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ABSTRACT 

The URR computer code has been developed to calculate cross-section probabil- 
ity tables, Bondarenko self-shielding factors, and self-indication ratios for fertile and 
fissile isotopes in the unresolved resonance region. Monte Carlo methods are uti- 
lized to select appropriate resonance parameters and to compute the cross sections 
at the desired reference energy. 

The neutron cross sections are calculated by the single-level Breit-Wigner for- 
malism with s-, p - ,  and d-wave contributions. The cross-section probability tables 
are constructed by sampling the Doppler broadened cross-section. 

The various shelf-shielded factors are computed numerically as Lebesgue inte- 
grals over the cross-section probability tables. 
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1. INTRODUCTION 

The URR (Unresolved Resonance Region) computer code was developed to 
study the effect of various assumptions on the statistical distributions of unresolved 
resonance parameters on self-shielding factors and self-indication ratios. The code 
uses the Monte Carlo method to compute cross-section probability tables. It then 
utilizes these tables to compute Bondarenko self-shielding factors and self-indication 
ratios. Consistent with ENDF/B procedures for the unresolved resonance region, 
all calculations are done in the single-level Breit-Wiper approximation. The code 
generates directly the cross-section probability tables at a user-specified energy and 
temperature from user-provided unresolved resonances parameters; the code does 
not sample from consecutive points on a statistical ladder, as most other codes of this 
type do,',' and extend the calculations of self-shielding factors and self- indication 
ratios for fissile nuclides. 

These new features led to an improvement in the efficiency and reliability in the 
calculation of reactor parameters in the unresolved resonance region. 

The code was developed and implemented on a VAX-11/785 computer. 

This report describes the program and is also intended to serve as a user guide. 
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2. CROSS-SECTION FORMULA 

The single-level Breit- Wigner formula for the unbroadened capture, fission and 
total cross sections are given in Table 1. For each series ( L ,  J) (L-neutron orbital 
angular momentum, J-total angular 
the user must specify the values of 
average values of D ( L ,  J )  (average level spacin ), G N ( L ,  J )  (average neutron re- 
duced width), GC'(L, J )  (gamma width), FWTL, J )  (average fission width) and 
the number of degrees of freedom, N U M ( L ,  J )  and N U F ( L ,  J )  of the chi-squared 
distribution laws for G N ( L ,  J )  and FW(L ,  J )  respectively. The radiation widths 
GC art: assumed to be constant for a given ( L ,  J)-pair; the nearest neighbor level 
spacing for a ( L ,  Jj-series are assumed to follow a Wigner distribution with aver- 
age value D ( L ,  J ) .  Correlations of successive spacings implied by the Dyson-Metha 
A3-statistics2 are ignored. Only values of L = 1 , 2  or 3 are assumcd to contribute; 
higher angular-momentum contributions are normally negligible in the resonance 
region. 

contributing to the cross sections, 
J )  (spin statistical factor), the 

Table 1. Unbroadened Cross Section 

a. Capture and Fission Cross Section 

where c can be capture y, or fission f. 

b. Total Cross Section 

opot = 4%- -(2! + 1) sin 2 p e  
IC2 

The symbols have the usual meaning as defined, for instance, in reference 6. 

?'he user must also provide values for the ratio of the mass of nucleus considered 
to the neutron mass AWRI, and for scattering radius AP. These values are used to 
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CR OSS- SECTION FORMULA 3 

compute the potential scattering cross section and the shift and penetration factors. 
The user also specify IPAIRS, the number of pairs of resonances which contribute to 
the cross sections at the reference energy. An equal number of resonaces is included 
below and above the reference energy. 

The Doppler broadening of the cross sections is approximated by averaging 
the unbroadened cross sections over a Maxwellian distribution of velocities. The 
formalism utilized is the same as that described in MC-Z3 The formulae for the 
Doppler-broadened cross sections are given in Table 2. 

Table 2. Broadened Cross Section 

a. Capture and fission cross section 

where c can be capture 7, or fission f .  

b. Total cross section 

where U ( z ,  y) and V(x7  y) are related to the Voight profiles $, x function, as 

$(z7@> = . J ; ;Wa ,b )  
x( . ,e)  = J;;bV(a,b) 

And A is the Doppler width. 



