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NUMERICAL ANALYSIS .OF NEUTRON RESONACES 

Susie E. A t t a  John A. Harvey 

ABSTRACT 

Neutron resonances ore analyzed numerical ly by determining the resonant energies, the total  

widths, and the neutron widths o f  the resononces. I t  i s  assumed that  the total  cross sect ion can 

be represented by the sum of  single-level Breit-Wigner formulas, wi th interference between reso- 

nance and potent ia l  scatter ing but no interference between resonances; that the Doppler broaden- 

ing  i s  represented by o Gaussian function; and that the instrument resolut ion i s  represented by a 

Gaussian function. Gauss' method i s  used to  reduce the nonl inear problem to one i n  which l inear 

methods can be applied. Some unusual techniques are used for evaluat ing the integrals i n  the 

function for ca lcu la t ing  the tronsmission. 

Two programs for analyzing tronsmission data t o  obtain the parameters of the resonances hove 

been wri t ten for the IBM 7090 computer. The f i r s t  program i s  a shape ana lys is  for determining the 

resonant energies, the to ta l  widths, and the neutron widths o f  the resonances. Th i s  program ana- 

lyzes the t ronsmission dato for as  many as s i x  resonances a t  once. The second program i s  an 

area ana lys is  for determining the neutron widths o f  the resononces for assumed to ta l  widths. T h i s  

program anoly-es transmission dato containing as many as 20 resonances at  once. 

INTRODUCTION 

In  recent the resolutions of time-of-flight neutron spectrometers i n  the intermediate neut;on 

energy region have improved by more than an order of magnitude.. Transmission measurements are now 

being made where *100'resonances are observed i n  a single nuclide. An  example of a transmission 

measurement i s  shown in  Fig. 1. A s  a general rule the exist ing techniques for the analysis. of neutron 

resonances are very time consuming, and sometimes not very accurate when the resonances are not we l l  

resolved from one another. 

The total cross section, a, as a function of neutron energy, E l  can be computed from the transmission 

by the relationship 

where N i s  the thickness of the sample. However, there are two factors which greatly complicate the re- 

lat ionship between the observed transmission and the'nuclear cross section when resonances are present. 

Distort ions i n  the experimentally observed shape of a resonance ar ise because of imperfect instrument 

resolution and the Doppler broadening result ing' from the thermal motion o f  the nuclei  i n  the sample ma- 

terial. Figures 2 and 3 demonstrate these effects. 

The distort ions to  the transmission curve become more serious for resonances a t  higher energies and 

for those having smaller total  widths. In the high-energy region the shape of the d i p  i n  the transmission. 

curve i s  determined almost completely by the resolution function and the sample thickness. Hence di f fer-  

ent methods of analysis are required for the high- and low-energy regions. 



'UNCLASSIFIED 
ORNL-LR-DWC 52059 

En (ev) 

0 50 100 150 200 250 300 350 400 450 
CHANNEL NUMBER 

450 500 550 - 600 650 700 750 800 8 5 0  900 
CHANNEL NUMBER 

Flg. 1. Graph of a Transmission Measurement. 

The problem was to f ind an adequate and practical method of analysis of the nonlinear function for the 

transmissions to  determine the resonant energies, the  total  widths, and the neutron widths o f  the reso- 

nances. 

T w o  programs for analyzing transmission data have been wr i t ten for an IBM 7090' computer. These 

programs include the effects of Doppler broadening and instrument resolution on the transmission measure- 

ments. 

l ln i t io l ly ,  the programs were writ ten for the I B M  704 computer. 
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METHODS OF ANALYSIS 

F O R M U L A S  

D CURVE INCLUDING DOPPLER 

- - -  - 

The single-level Breit-Wigner resonance formula [ I ]  i s  used to  describe the total cross section. The  

single-level formula for o single isotope, j , may be written 

I 
I1 
I1 
II 
II 
I1 

COMPUTED 
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I I 
i : 
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where 

and 

For low energies ( E "  < 1 kev) a . / X < <  1. Hence, one can write 
I  

E ,  - E " '  2ui 

1 -  ( r/2 !7l 

I f  E "  i s  measured i n  electron volts, and 477%' i n  barns, 

and 

Hence, i t  fo l lows thnt 

Since a transmission measurement may be made upon elements which contain several isotopes, the 

cross section of. the element i s  computed from the sum of  the cross sections of the individual isotopes 

weighted by their fractional abundance f . ,  where / .  = 1. Since many resonances can be observed irl CI 
I 1 1  

single isotope, le t  A represent the resonances of the isotopes. L e t  

E X  represent the resonant energy of resonance A, 

rX represent the to ta l  width o f  resonance A, . 
A 

represent the reduced neutron width of resonance A, 

fA represent the fractional abundance of the isotope which contains resonance A, 

gA represent the ~ t a t i s t i c a l  weight factor of resonance A, 

r represent the ef fect ive nuclear radius (for a l l  isotopes), 

a  represent the potential scattering amplitude (for a l l  isotopes where resonances are present). 



Thus the total cross section i s  computed from the sum of  single-level formulas, 

The obiect of the analysis i s  to  obtain the parameters E', rh, and (/gr:)' which best sat isfy the experi- 

mental points. Equation (4) includes interference between resonance and potential scattering, but does 

not include interference between resonances. 

Assuming that the Doppler broadening fol lows a Gaussian function, one may compute the Doppler- 

broadened cross section, u,,(E '), by convoluting the nuclear cross section, u(E "), and a Gaussian func- 

tion. Thus 

1 0a E ' - E "  
uA(E ') = - 

A@J0 
u(E ''1 exp [-  ( A )'I dE #t . 

Denote the effective temperature of the sample by T,,,, the neutron energy measured i n  electron vol ts by 

E ', and the atomic weight by AW. Then the Doppler width, A, i n  electron vol ts i s  given by 
, .. 

v r .  

where 

Do  = 0.318(~~,, /293) ' /~.  

Assuming that the instrument resolution can also be represented by a Gaussian function, one may 

compute the theoretical transmiksion by another convolution. That is, 

1 00 Ei - E '  

T(Ei) = R(Ei) f i  SO ~ X P  l - N u A ( ~  exp {- [-I R e i )  2 }  dE , 

where R(Ei) i s  the resolution width at  energy Ei. The resolution function i s  made up of many factors; 

some of these (such as the burst width, the col lect ion time in  the detectors, and the channel width) are 

independent of neutron energy,and others (such as the detector depth) vary as the time-of-flight o f  the 

neutron. It i s  assumed that the resolution i n  pec/meter at  channel i can be represented by the form 

R o + R l i ,  

where R o  i s  the resolution ( fu l l  width a t  hal f  maximum i n  channels) at  the zeroth channel of the run and 

R 1  i s  the change in  resolution ( fu l l  width a t  hal f  maximum in  channels) per channel. 

Expressing the resolution (half width i n  ev at l/e of peak) as a function of energy gives 



where 

Bo = - 
0.8325 72.3 (distance) J 1  

The energy Ei, for channel i, is  computed from the formula 

72.3 (distance) 
(8) E i =  [ 

delay + i t  1 2 ,  
where 

distance = f l igh t  path i n  meters, 

dolay - dolay i n  psec, 

t = channel width in psec. 

I n  some cases the experimental data which we wish to  analyze are not true transmission points, but 

the data have a shape which varies wi th energy exclusive of the resonances i n  the energy region which i s  

measured. For example, there may be a large resonance outside the energy region under consideration 

whose ef fect  i s  important i n  the energy range under consideration, or the data may represent the number o f  

counts wi th the sample i n  the neutron.beam whose spectrum i s  a function of neutron.energy. It i.s assumed 

that th is  ef fect  can be represented by the polynomial . 

Thus Eq. (6) becomes 

TECHNIQUES 

The d i f f i cu l ty  connected wi th an.> method of approach to the problem h a s  the unreasonably large 

amount o f  computer time needed to  evaluate so many double integrals. However, by using the fo l lowing 

techniques and t r icks  for economy of  time th is  d i f f icul ty i s  reduced to  a reasonable amount o f  computer 

time. 

The  convolution of the Breit-Wigner total  cross section wi th  Doppler broadening, 



i s  represented in terms of the real and imaginary parts o f  the complex probabil i ty integral [21, 

A method [312 i s  available for evaluating the complex probabil i ty integral very accurately wi th a small 

amount of computer time as compared wi th the Gaussian method fo'r evaluating the integral i n  Eq. (1 1). 

The derivative o f  the complex probabil i ty integral is  a lso used in  the evaluation o f  the part ia l  deriva- 
0 X 

t ives o f  the nonlinear function, Eq. (lo), with respect to  the parameters E', rX, and (fgrn) . 
Since the integral i n  Eq. (1 1) does not contain values o f  Ei, the values of the Doppler-broadened in- 

tegral are computed only once and stored i n  a table for later use i n  the computational procedure. 

The trapezoidal ru le i s  used for evaluating the convolution o f  the Doppler-broadened transmission 

wi th the resolution function, Eq. (6). Th is  method was selected because the part i t ioning o f  equal in- 

tervals permitted the use of a recurrence formula for evaluating the exponential function 

I f  b i s  the lower l imi t  of the integral, h i s  the width o f  the intervals, and j i s  the part i t ion number (i = 0, 

1 , . . . , n), then 

Ei - (b + jh) 2(Ei - b)jh 

(13) 

Thus, the exponential function i s  evaluated each time from the previous value by making only two mult i- 

p l  ications. 

