 00Q387¢ce
140 FORMAT(9H EVERQ~ac s 7H TiL = ¢ F7 U4 2X . SHMWC ® 14F6He ) 12X+ 7TRTNCL = ¢ 20535800
i FTeQe2XeOHPNGC B 4 FT7,A 2P THHWNC & (AF&el) 00038900
180 FORMAT (9H O4EmQemay7h TCL 8 o FY5a2Xs8H IWC 2 «QF 64 1+ 22Xy 7THTNCL = 430046000
1 FTea 2XsOHPNC =  F7e02X.7HHUNC B 4aF&Er 1) 00036100
160 FORMAT(9OH E+O0R0==w s 7H TCL ® o F7e042X OFMMHWC = s4FOel X« 7ATNCL & 4 (0C26¢00Q
1 FTed 2K eO6HPNC @ v FToQIX THrHWNC = 44F6el) CO0963400
170 FORMAT(9H - «  AaRM, THTNCL = +QD0364Q0
1 FTr8a2 - BFNC 2 3 FT74342XeTHRWNC & 4aF 641 Q003650 C

200 FORMA™ (1OX+SHPCL Be®Tetus M PL2 84F ;4(DH PW Re2F6e100H EWEFEels 00036600

1 IH Re FELL-TH PNCI 24FT4438H Hw 842H6 1 04H EWseFEel +3H R=4F541)00036700
210 FORMAT(DH Q+OBE~- =y | (+CBH*e#® NOT PHASE MATCHAGRLE ### ) 20036000
220 FORMAT (9N E+08E=aay 10X 128H##8 NOT PHASE MATCHADLE ###

) 0V0C02EY0Q

230 FORMAT (9N Q+EnE==uy il OX 1 28M##% NOT PHASE MATCRALLE #*#%% ) U0QAI7009Q
240 FORMAT (9N E+E=Qacas |OX28HE#N NOT PHASE MATCMADLL %% ) 00037100
250 FORMAT(9M Q+EsOamas |OX-20H*R% NQOT P »25t MATCHAGLE ##% ] V002700
260 FORMAT(OM E+Qal -~=+ 10X ¢28H#2 4 NOT P ASE MATCHAGLE ##% //39(3rM *)00337300
1 77) ’ CO037400
300 FORMAT(//30(3H #31//) Q0037500
ENO ' : CUQITO00
FUPCTIUN FIN(Wel) - 00027700
COMMON/ 1 J/AX +BXsCXeOX1AY aBYsCYe DY vAZ4BZ1CZ40DZ 00037300
Xewhwe ]l +0E-8 : : 00027900

GO TO (142¢3) 01 ' : 00028000

1 FINSSORT (AX+BX/ ({X=CX)=DX#X 00038100
RETURN . 00038200

2 FINsSQRT(AY+BY/Z(X=LY)=DY®X) 00038300
RETURN 00038400

3 FINRSQR /(AZ+B2/ (X=CZ) =178 X) 00028200
RETURN 00048600
END 00087060
FUNCTION FNICA) 000-8a00
COMMON /1/W]leW24W3 /797 IN) 00038900

&  /6/NXT «NX2eNXIeNY 1 eNY2oNYIINZ L «NZZ2 ¢NZ3 00039000
REAL NX1 «NX2¢NX3eNY 1 «NY2sNY3IINZ 1 «NZ2¢NZ3 00039100

GO TO (142)01IN) 00039200

1 FNIsNX] Q0039300
RE TURN 00099400

2 FNIu]lo/SORT(I{COS(AI/NY]) ) RE2+(SINIAI/NZI ) #a2) 00039500
RETURN 00039600
END 00039700
FUNCTION FN2(A) C00e9800
COMMON /1/W1W2.W3/s8/71IN2 00039900

L3 Z76/NX Y s NX2 «NXANY 1 oNY2 eNYIeNZ 1 «NZ24N23 00040000
REAL NX1 «eNX2oeNXIeNY L INY2eNYIINLL «NZ2eNZ3 0040100

GO TO (142;5¢1IN2 000%0cQ0

1 FN2aNX2 00040300
RETURN 00040400

2 FN281 o/SARTI{COS(A).NY2)IHE2H+(SIN(A)/NZ2)#%2) 00040500
RETURN 00C436C0O
ENO 00040700
FUNCTION FN3(A) C004Qu00
COMMON /1/W1 ¢W2sWA/T7/IN3 Q004Q%Y00

8  /6/NX1 o NX2eNXIoNY L sNYZ oNYIsNZ 1 osNZ2eNZI Q0041000
REAL HX1 oNX2¢NXIoNY1aNYZ2 +NYIINZ1I1NZ2N2Z3 00041100

GO TO (1+2)¢1IN2 0004100

1 FN3aNx3 00041300

[T
-
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] RETURN
, 1 & FN32)] 4/50RT((COSIAI/NYIIHE2+(SIN(AY/NZI) a2,
RE TURN
END
1 FUNCTION FN2C(Q)
COMMON /1/Wl +W2+W3/8/71IN2
1 4 Z6/NX]1 eNX2 ¢ NX3aNY 1 sNY2 o NYIINZ 1 oNZ2N2Z23
REAL NX1 eNX2eNX3¢NY 1 aNY2«NYINZ1NZ2eNZ3
GO TO (l1e2)01IN2
! FN2CaNX2#NX2
RETURN
FN2CR 1 o Z/({Q/NY2)1 #8241 ] ¢ =QRQ)/NL2##2)
RETURN
END
FUNCTION FN3C(Q)
COMMON /1/W) «W2eWI/T/71INI
& J6/NX1 aNX2aNXIINY L oNY2 I NYIeNZT eNZ2eNZ3
REAL NX1 eNXZ2aNXIaNY 1 oNY2iNYIeNZ] 1NZ2eN2Z3
GO TO (142)41IN3
1 FN3C=NXI#NX3
RETURN
2 FN3CR] o/ {(Q/NY3IRE24({ 1 4=URQ)/NZIRR2)
RETURN
END

n
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00041400
00011500
00041600
00061700
00041800
00041900
00042000
00062100
000482200
00062300
00042400
00042500
00042600
00042700
00042800
00042900

00043000

00043100

00043200

00043400
00043400

00043500
00043600
00043700
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Appendix B
SAMPLE INPUT DATA AND PROGRAM OUTPUT
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