3. SAMPLING PROCEDURE 

For each ( L ,  Jj-series of resonances contributing to the cross sections the spacing 
surrounding the reference energy is selected from the probability distribution 

P(x)dz = zW(z)da: , 
where W ( z ) d z  is the Wigner spacing distribution: 

W(x)dx = (7r/2)2 exp(-(7~/4)s~)dx (2 )  

where z = U /  < D > and < D > is the mean spacing D ( E ,  1) of the level series. 

The position of the reference energy in the surrouding spacing is selected from 
a uniform distribution: 

P(a:)dz = dz /s  7 

where s is the width of the spacing. 
(3) 

The reduced neutron widths and fission widths of all the resonances considered 
are selected from the specified chi-squared distribution. The level spacing, except 
for the ceiitral level spacing discussed above, are selected from a Wigner distribution 
(Eel. 2)" 

For each history, the total fission and capture cross sections at thc reference 
energy are obtained by summing the contribution of all thc resonance considered. 
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4. CROSS-SECTION PROBABILITY TABLE 

The total capture and fission cross sections at the reference energy are computed 
with each iteration. The probability distribution for the total cross section is parsed 
on a table. The number of entries and widths of the probability table can be specified 
by the users. If no specification is given a default recommended by Otter4 is used. 
With the probability PTK of the total cross section falling in the kth interval of 
the table, the average values of the fission and capture cross sections corresponding 
to that entry axe also stored. The standard deviation of the probability PTK is 
computed from 

where N L  is the number of iterations. 
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5.  TRANSMISSION AND SELF-INDICATION 
SELF-SHIELDING RATIOS 

Average transmission, average capture, and average fission self- indication fac- 
tors for a given thickness n are computed according to the expressions, 
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6.  SELF-SHIELDED CROSS SECTIONS 

The self-shielded cross sections are computed for each dilution specified using 
the Bondarenko5 formalism. 

The expression for the self-shielded capture, fission, and total diluted cross 
section for a dilution 00 is, 

QT (go) = 

E 
k= 1 

NL v 

(-)'+ go 

- 00 
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8. INPUT DESCMPTION 

All variables are entered to the code in free format. In each entry the variables 
are separated by commas. 

The structure of the input is as follows: 

1. ACCEPT 100, AW, AWRI, AP, EREF, TEMP, NL, IPAIRS, SEED 

where: 

AW - Mass number of the isotope. 
AWRI - Ratio of the mass of the target nucleus to neutron mass. 

AP - Scattering radius in units of 1.OE-12 cm. 
EREF - Resonance energy (in eV). 
TEMP - Temperature in K units. 

NL - Number of iterations. 
IPAIRS - Number of pairs of resonance levels which contribute to the cross 

section at the energy EREF. 
SEED - Initial seed for the random number generator 

2. ACCEPT 101, L, G, D, GO, GC, FW, NUM, NUF 

where: 

L - Neutron orbital angular momentum. 
G - Spin statistical factor. 
D - Average level spacing for resonances with total spin J (in eV) 

GO - Average reduced neutron width (in eV). 
GC - Average radiation width (in eV). 
FW - Average fission width (in eV). 

NUM - Number of degrees of freedom in the neutron width distribution. 
NUF - Number of degrees of freedom in the fission width distribution. 

Note: Several series of resonance parameters can be given. The last card must 
be a blank card. 

3. ACCEPT 102, CSTS, CSCS, CSFS 

where: 

CSTS, CSCS, CSFS - FILE 3 contribution (in baxns) to the 

4. ACCEPT 103, NPT, CSMIN, CSMAX 

total, capture and fission cross sections. 

where: 

NPT - Number of entries for the construction of the probality table. 
CSMIN - Lower limit of the band structure. 

CSMAX - Upper limit of the band structure. 
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10 INP UT DESCRIP TION 

Note: For default type a blank card. 

5 .  ACCEPT 104, ( SIGDIL(M), M = 1, 10 ) 
where: 

SIGDIL(M) - Values of the thicknesses (atoms/barn) for the ca.lculation of 
the self-indication and trasmission ratios. Up to ten consecu- 
tive values are allowed. If the number of thickenesses are less 
than ten, the last value must be zero. 