T o  use the recurrence formula for the exponential function, it i s  necessary that the value for the ex- 

ponential at the lower l im i t  not equal zero. Thus i t  i s  important that the computed f in i te l imi ts of th is  in- 

tegral not include portions of the resolution function which make insigni f icant  contributions to  the value 

o f  the integral. T o  avoid this, as wel l  as to  reduce the number of intervals needed to evaluate the inte- 

gral, new f in i te l imi ts for th is integral are computed at  each Ei. A spread o f  four times the resolution 

width R ( E ~ )  on each side of Ei gives f in i te l imi ts suf f ic ient  to  obtain 99.99% of the value o f  the integral. 

However, changing the l imi ts o f  the integral at each Ei requires intr icate planning .in order to  pick values 

of E' which w i l l  be the same in  the Doppler-broadened integral and the instrument-resolution function. 

The number of part i t ions used to  evaluate th is integral i s  approximately equal t o  the number o f  chan- 

nels included between the l imi ts tor the integral. However, th is number may be mult ipl ied by a desig- 

nated integral factor in order to  increase the accuracy of the evaluation of the integral. 

2 ~ h c  Gautachi and Uaulr~ subroutine for computing the complex probability integral i s  an IBM 704 SAP subprogram 
named WOFZ. For use in these programs I t  was compiled as a FORTRAN subprogram and named PFCN. 



SHAPE A N A L Y S I S  

I n  the low-energy regions where the Doppler width, A, and the resolution width, R, are small compared 

to  the natural width, r, of  the resonance, the parameters El r, and (fgr:) can be determined for each res- 

onance. The  method of least squares [4, 51 i s  used to  determine the best estimates of these parameters. 

The nonlinear function, Eq. (lo), i s  l inearized by expanding i t  into a truncated Taylor's series a t  the in i -  

t i a l  estimates of the parameters and retaining only first-order terms. Thus 

X i s  a l inear function i n  8rhl 8 E  , and 8(fgro)'. Theleast-squares estimates of 8rh, SE'. and 8(fgr;)' 

h X are used t o  modify the i n i t i a l  estinlates o f  T. , E , and (fgF:)'. With the improved estimates for the pa- 

rameters, the process i s  repeated unt i l  the convergence criteria, 

are satisfied. 

The standard deviation of the las t  estimate of each parameter i s  computed from the relation 

where 

n 

- 
rh 

i= 1 
s 2  = 

n - k  

6 0.009, 

standvrd deviation = d? 

5 0.002 , 
8Eh 
- 
EX 

and a . .  i s  the diagonal element o f  the inverse coeff ic ient  matrix of the normal equations which corre- 
I I 

sponds t o  the jth parameter. The theoretical transmission i s  represented by Tc(Ei), the experimental 

transmission i s  represented by Te(Ei). the number of points i s  represented by n, and the number o f  pa- 

rameters i s  represented by k .  The covariance of l? and (/$:) for each resonance i s  computed from the 

relat ion 

where a. .  i s  the off-diagonal element of the inverse coeff ic ient  matrix of the normal equations which cor- 
' I  

responds to  r and (fgr4). 

0.0001 , and 
~(fgr:)" 

(fgr;lh 



I n  order to  determine how well the,theoretical transmission curve f i t s  the experimental transmission 

points, the two quantities chi-square ( x 2 )  and the number of degrees of freedom are computed. The num- 

ber of degrees of freedom i s  defined by 

d . f . = n - k -  1 ,  

and chi-square i s  computed from the relation,' 

where PSA i s  the per cent stat is t ical  accuracy of a representative point o f  the resonances. 

A R E A  A N A L Y S I S  

For the higher-energy regions where the Doppler width, A, or the resolution width, R, i s  greater than 

the natural width, r, of the resonance i t  i s  not possible to  obtain meaningful values of r from the experi- 

mental data. Resonances at  these higher energies are analyzed by an area-analysis technique to  give 

for an assumed r. The area under a transmission dip i s  independent of thh resolution function. 

However, i f  the resonances are close together the accuracy of the area method can be increased i f  the 

resolution function i s  included in  the analysis. By using the above methods and techniques, the resolu- 

t ion  can be included with only a small amount of additional computing timc. 

X X In the area-analysis technique, estimates of E and T. are provided. In i t ia l  estimates for (fgr;)' are 

either estimated or computed by the program from the relation 

where T(E+ i s  the experimental transmission at  the resonant energy EX, T(EJ i s  the larger of the ex- 

perimental transmissions a t  the f i rs t  and last  channels of the resonance, and 

i s  an approximate correction for the effects of Doppler broadening and instrument resolution i n  order to  in- 

crease the accuracy of the estimates. These estimates of the parameters are used i n  the function 

Te(Ei) = P(Ei) exp [- Na(Ei)1 

to solve for P(Ei), where T,(E~) are experimental transmission data from the f lat  regions between reso- 

nances, and o(Ei) i s  defined i n  Eq. (4). These values, P(Ei), are used by the method o f  least squares to  

deterniine the estimates of the coeff icients o f  the polynomial equation (9). B y  using the estimates for the 

coeff icients of P ( E ~ )  and the estimates of the parameters, the sum of the calculated transmissions i s  com- 

pared wi th the sum of the experimental transmissions over each resonance. Corrections to  the estimates 



of (fgr;)' are computed i f  the absolute value of the difference o f  these sums for each resonance i s  less 

than 0.005 (PSA) (number o f  channels i n  the where PSA i s  the per cent.stat is t ical  accu- 

racy o f  a representative transmission point  between resonances. 

0 X T o  obtain corrections for the estimates of (/grn) , the sum.over a resonance o f  the nonlinear function, 
0 X 

Eq. ( lo), i s  l inear izedby expanding it into a truncated Taylor's series a t t h e  in i t ia l  estimates o f  (fgrn) 

and retain ing only first-order terms. I f  iX,m denotes the channels over a resonance m, then 

0 X i s  a l inear function with respect to  the S(fgrn) , the corrections to  +he estimates of (/gl-'O)X. I t  i s  as- 

sumed that.-only the adjoining resonances on each side o f  a resonance m.have a signif icant ef fect  on thc 

area under the resonance m. I f  one denotes by M the numbkrbof resonances i n  the region o f  analysis, then 
. . 

the l inear system of  M equations, 

. . 

0 0 
i s  solved s imul t~neous ly  to  obtain S(/gr:) for each resonance m where m = I, 2 ,  . . .. h i ,  and 6 ( / g ~ n )  = 

8 ( / g ~ ; ) ~ "  = 0. The 8(fgr;)' are a d d ~ d  to  the estimates of (fgr;)' to g ive new estimates o f  (/grO)k 

which are used t o  repeat the process until' the convergence criterion i s  satisfied. 

A number which can be used to  assess the accuracy o f  the estimate of (fgr:)' i s  computed from the 
. - 

absolute value of the relation 

(PSW100) (number of points over the resorlance A) 1 /2 

d ~ ( ~ ~ ) / d ( / g r O ) "  

I X  



D E R I V A T I O N  O F  E Q U A T I O N S  

Doppler-Broadened Cross Section Integral i n  Terms of the Complex Probabil i ty Integral 

I n  order to  represent the Doppler-broadened cross section integral i n  terms of the real and imaginary 

parts o f  the complex probabil i ty integral, consider the Doppler-broadened integral, 

" 1 
. + ~ ~ ( / g ~ ~ ) h ~ . i 2 x ~ ~ 5 J  -. I- A exp [-, ( E  '; " 71 dEp8 

A 6  A o JE" ( E ~  - E " 1 2  + (rA/212 

L e t  

Then 

and 

A (E - E")a exp 1- ( ' ] dEP'= a sw (tA - s )  2 
e - S  d s .  

( E ~  - 'E  " 1 2  + (I-A/212 -EYA (cA - s12 + 01')~ 

Since ( s A ) ~  < (E ' 1 2  i n  the physical problems considered, one can approximate the factor 1/Jm i n  

the r ight  side o f  Eq. (20)  by exparrdiny i t . into a t ru~icated Taylor's series, 



Substitution of Eq. (22)  i n  Eq. (20)  gives 

(23 )  sw----!-- rX exp [- ( E ' , E " , ' ]  dE" 
o JE" ( E ~  - E " 1 2  + ( r X / 2 ) 2  

m 
2 

e-' d s .  

Adding and subtracting A C $ ' / ~ E '  to the factor [ I  - ( s A / 2 E P ) ]  in the right side of Eq. (23) ,  one obtains 

(24 )  S m L  rh exp [ - (E' iE"y]  dEp' 
o ,/F(E~-E~)~+(~~/~)~ 

X X Since, in  the physical problems considered, I' /2E << 1 ,  the values of the integral for l imits below 

- E ?A are too small to add a significant contribution .to the integral. Therefore the lower l imit  of the in- 

tegral can be replaced by -a. 