6. ACCEPT 104, ( SICDIL(M), M = 1, 10 ) 

where: 

SIGDIE(M) - Values of the dilution cross section (barn) for the calculation 
of the Bondarenko partial and transport cross section. Up to 
ten consecutive values me allowed. If the number of dilution 
a,re less than ten, the last value must be zero. 



9. OUTPUT DESCRIPTION 

Unless otherwise specified by the user the output of URR is contained in a 
file called 0UTPUT.URR. This file contains the value of the probability table as 
well as the cross-section probability table for the number of entries specified by 
the input variable NPT. Also the average cross-section self-shielding cross section, 
transmission, and self-indication ratios are given as output. In Appendix B a sample 
case is given to illustrate the output of the code. 
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APPENDIX A. FORTRAN LISTING OF URR 

* 
* 
* 
* 
* 
* 1. * 
* 
* 
* 
* 
* 
* 
16 
* 
16 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 2 "  * 
* 
* 
* 
* 
* 
* 
* 
* 
* 
isi 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 3 .  * 
* 
* 
* 
* 

INPUT DESCRIPTIONS 

ACCEPT 100, AW, A W B I ,  AAP, EREF, TEHP, NL, IPAIRS, SEED 

e r e  : 

AY - Hass number of t h e  isotope. 

AWXI - Ratio of t h e  mass of t h e  t a r g e t  nucleus t o  neutron mass. 

AP - Sca t t e r ing  radius  i n  un i t a  of 1.OE-I2 em. 

EREF - Resonance energy ( i n  eV>. 

TERP - Temperature i n  K u n i t s .  

tulL - Number of i t e r a t i o n s .  

IPAIRS - Number of p a i r s  o f  resonance l e v e l s  which contr ibute  t o  t h e  
cross  sec t ion  a t  t h e  energy EREP, 

SEED 

ACCEPT 101, L ,  G, D ,  G O ,  GC, FW, NUX, NUF 

- I n i t i a l  seed f o r  t h e  random number generator .  

Yher8 : 

2. - Heutran o r b i t a l  angular momentum. 

G - Spin s ta t i s t ica l  f a c t o r .  

B - Average l e v e l  spacing f o r  r e e o n a c e s  p i t h  t o t a l  spin J ( i n  eV) 

GQ - Average reduced neutron width ( i n  eV>. 

GC - Average r ad ia t ion  width ( i n  eV). 

F71 - Average fission width ( i n  eV) . 
W H  - lumber of degraes o f  freedom i n  t h e  neutron width d i e t r i b u t i o n .  

hlUF - Eumber of degrees of freedom i n  t h e  f i s s i o n  u id th  d i s t r i b u t i o n .  

Note: Several series of resonance can be given. The l a s t  card must be 
a blank card.  

ACCEPT 102, CST3, CSC3, CSF3 

wh8re : 

CST3, Csc3, CSF3 - FILE 3 contr ibut ion ( i n  barns) t o  the t o t a l ,  
capture and f i s s i o n  cross sect ions.  

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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Appendix A .  FORTRAN LISTING OF URR 13 

* 
* 4. ACCEPT 103, NPT, CSMII, CSHAX 
* ?&ere: 
* 
* 
* IPT - 
* CSHII 

* CSHAX 

* Note: 

* 
* 
* 
* 

* 
* * 
* * 
* 
* Number of 

- Lover l i m i t  of t h e  band s t r u c t u r e .  * 
e n t r i e s  f o r  t he  construct ion of t he  probal i ty  t ab le .  

* 
* 
* 
* 

- Upper l i m i t  of t h e  band s t ruc tu re .  

For defau l t  type a blank card. 