L e t  

I f  one f i rst  substitutes Eq. (25) i n  Eqs. (21 )  and (24) and then substitutes the results in  Eq. (19), the de- 

sired representation for the Doppler-broadened integral i s  derived, 



To simplify Eq. (26) let 

Substitution of Eq. (26) with' i t s  simplif ications i n  Eq. (10) gives the desired formula for calculat ing the 

transmission data, 

1 
(27) T(Ei) = exp (-Nop) P(Ei) sw ~ X P  [ - N s  (/&:)A [(G - H(*) u((*, $1 

R E  o 

Partial Derivatives from the Derivative of the Complex Probabil i ty lntegra l 

In order to  obtain part ial derivatives by using the derivative of the complex probabil i ty integral, con- 

sider the complex probabil i ty integral, 

where ~ ( 6 ,  1) and v((, 1 )  are defined by Eq. (25), and 

The derivative of Eq. (28) i s  

Substitution of the representations for z and w(z) in Eq. (29) gives 

2 i  
(30) ~ ' ( 2 )  = -- 2(( + il)[~((l ?) + i v (E l  ?)I fi 

Thus 



Since the Cauchy-Riemann conditions, 

au av - au av 
and = - -  

a t  a i  a? a t  

are neceisary [6] for the existence o f  Eq. (29), 

By using the rule for the differeiitlati6tt of  eamposlre funcilons, 

A h  Since dl) /dE = O,.Eq. (33) becomes . . 

Similarly, 

By using equalities (31), (32), (34), and (35) us  well as the rule for differentiation under the integral 

sign, the partial derivatives with respect to each of the parameters E? I-'., and (/gI';)* are obtained. The 

partial derivatives, Eqs. (36), are given below: 

JT(Ei) 1 
-- - exp  NU^) P(E~)  J exp {-NS C (/gr;)* [(G - ~ t * )  U(E* , qh) 
a,* R ( E ~ )  ,/F o A 



JT(Ei) 1 
-- - exp  NU^) P ( E ~ )  J m  exp {- NS (/g~:)x [(G - HE+ ~ ( 5 '  I 71x) 

a r x  R ( E ~ )  fi o A 

dT(Ei) 
= exp  NU^) P(Ei) $ {- N.T F (ig'>'" "'. - HC*) u(txl  $1 

d( /gr f lh  R ( E ~ )  fi 0 

HIGH-SPEED-COMPUTER PROGRAMS 

Since these methods of analysis are feasible only for high-speed computers, programs were written for 

the 18114 7090 comput'er. The FORTRAN language was used to  write these programs. 

Both the shape program and the area program analyze the transmission data by regions or portions o f  

the data. A set of transmission data may contain data for as many as 2048 channels. Many regions for a 

set of transmission data as wel l  as many sets o f  transmission data may be analyzed i n  a run of the pro- 

gram. The program w i l l  end an analysis of a region either when the convergence test i s  met or when a 

prescribed number of i terations has been made. A run is, f inished when a l l  designated regions of a l l  sets 

of data have been analyzed. 

S H A P E - A N A L Y S I S  P R O G R A M  

The shape-analysis program makes a least-squares shape f i t  of the transmission data to  the nonlinear 

function, Eq. (lo),  t o  determine the best estimates of the parameters E', rx, and (igl?;)' for the reso- 

nances. The program requires good in i t ia l  estimates for these parameters as wel l  as the coeff icients for 

the base-line P(Ei). The estimates for the' parameters of each resonance and the coeff icients 

for P ( E ~ )  can be obtained by f i rst  running the transmission data i n  the area-analysis program. The param- 

eters B O  and B ,  for computing the resolution width R(Ei) may also be obtained from the output sheet from 

the area analysis program. 



Regions o f  transmission data can be analyzed for as many as s ix resonances'at once. 

A description for using the program, i l lustrated wi th a sample problem, i s  given i n  Appendix A. A l i s t  

of the FORTRAN statements for the program i s  given i n  Appendix B. 

A R E A - A N A L Y S I S  P R O G R A M  

oh  h The  area-analysis program determines the best estimates of (/grn) for assumed values of r and E h 

for the resonances. In i t ia l  estimates for are either furnished by the user or computed by the pro- 

gram. I f  (/gr:)' i s  to  be computed, it i s  given the value zero on the input-data card. Experience i n  using 

the area program has shown that convergence i s  more uniform when the i n i t i a l  estimates of the parameters 

are small compared to  the true parameters. I f  the i n i t i a l  estimates o f  the parameters are too large by ap- 

proximately a factor of 10, the program i s  unstable. If  an estimate of (/$:) results i n  a negative number, 

the i terat ive procedure i s  terminated w i th  the previous iteration. 

The coeff ic ients of the polynomial, P(Ei), are either given to  the program or determined by the method 

of least  squares from the f la t  regions of the data between resonances. I f  the coeff ic ient  matrix o f  the 

normal equations i s  near singular, a unique set of estimates for the coeff icients of P(E,) cannot be deter- 

mined. The  program recognizes the near-singularity of the coeff icient matrix by test ing the sign3 and rel -  

a t ive  magnitude o f  the determinant. I f  the determinant i s  negative or too small, i t s  value i s  given on the 

output sheet and the analysis i s  discontinued. 

The program w i l l  estimate a constant for the base l i ne  or w i l l  estimate coeff ic ients for P ( E ~ )  as a 

f irst- or second-degree polynomial, as desired by the user. The above requests must be designated by IC 

as fol lows: 

IC = 0 means that the coeff ic ients KO, K and K 2  w i l l  be furnished; 

I C  = 1 means to  compute K O  and set K13= K 2  = 0; 

IC  = 2 means to  compute K O  and K ,  and set K 2  = 0; 

IC  = 3 means to  compute KO, K and K2. 

Regions of transmission data can be analyzed for as many as 20 resonances at. once. 

A description for using the program, i l lustrated wi th a sample problem, i s  given i n  Appendix A. A l i s t  

of the  FORTRAN statements for the program i s  given i n  Appendix B. 
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Appendix A 

DESCRIPTION O F  PROGRAMS 

S H A P E - A N A L Y S I S  P R O G R A M  

Input 

The shape-analysis program requires the fol lowing input data on IBM cards. 

The  f i rs t  card, format (16, 2 ~ 6 ) ~ ~  i s  for the problem identif ication. It requires the problem identif ica- 

t ion  number, the IBM 7090 run ident i f icat ion number, and the element and isotope identif ication. 

T h e  second card, format (615), is  for the  problem control data. It requires the number o f  channels of 

experimental transmission data, the numbers for the f i rst  and.the last  channels o f  the region to  be ana- 

lyzed, the number o f  resonances i n  th is  region, the mult ip l icat ion factor for determining the number of par- 

t i t ions  t o  be used i n  the evaluation of the integral o f  Eq. (6), and the maximum number of i terations t o  be 

run. 

The  th i rd card, format (3E12.6), i s  for the  coeff icients of P(Ei). It requires the coeff ic ients KO, K,, 

and K 2 &  

T h e  next group of cards, format (3E12.6), i s  for the parameters of the resonances, wi th one card for 
X X oh each resonance. Each card requires C , E , and (fgrn) for a resonance A. 

The next  two cards, format (6E12.6), are for f ixed parameters of the ~rob lem.  They require the poten- 

t ia l  scattering radius i n  1 0 - l 2  centimeters, the sample thickness i n  atoms of the element per barn, the 

atomic weight, the ef fect ive nuclear radius i n  10- centimeters, the f l ight  path i n  meters, the channel 

width in microseconds, the delay i n  microseconds, the Doppler constant, B o  and B for computing the 

resolution width, and the factor.which represents the per cent stat is t ical  accuracy. 

The  las t  group o f  cards, format ( 6 6 1 2 ) ~  require the experimental transmission data. . 
I f  other regions of the transmission data are to  be included i n  a run, then~for  each addit ional region 

the experimental-transmission data are fol lowed by the input-parameter cards numbered one through three 

plus the cards for the  parameters o f  the resonances. The last  two cards for the f ixed parameters and the 

experimental transmissions are omitted. 

I f  other sets of transmission data are to  be included i n  a run, then cards for the input parameters and 

the experimental transmissions fol low i n  the order described above. 

A blank card should be placed at  the end of the deck to  indicate the end of a run on the computer. 

A n  example of an input data sheet i s  shown in  Figs:4 and 5. 

' ~ e s i ~ n a t o r s  i n  porentheses are FOH'I 'HANss Format specifications; i n  this case, 16 means on Integer decimal 
number having a f ie ld  width of 6 columns, 2 A 6  means 2 Alphanumeric numbers having a f ie ld  width of 6 columns. 



Fig. 4 lnput Data for Shape-Analysis Program. 

I N P U T  PARAMETERS FOR SHAPE ANALYSIS JOB 1910 

Card 1 for Problem Ident i f i ca t ion  

Problem 1 7090 Run I Element and I 
Number I Number I lsotope I 

Card 2 for Program Control Data 

1 6 

169 

Channel Numbers 

7 12 

1695 

Card 3 for Coeff ic ients of P ( E i )  

13 18 

LU176 

For Input 

Data 

1 0 5 6  

1023 

Cards 3 + A far Parameters of Each Resonance 

19 . . . 80 - 
not used 

Number of 

Resonances 

16 20 

4 

.8886OWO 

For Ana lys is  Interval  

Factor for 

Integrat ion 

21 25 

1 

F i r s t  

10 

400 

.OOOOOWO 

1 12 

1 00000+00 

L a s t  

1 1  15 

600 

Maximum 

Number of 

l t e r o t ~ o n s  

26 30, 

8 

.OOOOOO+OO 

13 24 

.617257+01 

31 ... 80 jr . - 
not used I 

4 

- 
not used 

25 36 

.134408-03 

37 ... 80 
- 

not used 



Fig. 5. Input Data  for Shape-Analysis Program. 

I N P U T  P A R A M E T E R S  F O R  S H A P E  A N A L Y S I S  ( C O N T I N U E D )  JOB 1910 

Cards for F i x e d  Parameters 

Potent ia l  

Scattering 

Radius 

( 1 0 - l ~  cm) 

12 

.730000+00 

Sample 

Thickness 

(atoms/barn) 

13 24 

. 44920042  

Atomic 

Weight 

125 36 

.176000+03 

Effect ive 

Nuclear 

Radius 

( 1 0 - l 2  cm) 

37 48 

.730000+00 

D e l a y  

1 12 

/ .441500+03 

Fl ight  

Path  

(meters) 

49 60 

.453080+02 

Channel 

Width 

(psec) 

61 72 

Doppler 

Constant, 
, 

Do 
13 24 

.318000+00 

73 ... 80 - - 
not used 

Ro 

25 3 6 

. 28414042  

Output 

The program gives two forms o f  output a t  the end o f  an analysis. The printed sheet consists of the 

run identif ication, the computed estimates o f  the parameters for each resonance for each iteration, and the 

standard deviat ion o f  the l as t  estimate o f  each parameter, as wel l  as the input data. In order to  assess 

the accuracy o f  the  parameters, the effects o f  uncertainties i n  the resolution function, the Doppler 

broadening, and the base l i ne  must be considered i n  addit ion t o  the standard deviation of the parameters. 

Curve plots (from.the Oracle) consist of a plot  o f  the experimental transmission represented by x, a plot  

of the calculated transmission represented by a, and a p lo t  of the base-line polynomial P ( E ~ )  times exp.  

( -Nop)  represented by . . Examples o f  the two forms of o'utput are shown i n  Figs. 6 and 7. 

Estimate of Cost 

The  running t ime for the shape analysis of a region of experimental transmissions depends upon the 

number o f  channels and the number o f  resonances i n  the region of analysis, as wel l  as the number of i ter- 

at ions required. 

The sample problem i n  Figs. 4-7 is a region of experimental transmissions for 355 channels wi th four 

resonances. The f ixed parameters KO, K,, and K 2  for P(E~),  B O  and B 1  for R(E~) ,  and the in i t ia l  param- 

eters for each resonance were obtained by running the problem i n  the area analysis program. Th is  run 

cost  $5.25. Us ing these parameters i n  the shape-analysis program f ive  i terations were required to  meet 

the convergence criterion. The running t ime on the IBM 7090 computer was 0.09 hr, which cost $15.75. 



Fig. 6. Printed Output for Shape-Analysis Program. 

SHAPE ANALYSIS OF TRANSMISSION DATA JOB 1910 

RUN 169s  

ELEMENT LU176 

E 0 GAMMA FGXGAPMA N 0 

NUMBER OF ITERATIONS 0 

0.61 7257E 01 1.000000E-01 0.134408E-03 

NUM6ER OF ITERATIONS 1 

NUM8EK OF ITERATIONS 2 

0.618135E C I  0-6R6398E-01 0.181723E-03 

NUMBER OF ITERATIONS 3 

NUMBER OF ITERATIONS 4 

NUMBER OF ITERATIONS 5 

E 0 STD. OEV. € 0  GACMA STO. OEV. G FG GAMMA N 0 S.0. FG GN tl COV-(GIGN U l  
0.618122E 01 b.915500E-03 0,670148E-01 0.499192E-02 0.187399E-03 0.109737E-0b -0.537913E-07 

Ad U. 73000E CO T DELAY# 0044150E 0 3  C L I  6CC P SAY C. 1380CflE 0 I 
N I  0.44920E-02 DO# 0.31 80@E-00 NO# (I KDC ~.RRR600E 0 0  
AM1 0.17600E 0 3  BOf 0.2841 4E-02 I F #  3 K 1 #  -0. 
R I  0 -73000E 0 0  81U 0.11253E-01 i n #  8 K2# -0. 
DISK% C.4530eE 0 2  CN#l  023  C H I  SQUARE# 0,273329E 0 3  
T I  0.20000E D l  C F I  4CO DEGREES OF FREEOOMC 1 8 8  



Fig. 7. Curve-Plotter Output for Shape-Analysis Program. 

x represents experimental transmissions; 

represents calculated transmissions; 

represents P(Ei) exp (-NU ). P 



A R E A  A N A L Y S I S  P R O G R A M  

Input 

The area-analysis program requires the following input data on IBM cards. 

The first card, format (16, 2A6), is for the problem identification. I t  requires the problem identifica- 

tion number, the IBM 7090 run identification number, and the element and isotope identification. 

The second card, format (715), is for the problem control data. It requires the number of channels of 

experimental transmission data, the numbers for the first and the last channels of the region to be ana- 

lyzed, the number of resonances in the region, the multiplication factor for determining the number of par- 

titions to be used in the evaluation of the integral of Eq. (6), the maximum number of iterations to be run, 

and the IC factor for designating the coefficients to be determined for the polynomial P(Ei). 

If IC equals zero, the next card, format (3E12.6), i s  for the coefficients of P(Ei). It requires the co- 

efficients KO, K,, and K1. I f  IC does not equal zero, this card i s  omitted. 

The next group of cards, format (215, 3E12.6), i s  for the parameters of the resonances, with one card 
h for each resonance. Each card requires the first and the last channel numbers for the resonance A, , 

oh the resonant channel number, and (fgrn) . 
The next two cards, format (6E12.6), are for the fixed parameters of the problem. They require the po- 

tential scattering radius in 10'12 centimeters, the spmple thickness in  atoms of the element per barn, the 

atomic weight, the effective nuclear radius in  1 0 " ~  centimeters, the flight path in meters, the channel 

width i n  microseconds, the delay in  microseconds, the Doppler constant, Ro and R, for computing the 

resolution width, and the per cent statistical accuracy. 

The last group of cards, format (64512)~ require the experimental transmission data. 

I f  other regions of the data are to be included in  a run on the computer, then for each additional region 

the experimental transmission data are followed by the input-parameter cards numbered one througfi three 

plus the cards for the parameters of the resonances. The last two cards for the fixed parameters and the 

experimental transmissions are omitted. 

I f  other sets of transmission data are to be included in  a run, then cards for the input parameters and 

the experimental transmissions follow in  the order described above. 

A blank card should be placed at the end of the deck to indicate the end of a run. 

An example of an input-data sheet i s  shown in Figs. 8 and 9. 



Fig. 8. lnput Data for Area-Analysis Program. 

INPUT PARAMETERS FOR AREA ANALYSIS JOB 1910 

Card 1 for Problem Identification 

Number Number Isotope 

LU176 not used 

Card 2 for Program Control Data 

Card 3 for Coefficients of P(Ei) i f  IC = 0 

- 
not used 

Cords 3 + A  for Parameters of Each Resonance 

IC 
Coefficients 

for P(Ei) 

31 35 

1 

Resonance A 
First 

Channel Channel I 

36 ... 80 - 
not used 

I ntervo l 
Factor for 
Integration 

21 25 

1 

Number 
Resonances 

16 20 

17 

Channel Numbers 

Resonant 
Channel 
Number 

23 34 

Maximum 
Number of 
Iterations 

26 30 

8 

For lnput 
Data 

1 5 

51 1 

not used 

For Analysis 

First 

6 10 

8 

Last 

11 15 

320 



Fig. 9. Input Data for Area-Analysis Program. 

INPUT PARAMETERS FOR AREA ANALYSIS (CONTINUED) JOB 1910 

Cards for Fixed Parameters 

Resonance h 
Firs t  

Channel 
1 5 

110 

125 

133 

167 

180 

205 

225 

240 

256 

Last  
Channel 

6 10 

124 

132 

152 

1 79 

198 

224 

239 

250 

269 

Potential 
Scattering 

Radius 
(10-l2 cm) 

Atomic 
Weight 

Sample 
Thickness 

(atomdbarn) 

Delay 

(pet) 

1 12 

.487500+03 

0 
(channels) 

1 12 13 24 

Doppler 
Constant 

13 24 

-31 8000+00 

Resonant 
Channel 
Number 

23 34 

.114000+03 

13050Qt03 

.139500+03 

.173000+03 

.186500+03 

.213500+03 

.234000+03 

.244500+03 

.263000+03 

Effective 
Nuclear 
Radius 

(10-l~ cm) 
37 48 

.730000+00 

1 
(channels) 

37 48 

47 . . . 80 - 
not used 

Fl ight Channel 
Path Width 

(meters) (pet) 

not used 

Per Cent I 
stat ist ical I 
Accuracy 

80 - 
.100000+01 not used 



Output 

The program gives two forms of output at the end of an analysis. The printed sheet consists of the 

run identification, the computed estimates of the ~gl?:) for each resonance, a computed number for as- 

sessing the accuracy of (fg~:)A, as well as the input data. In order to assess the accuracy of the param- 

eters, the effect of the uncertainty in  the base line must be considered. Curve plots (from the Oracle) 

consist of a plot of the experimental data represented by x, a plot of the calculated data represented by a, 

and a plot of the base-line polynomial P ( E ~ )  times exp (-NO ) represented by - . Examples of the two P 
forms of output are shown in  Figs. 10, 11, and 12. 