* 5. ACCEPT 104, 
* Uhere: 
* 
* 
* SIGDIL(H) - * 
* 
* * 
* 6. ACCEPT 104, 
* mere: 

* SICDIL(H) - 

* 
* 
* 
* 
* 
* 

* 
( SIGDIL(X1, H = 1, 10 1 * * 

* 
* 

Values of t h e  thicknesses ( a t o d b a r n )  f o r  t h e  ca l cu la t ion  * 
of t h e  se l f - ind ica t ion  and transmission r a t i o s .  Up t o  t e n  * 
consecutive values a r e  allowed. If t h e  number of thicknesses* 
a r e  l e s s  than ten, t he  last value must be zero.  * 
( SIGDIL(M), II = 1, io 1 * 

* 
* 
* 
* 

Values of t he  d i l u t i o n  c ross  sec t ion  (barn) f o r  t h e  * 
ca lcu la t ion  of tho Bondarenko p a r t i a l  and t r anspor t  c ross  * 
sec t ion .  Up t o  ten consecutive values a r e  allowed. If tbe * 
number of d i l u t i o n  a r e  less than t e n ,  t h e  l a s t  value must be * 
zero ,  * 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CIURACTER*30 FIN 
DIWENSIOI V(3 ) , SINZFI (3 ) , COS2FI (3 ) 
DIMENSION LS(6) ,GS(6) ,DS(6) ,GN(6) ,GG(6) ,GF<6) ,m(6> ,NF(6) 
DIWENSION PT(S0) ,CSTK(SO) ,CSCK(60) ,CSFK(SO) 
DIMENSION XI(20) 
DIHENSION SIGDIL( 10) 
I?$TEGER*4 SEED 
COMMON SEED 
TYPE *,lDutput f i l e  name. (Default  i s  0UTPUT.URR) a 

ACCEPT ’ ( A ) ’ ,  FIN 
OPEFI(WIT=I, FILE = FII, STATUS = ’NEU’, 

SIGN = 1.0 
AKO 5 0.002196771 
FOURPI = 12.56637 
ROOTPI = 1.772454 
CTP = 1.128379 
AKB 2. 3.44672E-4 

* DEFAULTF ILE = ’ OUTPUT. URR ) 

TYPE *,’TYPE AY, AWRI, AP, EREF, TEHP, NL, IPAIRS, 

ACCEPT 100, AYn AURI, AP, EREF, TEHP, NL, IPAIRS, SEED 

IF( IPAIRS .EQ .O ) IPAIRS = 1 

YRITE(1 1000) 
URITE(1, 1001) AW. A U R I ,  AP, EREF. TEHP, NL, IPAIRS 

RTEREF = SQRT(EREF) 

* SEED’ 
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e 
C 
C 

1 

C 
e 
C 

C 
C 
C 

C 
C 
c 

A 8  = AKO * RTEREF * AURI / (ALVRI + 1.0) 

RHO = AK*A 
RirOSQ = RHO * RH0 

= 0.123 * AvILI**0.333333 + 0.08 

mo4 = masg * RHOSQ 
V(i) = 1.0 
V ( 2 )  = RHOSQ / (1.0 + RHOSQ) 
V(3) = RE104 / (9,O + 3.0 * RHOSQ + RXO4) 

e4 = FOURPI /(AB * A K )  
CSP = 0 .0  

Compute potenmtial scattering and phase factors 

DO 1 LP = 1 ,  3 
AL = LP - 1 
IF(LP .EQ. 1) FS = RHOHAT 
IP(LP .EQ. 2) FI RHOHAT - ATAlt(RHOliAT) 
IF(LP .EQ. 3) F I  = RHOHAT - ATAN(3.O * 
OHAT/(B.O - RHOHAT * RHOHAT)) 

CSP = CSP *(AL + AL + 1.0)  * C 4  * SIN(F1) * S I N ( F 1 )  
TYOPI = FI * F I  

COS2FI(LP) = COS(TUOF1) 
S I N ~ F I ( L P )  = SIN(TUOFI) 

CBMTIIWE 
DELTA = SQRTCAKB * TEMP * EREF / AW) 
IF ( TEMP .EQ. 0.0 ) TEEN 

Set coei ic ients  for nnbroadened cross sections 

Drn = 1.0 
CO = C4 / 4.0 

ELSE 

Set coeficiaats for broadening cross sections 

DEM = DELTA 
ODEL = DELTA + DELTA 

P 
= ROOTPI * C 4  / TUODEL 

W @ a d  unresolved resonance parmeters and FILE 3 Contributions 

biRITE(f , 1002) 
csa = 0 . 0  
JS = 0 

c 

c 

c 
2 

e 

c 

C 
e 
C 

ca E 

ACCEPT 101, L, G ,  D, GO, GC, FW, NUN, WF 

XF(D .EQ. 0.01 GO TO 3 
- 1  

WQFCLTE(1, 1003) L, G ,  Q ,  GO, G C ,  FW, NUN, NUF 

Normalization factor 

GO = GO / 

( Gaussian k Chi-squared distribution 1 
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IF(MUF . H E .  0 )  FU FU / lJuF 
C 

3 
C 

C 

C 

C 

C 

C 
C 
C 

4 
C 
C 
C 

C 
C 
C 

JS = JS t 1 
LS(JS) = L + 1 
OSCJS) = G 
DS(JS) 5: CTP * D / D M  
GG(JS) = GC 
GN(JS) = GO * V(L+l) * RTEREF 
GF(JS) - FU 
anS(JS) = HUN 
NF(JS) = W F  
TGAI = GG(3S) + GX?(JS) t GF(JS) 
CSD * CSD + G * GN(JS) / TGAH 
GO TO 2 
CONTINUE 

TYPE *,?Enter with FILE 3 Contribution: CST3, CSCB, CSF3’ 
ACCEPT 102, CST3, CSC3, CSF3 

WRITE(1, 1004) CSTB, CSC3, CSF3 

Read probability-table limits or a blank card for default value. 
Default value calculated according to J. H. Otter et all. 
(AI-AEC-13024) 

TYPE *,?Type NPT, CSHII, CSHAX or zero for default value’ 
ACCEPT 103, IPPT, CSHIN, CSIIAX 

IFCNPT .LE. 0 )  NPT = 22 
THP = 0.2 
IF(LS(2) .EQ. 1) THP = 0.7 
IF(CSHXIP .LE. 0.0) CSHIlQ +: TIP * CSP + CSTB 
IF(CSHAX .LE. 0.0) CSHAX = CSP t 6.0 * C4 * CSD + CST3 

WRITE(I , ioos) 
WRITE(1, 1006) HPT, CSHIN, CSHAX 

ANP p NPT - 2 
TERW = AIUP / ALOG(CSHAX/CSHIN) 
ALCSHN = ALOG(CSH1N) 

Initialize probability-table entries 

DO 4 K = 1, NPT 
PT(K) = 0.0 
CSTK(K) = 0.0 
CSFK(K) = 0.0 
CSCK(K) = 0 . 0  

CONTINUE 

Loop over number of cases 

DO 12 N 11 , IPL 
CST = 0.0 
csc = 0 . 0  
CSF = 0 . 0  

Loop over J-L staters 

DO 8 J = 1, JS 
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C 
C 
C 

C 
C 
C 

5 

6 

C 
c 
C 

C 
C 
C 

7 
8 

9 
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X = DS(J) * SQRT(WXAXF(l.0)) 
XI(I) 5: -x * RA?J(SEED) 
XI(2) = x + XI(i) 
LP = LS(J) 
GC = GG(J) 

Two l e v e l s  par pair  

DO 7 IP = 1, 2 

Loop over paire 

DO 7 I = I. IPASRS 
IF(I .EQ. I) X I  :: XS(SP) 
IF(I .GT. I) X I  = Xl + SIGN * DS(J) * 
GI E 0.0 
FW = 0.0 
DO 6 NC = i, IC2 

* SqRT(-ALOG(AMAXl(RAN(SEED), 0.00001) )) 

CONTINUE 
~i = -ALOG(AHAXI(RAI(SEED), o.ooooi>) 
~2 = -ALOG(AHAX~(RAW(SEED) o.ooooi>> 
IF( Ri + Rl .LT. (R2-1.) * (R2-I.)) GO TO 5 
IF(RIC .LE. NUN) Gl = GI + R2 * R2 * GN(J) 
IF(NC .GT. ?iUN) FW = Fu + R2 * R2 * GF(J) 