AREA A N A L Y S I S  OF T R A N S M I S S I O N  DATA JOB 1 9 1 0  

ELEMENT LUl f 6 

WUHBER OF I T E R A T I O N S  3 

C 2 GAMMA ICO EO FGXGAMMA N 0 SA FGXGAMMA N 0 - - 

8 I9 0 -60OOOOE-d l  0 . 1 4 5 0 0 0 E  62 0 - 4 2 5 8 1 3 E  02 0 - 6 4 6 9 3 9 E - 0 3  0 .223459E-04  

A #  0 . 7 3 0 0 0 E  00 TX D. I GOOOE 0 1 CN# 5 1 1  I R #  8 KO# 0 .870465E  00 
N#  0 . 4 4 9 2 0 E - 0 2  T DELAY#  0 .48750E  0 3  C F #  8 K #  I K 1 Y  0. 
AH# 0 .17600E  03 001 0 - 3 1 8 0 0 E - 0 0  C L #  320 ROY 0 .48000E 0 1  K22 01 
R #  0.73OOOE 00 801 0 . 1 7 6 0 i E - 0 2  NO# 1 7  R I Y - 0 -  
O I S T C  0 - 4 5 3 0 8 E  02 8J+-O* IF# 1 CSA# 0. 3 0 0 0 0 E  81 

Fig. 10. Printed Output for Area-Analysis Program. 



Fig. 11. Curve-Plotter Output for Area-Analysis Program. 

x represents experimental traismissions; 

represents calculated transmissions; 

represents P(Ei) exp (-NU ). 
P 



Fig. 12. Curve-Plotter Output for Area-Analysis Program. 

x represents experimental transmissions; 

represents ca lcu la ted transmissions; 

represents P(Ei) exp (-ND ). 
P 

Estimate of Cost 

The running time for the area analysis of a region of experimental transmissions depends upon the 

number of channels and the number of resonances i n  the region of analysis, as well as the number of iter- 

ations required. 

The sample problem in  Figs. 8-12 i s  a region of experimental transmissions for 313 channels and 

17 resonances. Using the ini t ial  parameters given on the input parameter sheet three iterations were re- 

quired to meet the convergence criterion. The running time on the IBM 7090 was 0.10 hr, which cost 

$1 7.50. 



Appendix B. 

FORTRAN LISTINGS 

FORTRAN LISTING FOR SHAPE-ANALYSIS PROGRAM 

C S E A  1 9 1 0  3 l i A P E  A N A L Y S I b  OF T R A N S M I S S I O N  D A T A  

c O M M O N ~ X I * ~ T A ~ U ~ V ~ G N ~ E N ~ G V I O ~ I M P T ~ Z T Z ~ Z T T ~ J ~ ~ ~  

~ A ~ O ~ ~ A W ~ R * D I ~ T * T ~ ~ D E L A ~ ~ H O ~ O N ~ I G P ~ T M ~ * A M ~ ~ ~ ~ B O * ~ ~ ~ ~ ~ ~ C ~ ~ C ~ ~  

2FltF2,F3*aIGTC*SIGT1*3IGT2*SIGT3*TA9AC 

D I M E N S I O N G N ( ~ ) * E N ( ~ ) P G ( ~ ) * T ( ~ O ~ ~ ) P  

~ Z T L ( 1 8 r l 8 l * Z T T ( 1 8 * 1 9 ) , A M ( 1 8 ) ~ ( 6 ) r F 2 ( 6 ) * F 3 ~ 6 ) ~ ~ A ~ 2 ~ 4 8 ) * A C ( ~ O 4 8 ) ~  

~ S I G T C ( ~ ~ O ) * S I G T ~ ( ~ * ~ O O )  *bIGT2(6~600)*SIGT3(6*600) 

1 F O R M A T ( 5 0 H l S H A P E  A N A L Y S I S  OF T R A N S M I S S I O N  D A T A  JOB 1910/ 

1 4 H O R U N l A 6  

2 F 0 R M A f ( 1 6 ~ 2 A 6 )  

L 2 = 0 

3 F O R M A T ( 4 3 H O  EO GAMMA 

4 F O R M A T ( l 6 )  

X z F P T R P F  ( 0  n - 1 )  

5 READINPUTTAPElO*29LLgLlA*LE 

I F L L 1 ) 6 * 6 9 7  

6 C A L L  NOPLOT 

C A L L  E X I T  

7 W R I T E O U T P ~ I T A P E ~ * ~ * L ~ A  

8 F O R M A T ( 6 1 5 )  

FGXGAMMA N 0 )  



F O R T R A N  L IST ING FOR SHAPE-ANALYSIS PROGRAM (continued) 

11 FORMAT(6012) 

12 R E A D I N P U T T A P E ~ O * ~ ~ * A * O N * A W * R * D I S T * T ~ ~ D E L A Y ~ H O ~ B O ~ B ~ ~ P S A  

READINPUTTAPElOtllt(T(I)*I=19IMN) 

15 FORMAT(BHOELEMENTlA6) 

13 W R I T E O U T P U T T A P E ~ ~ ~ ~ ~ L E  

WRITEOUTPUTTAPE~B~ 

SIGP=12r566368*R*R 

ONSIfiP=EXPF(-ON*SIGP) 

COMl=SQRTF ( A W  /HO 

COP44~h*a. 8 6 1 3 9 E 3  

SIG=(-ZeO*ON*lr7724538) 

VI=(72.3*01ST)**2 

SIO=IO 

€IRO=VI/(bIO*Tl+DELAY)u+2 

SIO=IM 

IF((INT/2)*2-INT)77,78,76 

76 CALLERROR 

77 INT=INT+l 

78 EINT-INT 

H=(EIRO-EIRM)/EINT 

HH=H*H 

HH2=HH+HH 



FORTRAN LISTING FOR SHAPE-ANALYSIS PROGR'AM (continued)' 

H31=(H/2r0) 

H32=H 

INTl=INT+l 

M3=3*M 

IF(J-JJ140r41t40 

4 1  ZTT(J#JJ)=leO 

G O  TO 19 

40 ZTT(J*JJ)=OeO 

19 CONTINUE 

Z T T ( J ~ M 3 1 1 = 0 e 0  

18 CONTINUE 

Y=EIRM 

D080IJ=l#INTl 

CON=leO/SQRTF(Y) 

COM2=1eO/(COM1+2eO*Y) 

COM3=CQMl*CON 

SIGMA=SIG*COM3 

CON=6e52€5*CON 

COM2=6e52E5*COM2 

SUMJ=O.O 

D084JY=l,M 

SXI=COM3*(Y-EN(JY 1 )  

ETA=COM3*G(JY)/2rO 



F O R T R A N  L I S T I N G  FOR SHAPE-ANALYSIS PROGRAM (continued) 

CALLPFCN 

HG=CON+COMZ*SX I 

HK=COMZ*ETA-COM4 

SOM=SIGMA*(HG*U-HK*V) 

SUMJ=SUMJ+GN ( J Y  )*SOM 

SXIUt2.O*(ETA*V-SXI+U) 

F2(JY)=-GNCOM3*(COM2"U+(HG*sXIU~~(HK9ETAU~) 

F ~ ( J Y ) = ( G N C O M ~ / ~ . ~ ) * ( H G * ( - E T A U ) - ( C O M ~ ~ + ( H K * ~ ~ I ~ ) ) )  

84 CONTINUE 

ONE=EXPF(SUMJ) , 

67 SIGTC(IJ)=ONE 

DO3OJM=l,M 

S I G T ~ ( J M I I J ) = O N E * F ~ ( J M )  

S I G T ~ ( J M P I J ) = O N E * F Z ( J M )  

SIGT3(JM,IJ)=ONE*F3(JM) 

3 0  CONTINUE 

Y=Y+H 

8 0  CONTINUE 

SUSQ=O. 0 

SSQ=O 0 

D090I=IO,IM 

SIO=I 

EI=VI/(SIO*Tl+OELAY)**2 

BI=Bl*EI+~O*(EI**l.5) 



FORTRAN L IST ING FOR SHAPE-ANALYSIS PROGRAM (continued) 

BIZ=BI*BI 

CI=CO+(Cl/(SQRTF(EI)))+(C2/€1) 

CI=CI*ONSIGP 

ACI=CI/(BI*1.772454) 

EIKO=4.0*81 

EI KN=EI-EIKO 

EIKO=EI+EI KO 

IN=(EIRO-EIKN)/H 

SIN=IN 

EIKNaEIRO-SIN*H 

INT=(EIKO-EIKN)/H 

1F((INT/2)*2-INT)401~402*400 

400 CALLERROR 

401 INTelNT-1 

4 0 2  IJS=INTl-IN 

IJM=IJS+INT 

EA=EXPF(-((EI-EIKN)/BI)**2) 

EAH=EXPF((~.O*(EI-EIKN)+H-HH)/BI~) 

E H H ~ = E X P F ( - H H ~ / B I ~ )  

KJ=O 

TMl=OeO 



F O R T R A N  LISTING FOR SHAP E-ANALY SIS PROGRAM (continued) 

AM(KJ)=O.O 

K J r K J - J  

8 1  CONTINUE 

DO 95 I J = I J S t I J M  

I F ( 1 J S - I J ) 6 8 , 6 4 , 8 6  

86 C A L L  ERROR 

64 ONE=EA*H31 

GO TO 4 0 7  

6 8  I F ( I J = I J M ) 4 0 6 t 6 4 * 8 6  

406 ONE=EA*H32 

407 T M l = T M l + S I G T C ( I J ) * O N E  

K J S O  

D O 9 1 J =  1 * M  

KLI=KJ+J ' 

A M ( K J ) = A M ( K J ) + S I G T ~ ( J ~ I J ~ * O N E  

K J = K J + l  

A M ( K J ) n A M ( K J ) + S I G T 2 ( J * I . ! ) * O N E  

K J = K J + l  

A M ( K J ) = A M ( K J ) + S I G T ~ ( J ~ I J ) * O N E  

K J = K J - J  

9 3  CONTINUE 

EA=EA+EAH 

EAH=EAH*EHH2 

95 CONTINUE 

T M l = T M l * A C I  

D I F P T  ( I ) - T M l  

SUSQ=SUSQ+((DIF*DIF)/TMl) 



FORTRAN L IST ING FOR SHAPE-ANALYSIS PROGRAM (continued) 

S S Q = S S Q + ( D I F * D I F )  

I .DF= I M - I  0- ( 3*M) 

KJ=O 

D 0 9 6 J = l  t M  

K J = K J + J  . 