CONTIWE 
Ti = GC + G I  4 FW 
IF ( TEHP .EQ. 0.0 ) THEN 

Unbroadened C ~ Q B B  sections 

TPT = Xi * X i  * TI * Ti / 4.0 
CST = CST + G I  * ( Ti *: COSZFI(LP) - 2.0 * Xi * * SLIZFI(LP) ) * GS(9) / TBT 
CSC = CSC + Gl * 
CSF = CSF 4 G I  * 

ELSE 

Broadened C ~ Q B B  section# 

Yl = TI / TWODEL 

CST = CST 9 GI * 
CSC = CSC + GC * 
CSF = CSF + FY * 

CALL SYS(X1, Yi, 

* GS(J) 

END IF 
CONTINUE 

COPJTINUE 

GC * GS(J) / TPT 
FW * GS(J) / TPT 

ui, Y1) 
(Ul * COSZFI(LP) - VI * SIN2FP(LP)) * 
GI * Wi * GS(J) / TI 
GI * U l  * GS(J) / TI 

CST = CSP * CQ * CST + CS53 
csc = co * csc + csc3 
CSF = co * CSF + CSFB 
IF(CST .LE. CSWIN) GO TO 9 
IF(CST .GE. CSHAX) GO TO 10 
K TERH * (ALOG(CST) - ALCSMN) + 2 
GO TO 11 

K = I .  
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GO TO 11 
10 CONTIWE 

K = BPT 
11 COIIITIMUE 

PT(K) = PT(K) + 1.0 
CSTK(K) = CSTK(K) + CST 
CSCK(K) = CSCK(K) + CSC 
CSFK(K) = CSFK(K) + CSF 

12 COHTIMIE 
C 
C Construct probability-table, compute average cross-sections 
C 

C 

C 

C 

C 
13 

C 

C 
C 
C 
C 
C 

CSTB = 0.0 
CSCB = 0.0 
CSFB = 0.0 
CSTV = 0.0 
cscv = 0.0 
CSFV = 0.0 
AM. = NL 

URITE(I,1007) 

DO 13 K = 1, IPT 

PTK = PT(K) 
CST = CSTK(K)/PTK 
CSC = CSCK(K)/PTK 
CSF = CSFK(K)/PTK 
PTK = PTK/ALAIL 
PVK = PTK * (1.0 - PTK)/ANL 
PEK = SQRT(PVK1 
CSTB = CSTB + PTK * CST 
CSCB = CSCB + PTK * CSC 
CSFB = CSFB + p1I( * CSF 
CSTV = CSTV + PTK * CST * CST 
cscv = cscv + PTK * csc * csc 
CSFV = CSFV + PTK * CSF * CSF 
CSTK(K) = CST 
CSCK(K) = CSC 
CSFK(K) E: CSF 
PT(K) = PTK 
URITE(1,1008) K, PlX, PEK, CST, CSC, CSF 

IF(PT(K) .LE. 0.0 .OR. PT(K) .GE. AHL) GO TO 13 

CONTINUE 
CSTV 5 (CSTV - CSTB 
CSCV 5 (CSCV - CSCB 
CSFV = (CSFV - CSFB 
CSTE = SQRT(CSTV) 
CSCE = SQRT(CSCV) 
CSFE = SQRT(CSFV1 
URITE( 1,1009) CSTB , 

* CSTB)/ASJL 
* CsCB)/Aa 
* CSFB)/AWL 

CSTE, CSCB, CSCE, CSFB, CSFE 

Calculation of self-indication and transmission ratios 

TYPE *,'Type thicknesses. Up to ten values or a blank card if it i 
*B not needed. 
ACCEPT 104, (SIGDIL(H),  H = 1, io) 
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c 

C 

C 
c 
C Loop over trmsmieisee 
C 
C 

IF(SXGDXL(1) .EQ. 0.0) GO TO 17 

ITE(1,IOII) 

DO 16 H = I, IO 
SIC0 = SIGDIL(I) 

Q. 0.0) GO TO 16 

ADEN = 0.0 

TRni = 0 . 0  

FDElP = 0.0 
FRIO = 0.0 
FRll = 0.0 
FRX2 = 0.0 
TRALPI = 0.0 
TRN2 = 0.0 

C 
C 
C 
C 
C 

14 

+. 