K J = K J + l  

A M ( K J ) = A M ( K J ) * A C I  

K J = K J 0 J  

96 CONTINUE 

D 0 9 7 J = l t M 3  

D 0 9 8 J J = J t M 3  

98 CONTINUE 

97 CONTINUE 

D 0 3 1 J = 2  t M 3  

Jl=J-1 

D 0 3 2 J J = l t J l  

Z T Z ( J t J J ) = Z T Z ( J J s J )  

3 2  COHTINUE 

3 1  CONTINUE 

T.A ( I )  =TM1 

A C ( I ) = C I  

90 CONTINUE 



F O R T R A N  L I S T I N G  FOR SHAP E -ANALY SIS PROGRAM (continued) 

1 1 0  CONTINUE 

KJsO 

D0106J=l,M 



F O R T R A N  L I S T I N G  F O R  SHAPE-ANALYSIS P R O G R A M  (continued) 

306 KJ=KJ-J 

106 CONTINUE 

GOT0504 

109 JF(IT=ITMAX)l05t501,501 

105 GOT017 

500 FORMAT(41HO STOPPED ON MAXIMUM NUMBER OF ITERATIONS). 

501 WRITE OUTPUT TAPE 9,500 

GO TO 504 

504 ICP=(IO/lOO) 

IROJ=IO 

IRNJ=IM 

D0506I=IROJ,IRNJ 

IF(1-(ICP*100))224,224,200 

200 ICP=ICP+l 

264 CALL CALCNH(L1A) 

259 GO ~ 0 ( 2 0 1 * 2 0 2 * 2 0 3 * 2 0 4 * 2 0 5 * 2 0 6 * 2 0 7 ~ 2 0 8 ~ 2 0 9 ~ 2 1 0 ~ 2 1 1 ~ 2 1 2 ~ 2 1 3 ~ 2 ~ ~ ~  

1215~216,217~218~219,220,220~22l)~ICP 

201 ICON=O 

CALL TITLE(48HbHAPE A N A L Y S I ~  CH(0-100) JOB 1910 

GOT0222 

202 ICON=lOO 

CALL T I T L E ( ~ ~ H ~ H A P E  ANALYjIS CH(100-200) JOB 1910 

GOT0222 

203 ICON=200 i 

CALL TITLE(48HSHAPE ANALYSIS CH(200-300) JOB 1910 

GOT0222 

204 ICON=300 



F O R T R A N  L I S T I N G  FOR SHAPE-ANALYSIS PROGRAM (continued) 

CALL  T I T L E ~ ~ ~ H S H A P E  ANALYb IS  C ~ ( 3 0 0 - 4 0 0 )  JOB 1 9 1 0  

GOT0222 

2 0 5  ICON=400  

CALL  T ITLE(48HSHAPE ANALYSIS C H ( 4 0 0 - 5 0 0 )  JOB 1 9 1 0  

GOT0222 

2 0 6  ICON=500  

CALL  T I T L E ( ~ ~ H S H A P E  ANALYSIS C H ( 5 0 0 - 6 0 0 )  JOB 1 9 1 0  

GOT0222 

2 0 7  ICON=600  

CALL  T I T L E ~ ~ ~ H S H A P E  ANALYSIS C H ( 6 0 0 - 7 0 0 )  JOB 1 9 1 0  

GOT0222 

2 0 8  ICON=700  

CALL  T I T L E ( ~ ~ H S H A P E  ANALYSIS C H ( 7 0 0 - 8 0 0 )  JOB 1 9 1 0  

GOT0222 

2 0 9  ICON=800  

CALL  T I T L E ( ~ ~ H S H A P E  ANALYSIS  C H ( 8 0 0 - 9 0 0 )  JOB 1 9 1 0  

GOT0222 

2 1 0  . ICON=900  

CALL  T I T L E ( ~ ~ H S H A P E  ANALYSIS C H ( 9 0 0 - 1 0 0 0 )  JOB 1 9 1 0  

GOT0222 

2 1 1  ICON=1000  

CALL  T I T L E ( 4 8 H S H A P E  ANALYSIS C H ( 1 0 0 0 - 1 1 0 0 )  JOB 1 9 1 0  -' 1 

GOT0222 

2 1 2  ICON=1100  

CALL  T  I TLE ( ~ ~ H S H A P E  ANALYSIS CH(  1 1 0 0 - 1 2 0 0  I JOB 1 9 1 0  

GO TO 2 2 2  



FORTRAN LISTING FOR SHAPE-ANALYSIS PROGRAM (continued) 

CALL T I T L E ( ~ ~ H ~ H A P E  ANALYSIS CH(1200-1300) JOB 1910 

GO TO 222 

214 ICON=1300 

CALL TITLE(48HSHAPE ANALYLIS CH(1300-1400) JOB 1910 

GO TO 222 

215 ICON=1400 

CALL T I T L E ( ~ ~ H ~ H A P E  ANALYSIS CH(1400-1500) 

GO TO 222 

216 ICON=1500 

CALL TITLE(48HSHAPE ANALYSIS CH(1500-1600) 

GO TO 222 

217 ICON=1600 

CALL TITLk(48HsHAPE ANALYSIS CH(1600-1700) 

GO TO 222 

218 ICON=1700 

CALL TlTLE(48HSHAPE ANALYSIS CH(1700-1800) 

GO TO 222 

219 ICON=1800 

CALL TITLk(48HaHAPE ANALYbIS CH(1800-1900) 

GO TO 222 

220 ICON-1900 

CALL T I T L E ( ~ ~ H ~ H A P E  ANALYbIL CH(1900-2000) 

GO TO 222 

221 I C O N = ~ O O O  

CALL T I T L E ( ~ ~ M ~ H A P E  ANALYbIb CH(2000-2100) 

222 CALL C R T ( 1 ~ 0 . 0 t 0 . 0 ~ 1 0 ~ 0 ~ 1 . 1 ~ - ~ 1 ~ 0 * 1 ~  

1 4 2 H O 1 2 3 4 5 6 7 8 9  

JOB 1910 

JOB 1910 

JOB 1910 

JOB 1910 

JOB 1910 1 

JOB 1910 1 

JOB 1910 

10, 



F O R T R A N  L I S T I N G  FOR SHAPE-ANALYSIS PROGRAM (continued) 

242H-01  0 e2 4  6 8 1 e . 0  9 

~ ~ ~ H W R O N G  T I TLE 

412HCHANNEL 9 

~ ~ ~ H T R A N S M I S S I O N )  

ICPl=(ICP-1)+100+1 

ICP2=ICP*100 

241 CALL PLOT(AICT*T(ICT)B~) 

224 AI=I-ICON 

243 CALL PLOT(AI,TA(I)9,5) 

CALL PLOT (AI*ACII)*l) 

506 CONTINUE 

111 FORMAT(24HO NUMBER OF ITERATIONS 12) 

103 WRITEOUTPUTTAPE9*111tIf 

SN= IDF+l 



FORTRAN LISTING FOR SHAPE-ANALYSIS PROGRAM (continued) 

Z T T ( K J ~ M ~ ~ ) = S Q R T F ( S S Q ~ Z T T ( K J , K J ) )  

K J = K J - J  

1 6  CONTINUE 

SUSQ=SUbQ*((lOO.O/PSA)9+2) 

14 FORMAT(99HO E  O STD. DEV. EO GAMMA STD. DEVe G  

1 FG GAMMA N  O S O D *  FG GN 0  COV.(GtGN 0 ) )  

WRITE OUTPUT T A P E  ~ ~ ~ ~ ~ E N ( J ) ~ ~ T T ( K J + ~ ~ M ~ ~ ) ~ G ( J ) L T T ( K J + ~ ~ M ~ ~ ) ~ G N ( J  

KJ=KJ+3  

2 0  CONTINUE 

1 1 3  FORMAT ( 3 H O k - E l 2 e 5  t 2 3 H  K O = E 1 4 * 6 / 3 H  N = E 1 2 e 5 t  