Loop over probability-table entries 

PTK = PT(K) 
IF(PTK .EQ. 0.0) 
CST = CSTK(K) 
CSC = CSCK(K) 
CSF = CSFK(K) 
EXPT = EXP(-SIGO 
TERM = PTK * CSC 
FER# = PTK * CSF 

GO TO 14 

* CST) 

TRKT = PTK * EXPT 
TRAN = TRAM + TRMT 

f .- TKlI + TSQR * EXPT 
'i = FRlI + PSQR * EXPT 

TRM2 = TRl2 + TSQB * EXPT * EXBT 
FRX2 = PRX2 + FSQB * EXPT * EXPT 
TRPI2 = TRE12 + TRlT * EXPT 

- T U N  * TRAN)/ANC) 
VAR (TRM2 + SSCSC * SSCSC * TRnO - 
(SSCSC + SSCSC) * TRWi)/(ADEN * ADEN * ANL> 
IF(FDEM .Eq. 0.0) GO TO 15 
SSFSC = FNUM/FDEH 

ER = SQRT(VAR) 



IS 
C 

C 

C 

C 
C 
C 

16 

ir 

C 

C 

C 
C 
C 

C 
C 
C 
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VFR * (FRW2 + SSFSC * SSFSC * FRHO - 
FR SQRT(VFR) 
COHTTINUE 

* (SSFSC + SSFSC) * F'RHI)/(FDEM * FDEN * m) 

yRITE(I,IOI2) SIGO, SSCSC, ER, SSFSC, FR, T R A M ,  ETR 

COITIWE 

CONTIPWE 

Calculation of Bondarenko p a r t i a l  and transport cross sec t ions  

TYPE *,'Type sigma d i l u t i o n s .  Up t o  t e n  values or a blank card i f  * it i s  not needed.' 
ACCEPT 104, (SIGDIL(H), H = I, i o )  

IF(SIGDIL(1) .Eq.O.) GO TO 20 

WRITE(1, 1013) 

Loop over d i l u t i o n s  

DO 19 H = I, 10 
SI00 = SIGDIL(H) 

ANUM = 0.0 
FNUH = 0.0 
ADEN = 0.0 
TRMO = 0.0 
TRHI = 0.0 
TRFl = 0.0 
TRH2 = 0.0 
TRF2 = 0.0 
A#UT = 0.0 
ADET = 0.0 
CSTl = 0.0 
CST2 = 0 .0  

Loop over probabil i ty-table  entr i e s  

DO 18 K = 1, MPT 
PTK = PT(K) 
IF(PTK .EQ. 0 . 0 )  GO TO 18 
CST = CSTK(K) 
CSC = CSCK(K) 
CSF = CSFlC(K) 
TERH = PTK/(CST + SIGO) 
ANUH = ANUM + TERH * CSC 
FNUH = FHUH + TERn * CSF 
ADEN = ADEPJ + TERH 
TSQR = TEM/(CST + SIGO) 
AlOUT = AWT + TERH 
ADET = ADET + TSQR 
T W O  = TRHO + TSQR 
TRMI = TRWI + TSQR * CSC 
TRFI = TRFI + TSQR * CSF 
TRM2 = TRH2 + TSQR * CSC * CSC 
TRF2 = TRF2 + TSqR * CSF * CSF 
CSTi = CSTI + CST * PTK 
CST2 = CST2 + CST * CST * PTK 

IF(SIGO .EQ. 0 . 0 )  GO TO 19 
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18 

* 
* 

C 

C 

SSFSC = FMJX/ADEN 
a + SSCSC * SSCSC * m o  - 

(SSCSC + SSCSC) * TRnl)/(ADEN * ADEN * ANL) 
VFR (TI1F2 + SSFSC * SSFSC * T W O  - 
(SSFSC + SSFSC) * TRFI)/(ADEEI * ADEN * Am) 
ER = SQRT(VAR~ 