1 2 3 H  K l = E 1 4 @ 6 / 4 H  AW=E1205,22H 

2 K 2 = E 1 4 0 6 / 3 H  R=E12.5/6H D I S T = E 1 2 e 5 /  

33H  T = 1 2 0 5 / 9 H  T  DELAY=E12.5/4H D O = E 1 2 * 5 / 4 H  BO=E12.5/ 

4 4 H  B l = E 1 2 0 5 / 4 H  C N = I 4 / 4 H  C F = I 4 / 4 H  C L = I 4 / 4 H  N O = I 4 /  

54H  I F n I 4 / 4 H  I M = I 4 / 1 2 H  C H I  SQUARE=E14.6/20H DEGREES OF F R E E D o M = I ~ /  

L 2 = L 1  

GOT05 

END 



' F O R T R A N  L I S T I N G  FOR AREA-ANALYSIS PROGRAM 

C SEA 1 9 1 0  AREA ANALYSIS  OF TRANSMISSION DATA 

COMMONSXI ~ E T A ~ U ~ V ~ G N ~ E N ~ G ~ E L . ~ I ~ ~ I ~ M ~ ~ I G M A T ~ T ~ ~ T ~ ~ ~ T T ~ I R ~ ,  IRN,J,I, 

~ ~ I G ~ C ( ~ ~ ~ ) ~ S I G ~ ~ ~ ~ ~ O ) * ~ I G T ~ ( ~ ~ ~ ) * S ~ G T ~ ( ~ O O ~ ~ T A ~ ~ O ~ ~ ~ ~ A C ~ ~ O ~ ~ )  

1 FORMAT(5OHlAREA ANALYSIS  OF THANSMlbbiOI\ I  D A T A  JOD 1 3 1 0  / 

14HORUNlA6)  

23 FORMAT(85HO C 1  C2 GAMMA CU EO 

1 FGXGAMMA N 0. SA FGXGAMMA N 0) 

3 READ INPUT TAPE 1 0 * 2 t L l ~ L l A * L E  

4 CALL  NOPLOT 

CALL  E X I T  

READ INPUT TAPE ~ ~ ~ ~ ~ I M N I I O , I M ~ M , K I , I T M A X , I C  

45 READ INPUT TAPE 1 0 , 4 7 r ( L T T ( K ) r K m 1 * 3 )  

46 READ I N P U T  TAPE ~ U , ~ , ( I R ~ ( J ) ~ I R N ( J ) , G ( J ) * E L ( J ) ~ N ( J ) ~ J ~ ~ ~ M )  

I T=O 



. 

FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

251 READ INPUl TAPE ~ ~ * ~ P A * U N I A ~ * R I D I S T I T ~ , D E L A Y P H O P R O ~ R ~ I P ~ A  

9 FORMAT (6012 

READ INPUT TAPE 10~9,(T(i),I=ltIMN) 

WRITE OUTPUT TAPE 99260,LE 

IRNJ=IRN(J) 

D O l o I = I R O J ~ i R N J  

SIGMAT(J)=T(I)+SIGMAT(J) 

1 0  CONTINUE 

IF(GN(J))l2,11,15 

12 CALL ERROR 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

18 TIRNJ=TIROJ 

17 TILJ=T(ILJ) 

IF(TILJ)13*13t14 

13 TILJ=Oa001 

GO TO 16 

1 4  IF(TILJ-O~~01)13*16r16 

16 GN(JI=-((SQRTF(EN(J)))*G(J)(LOGF(TILJ)-L~GF(T~RNJ))/~ON* 

12rGOOCG))*(GNJ) 

15 CONTINUE 

SIGP=12e566368*R*R 

ONSIGP=EXPF(-ON*SIGP) 

. COMl=SQRTF(AW)/HO 

COM4=A*2e86239€3 

SIC=(-2eO*ON*le7724538) 

D020Ks1 v5 

SIGMAE(K)=OeO 

2 0  CONTINUE 

IRO(M+l)=IM 

M 1=M+1 

IF(IC)21,48,21 

21 D025J=l,Ml 

IFiJ-1)26*27,28 

2 6  CALL ERROR 

2 7  IRNJl=IO 

GOT029 

2 8  IRNJl=IRN(J-1) 

M2-J-1 

DO 36 Jl=l*M2 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

1 F ( I R N J l - I R N ( J 1 ) ) 3 5 , 3 6 , 3 6 ~ 3 6  

3 5  I R N J l = I R N ( J l )  

36 CONTINUE 

29 IROJ=IRO(J)  

1 F ( I R O J - 1 R N J 1 - 1 ) 2 5 ~ 2 5 , 3 0  

3 0  D 0 3 3 I = I R N J l t I R O J  

S I O = I  

SE=(SIO*Tl+DELAY)/(72*3*DIST) 

SIGMAE(S )=S IGMAE(S )+E*E  

3 3  CONTINUE 

25 CONTINUE 

DETNEI=((~IGMAE(3))**IC)*l*OE-6 

1 9  DO4OL=l , IC 

D 0 4 0 N = l ~ I c  

K=L+N-1 

ZTZ (L ,N )=S IGMAE(K )  

4 0  CONTINUE 

D041L=1,3 

Z T T ( L ) = O * O  

41 CONTINUE 

D 0 5 0 J = l r M 1  

I F ( J - 1 ) 5 1 t 5 2 * 5 3  

5 1  CALL ERROR 



F O R T R A N  L I S T I N G  FOR AREA-ANALYSIS PROGRAM (continued) 

52 IRNJ.l=IO 

GOT054 

53 IRNJl=I.RN( J-1) 

3 4  CONTINUE 

5 4  I.ROJ=IRO(J) 

I'F( IROJmXRN~l-1)50~5Oe55 

'55 D0571=1 R N J ~ ,  IROJ 

ENE=EN ( K 1 -E 

G E = G E + ( G N ( K ) * ( E I * G ( K ) - ~ O ~ ~ ~ ~ ~ E ~ * E N E ~ A ) / ( E N E * * ~ + ( G ( K ) / ~ . O ) * * ~ ) )  

56 CONTINUE 

TE=T(I)*EXPF(ON+(SIGP+GEI) 

ZTT~l)=ITT(lI+TE 

IF(IC-1)702~57~700 

700 ZTT(2)=ZTT(2)+(TE*SE) 

IF(IC-2)702,57r701 

702 CALL ERROR 

701 LTT(3)=LTT(3)+(TE/E) 

57 CONTINUE 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

50 CONTINUE 

IF(IC-l)93r301+300 

301 ZTT(l)=ZTT(l)/ZTZ(ld) 

GO TO 4 8  

300 LA=XLOCF(ZTZ(l*l)) 

LB=XLOCF(ZTT(l)) 

IA=XLOCF(LTZ(l,l))-XLOCF(ZTZ(l+2)) 

I B = X L O C F ( L I T ( ~ ) ) - X L O C F ( Z T T ( ~ ) )  

D E T = M A T E Q U F ( L A I L B + I C ~ I + I A ~ I B )  

IF(DET)5149514~715 

715 1 F I D E T - D E T N ~ 1 ) 5 1 4 * 5 1 4 , 4 8  

513 FORMAT(6HO DET=E14r6) 

514 WRITE OUTPUT TAPE 9v513vDET 

GO TO 106 

48 DIF=O.O 

I MAX=O 

DD70J=1 *M 

IROJ=IRO(J) 

IRNJ=IRN(J) 

TM( J)=O.O 

D075JJzlvM 

AM(J,JJ)=O.O 

75 CONTINUE 

SIO=IROJ 

EIROJ=VI/(bIO*Tl+DELAY)w"2 

SIO=IRNJ 

EIRNJ=VI/LSIO+T~+DELAY)+"~ 

EIROJ=EIR~J+(4.O+(B1*EIROJ+BO+f(EIROJ*~l~5))) 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

76 CALL ERROR 

CALLPFCN 

SOM=(CON+COM2+SXI)*U-(COM2*ETA-COM4)*V 

SUMJ=SUMJ+GN(JY)*SOM 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

IF(J-1)81~&2,83 

8 1  CALL EEROR 

8 3  IF(JY-(J-1))84,85,82 

8 7  F3=SIGMA*SOM 

84 CONTINUE 

ONE=EXPF(SIGMA+SUMJ) 

Y=Y+H 

8 0  CONTINUE 

IMAX=IMAX+IRNJ-IROJ+l 

D0901=IROJsIRNJ 

SIO=I 

EI=VI/(SI0*Tl+DELAY)**2 

BI=Bl*EI+BO*(E1**1.5) 



F O R T R A N  L I S T I N G  FOR AREA-ANALYSIS PROGRAM (continued) 

305 CI=CI+(ZTT(3)/EI) 

3 0 4  ACI=CI*ONSIGP 

CJ=CI/(BI*le772454) 

EIRO=4eO*BI 

EIRN=EI-EIRO 

EIRO=EI+EIRO 

IN=(EIROJ-EIRN)/H 

SIN=IN 

EIRN=EIROJ-SIN*H 

INTx(E1RO-EIRN)/H 

IF((INT~2)+2-INT)401~402~400 

400 CALLERROR 

4 0 1  INT=INT-1 

4 0 2  IJS=INTl-IN 

I:F( IJS-IJ)6,8,64~86 

86 CAL.L ERROR 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

406 ONE=EA*H32 

407 T M l = T M l + S I G T C ( I J ) * O N E  

I F ( J - l ) 9 3 t 9 2 , 9 1  

EA=EA*EAH 

EAH=EAH*EHHZ 

95 CONTINUE 

T M ( J I = T M ( J ) + T M l * C I  

T M l = T M l * C I + O N S L G P  

I F ( J - 1 ) 9 3 * 9 6 , 9 7  

97 A M ( J 9 J - l ) = A M ( J , J - l ) + A W I  

96 A M ( J * J ) = A M ( J t J ) + A M 2 9 C I  

I F ( J + 1 - M ) 1 1 0 ~ 1 1 0 ~ 1 1 2  

110 AM(J,J+l)=UM(JeJ+l)+AM3wCI 

1 1 2  T A ( I ) = T M l  

A C (  I ) = A C I  

90 C O N T I N U E  

TM(J)=SIGMAT(J)-ONSIGP*TM(J) 

7 0  C O N T I N U E  

DO 8 0 0  J R = l , M  

S R J = I R N ( J R ) - I R o ( J R ) + ~  



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

SRJ=SQRTF(SRJ) 

I F ( A ~ ~ F ( T M ( J R ) ) - . ~ ~ ~ * P ~ A * ~ R J ) ~ ~ ~ ~ ~ O O ~ ~ O O  

9 3  CALL ERROR 

8 0 0  CONTINUE 

GUI 'UIOY 

1 0 8  LA=XLOCF(AM(l,l)) 

LB=XLOCF(TM(l)) 

IA=XLOCF(AM(lsl))-XLOCF(AM(1,2)) 

IB=XLOCF(TM(l) )-XLOCF.(TM(21) 

D E T = M A T E Q F ( L A * L B r M , l ~ I A ~ I B )  

1 0 9  D0102J=l,M 

GN(J)=GN(J)+TM(J) 

1 0 2  CONTINUE 

D O  2 7 0  J=l9M 

JF(GN(J))271,270*270 

270 CONTINUE 

IF( JC)lgr48,19 ' 

271 D O  2 7 2  J=l,M 

GN(J)=GN(J)-TM(J) 

2 7 2  CONTINUE 

ITZIT-1 . 

2 7 3  FORMAT(17HO DELTA GAMMA N 0) 

2 7 4  FORMAT(31HO STOPPED O N  NEGATIVE GAMMA N 0 )  



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

275 W R I T E  OUTPUT TAPE 99274 

276 WRITE OUTPUT TAPE 9,273 

277 WRITE OUTPUT TAPE 992789(TM(J),J=l,M) 

278 FORMAT(lE14.6) 

GO TO 504 

500 FORMAT (41Hu STOPPED ON MAXIMUM NUMBER OF I TERAT IONS ) 

501 WRITE OUTPUT TAPE 9,500 

GO TO 504 

504 ICP=(IO/lOO) 

00505J=l,M 

IF(1-(ICP+100))224r224,290 

200 ICP=ICP+l 

264 CALL CALCNH(L1A) 

259 GO T 0 ( 2 0 1 ~ ~ 0 2 t 2 0 3 r 2 0 4 ~ 2 0 5 ~ 2 0 6 r 2 0 7 ~ 2 0 8 ~ 2 0 9 ~ 2 1 0 ~ 2 1 1 ~ 2 1 2 ~ 2 1 3 ~ 2 ~ ~ ~  

l215~216,217,218*219,220,221),ICP 

201 ICON=O 

CALL T I T L E ( ~ ~ H A R E A  ANALYbIS CH(0-100) JOB 1910 

GO TO 222 

202 ICON=100 

CALL TITLE(48HAREA ANALYSIS CH(100-200) JOB 1910 

GO TO 222 

203 ICON=200 

CALL J 17 LE ( ~ ~ H A R E A  ANALYbl S CHL 200-300) JOB 1910 

GO TO 222 

204 ICON=300 



F O R T R A N  L I S T I N G  FOR AREA-ANALYSIS PROGRAM (continued) 

C A L L  T I T L E ( 4 8 H A R E A  A N A L Y S I S  C H ( 3 0 0 - 4 0 0 )  308 1 9 1 0  1 

GO TO 2 2 2  

2 0 5  I C O N = 4 0 0  

C A L L  T I T L E ( 4 8 H A R E A  ANALYSIS C ~ ( 4 0 0 - 5 0 0 )  JOB 1 9 1 0  

GO TO 2 2 2  

2 0 6  I C O N = 5 0 0  

C A L L  T I r L E ( 4 8 H A R E A  ANALYSIS C H ( 5 0 0 - 6 0 0 )  JOB 1 9 1 0  

GO TO 222 

2 0 7  I C O N = 6 0 0  

C A L L  T I T L E ( 4 8 H A R E A  ANALYSIS C H ( 6 0 0 - 7 0 U )  JOB l y l O  

GO TO 2 2 2  

2 0 8  I C O N = 7 0 0  

C A L L  T I T L E ( ~ ~ H A R E A  A N A L Y b I S  C H ( 7 0 0 - 8 0 0 )  JOB 1 9 1 0  

GO TO 2 2 2  

2 0 9  I C O N = 8 0 0  

C A L L  T I T L E ( 4 8 H A R E A  ANALYSIS C H ( 8 0 0 - 9 0 0 )  JOB 1 9 1 0  

GO TO 2 2 2  

210 I C O N = 9 0 0  

C A L L  T I T L E ( 4 8 H A R E A  A N A L Y S I S  C ~ ( g 0 0 - 1 0 0 0 )  JOB 1910 

GO TO 2 2 2  

211 I C O N = 1 0 0 0  . 

C A L L  T I T L E ( ~ ~ H A R E A  A N A L Y S I S  C H ( 1 0 0 0 - 1 1 0 0 )  JOB 1 9 1 0  

GO TO 2 2 2  

C A L L  T I T L E ( 4 8 H A R E k  A N A L Y S I S  C H ( 1 1 0 0 - 1 2 0 0 )  JOB 1910 

GO TO 2 2 2  

2 1 3  ICON=1.200  

C A L L  T I T L E ( 4 8 H A R E A  A N A L Y S I S  C H ( 1 2 0 0 - 1 3 0 0 )  JOB 1 9 1 0  



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

GO TO 2 2 2  

2 1 4  I.CON=1300 

CALL TITLE(48HAREA ANALYSIS CH(1300-1400)  JOB 1 9 1 0  

GO TO 2 2 2  

CALL TITLE(48HAREA ANALYSIS CH(1400-150G)  JOB 1 9 1 0  

2 1 6  ICON=1500 

CALL T I T L E ~ ~ ~ H A R E A  ANALYSIS ~ , ~ ( 1 5 0 0 - 1 6 0 0 )  JOB 1 9 1 0  

CALL TITLE(48HAREA ANALYSIS CH(1600-1700)  JOB 1910 

GO TO 2 2 2  

2 2 0  ICON=1900 

CALL T I T L E ~ ~ ~ H A R E A  ANALYSIS CH(1900-2000)  JOB 1 9 1 0  

GO TO 2 2 2  

2 2 1  ICON=2000 

CALL TITLE(48HAREA A N A L Y ~ I S ' C H ( 2 0 0 0 - 2 1 0 0 )  JOB 1 9 1 0  

2 2 2  CALL C R T ( l ~ O r 0 * 0 e 0 * 1 0 r G * l r 1 ~ - i 1 s O r l ~  

142HO 1 2  3 4 . 5  6  7 8 9 10, 

242H-01  0 • 2  04 0 6  08 1.0 , 
348HkRONG T ~ T L E  



FORTRAN L IST ING FOR A'REA-ANALYSIS PROGRAM (continued) 

412HCHANNEL fi 

512HTRANSMISSION) 

ICPl=(ICP-1)*100+1 

ICP2=ICP*100 

D0223ICT=ICPl ~'ICPZ 

AICTrICT-ICON 

241 CALL PLOT(AICT,T(ICT),4) 

223 CONTINUE 

224 AInI-ICON 

243 CALL PLOT(AIsTA(I)~51 

CALL PLOT ( A I ~ A C ( I ) , ~ )  

506 CONTINUE 

505 CONTINUE , 

DO 750J=l,M 

C2Cl=IRN(J)-IRO(J)+l 

S I G M A T ( J ) = ( P S A * ( * O ~ ) ) * ( ~ Q R T F ( C ~ C ~ ) ) / A B S F ( A M ( J * J ) )  

750 CONTINUE 

GO TO 106 

105 FORMAT(24HO NUMBER OF ITERATIONS 1 2 )  

106 WRITEOUTPUTTAPE9,105,IT 

WRITEOUTPUTTAPE9,23 

24 FORMAT(lH0216,5E1406) 

W R I T E O U T P ~ ~ T A P E ~ ~ ~ ~ ~ ~ I R O ~ J ~ ~ I R N ~ J ~ ~ G ( J ) ~ E L ~ J ~ ~ E N ~ J I ~ G N ~ J ~ ~ S I G M A T  

1) ,J=lrM) 

113 FORlulAT(3HOA=E12e5,23H KO=E14*6/3H N=ElZrS, 

123H Kl=E14*6/4H AW=E12*5,22H 

2K2=E14*6/3H R=E12*5/6H DIST=E12*5/ 

33H T=12*5/9H T DELAY=E12*5/4H 00=E12*5/4H 80=E12*5/ 



FORTRAN L IST ING FOR AREA-ANALYSIS PROGRAM (continued) 

44H 81=€1205/4H CN=I4/4H CF=I4/4H CL=I4/4H NO=I4/ 

54H IF=I4/4h IM=I4/3H K=I4/4H RO=El2.5/4H Rl=E12*5/5H PSAaE12.5) 

W R I ~ E  OUTPUT IAPE ~ * ~ ~ ~ * A * L T T ( ~ ) ~ o N , Z T T ( ~ ) * A W P L T T ( ~ ) ~ R , D I S T , T ~ *  

~ D E L A Y ~ H U ~ B O ~ B ~ ~ I M N , I O I I M ~ M ~ ~ I ~ I T M A X ~ I C ~ R O ~ R ~ ~ P S A  

L2=L1 

GO TO 3 

END 
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