ETR = SQRT((CST2 + TRAN * TRAI -2.0 * TRAN * CSTI)/Am) 
URITE((I,lO14) SIGO, SSCSC, ER, SSFSC, FR, TRAN, ETR 

19 CONTIWE 
20 CONTINUE 

STOP 
C 
C Input famat list 
C 
100 FOMAT(GF, 31) 
101 FORBAT(1, 5F, 21) 
102 FORHAT( 3~ ) 
io3 FORXAT(I, SF) 
104 FOWAT(I0F) 

C 
C Output format list 
C 
1000 FURHATI’O AU AURI AP 

* ENEW. TEXP HCASES NPAIRS ’ ) 
I001 FORRAT(1H , 6C16.5, SI8///) 
1002 FORMAT( ’0 J-STATES’/ 

* J  L 0 B GO * CC Fw F’) 
1003 FORHAT(I8, 6G17.6, 214) 
1004 FORXAT(///’ FILE 3 CONTRIBU 

*TIOIS J TOTAL CAPTURE FISSION 
* )  / 3G20.5///) 

1005 FORXAT(’0 WIIBER OF PT EIUlTRIES CSHIN CSIAX > 1 
1006 FORPIAT(BX, 18, 5X, 5G20.5///) 
1007 FOWWBT(’0 PROBABILITY-TABLE’// 

*’ K PK CST * csc CSP’) 

1009 FURHAT(///’ AVERAGE TOTAL CROSS SECTION ’,G16.5, ’+/-’,G16.5/ 
* )  AVERAGE CAPT ’,GiG.S, ’+/-’,GIS.5/ 
*>  AVERAGE FISS ’,Gi6.6,9+/-’,GI6.5) 

I010 FORPilAT(1H ,761 
SELF INDICATIUN AND TRAMSHISSIO 

THICKNESS ,G16.6/’ C 
INDICATION RATIO ’,G16.6,’+/-’,C16.5/’ FISSION SELF IN 

*DIGATION RATIO ’,GlS.5,’+/-’,G16.6/’ TRANSMISSION * JlG16.5,’+/-’,G16.5) 
1013 FORHAT(///’ 
1014 FORPIAT(//’ DILUTION ’,G16.6/’ C 

*APTURE CROSS SECTION ’,G16.6,’+/-’,G16.5/’ FISSION CROSS SECTION 
* ’,G16.6,’+/-’,G16.6/’ TRANSPORT CROSS SECTION ’,G16.5,’+/-’ 

SELF SHIELDING CROSS SECTIONS’) 

* ,616 -6) 
END 
SUBROUTINE SVS(A, B, C, D) 
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1 

2 
3 

1 
2 

3 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

19 
20 

ia 

21 

22 

COHHOIY/TRTI/ TR(62,62), TI(62,62) , AIMU, AX, KI, REY, Yl 
DOUBLE PRECISIOI A, B, C, D 
DATA K/O/ 
IF(K .EQ. 1) GO TO 3 
K = l  
KI = 1 
x = -0.1 
DO 2 I = I, 62 

Y = -0.1 
DO 1 3 = 1, 62 

CALL W(X, Y ,  TR(I,J), TI(I,J)) 
Y = Y + 0.1 

CONTINUE 
x = x + 0.1 

COMTIANE 
COllTINUE 
AX = A 
Yl B 
CALL qUICKY 
C = REU 
D = AIHW 
RETURN 
END 
SUBROUTINE W(REZ,AIXl,REY,AIHY) 

Subroutine W and QUICKW a r e  taken from H. Henryson If et a l l  (KC-2). 
(ANL-8144) 

REY = 0 . 0  
AIXU = 0.0 
AIXZ = ABS(AIX1) 
IF(REZ) 3, 1, 3 

REU = 1.0 
RE"URH 
R2 = RE2 * RE2 
A12 = AIHZ * AIM2 
ABREZ -- ABSCREZ) 
IF(ABREZ + 1.26 * AIHZ - 5.0) 6, 6, 4 
IF(ABREZ + 1.1 * AIHZ - 6.6) 21, 21, 20 
IF(ABRE2 + 1.43333 * AIM2 - 4.3) 23, 23, 22 
IF(ABRE2 + 1.863636 * AIHZ - 4.1) 16, 15, 8 
IF(A1MZ - 1.6) 14, 24, 24 
IF(AIH2 - 1.4) 19, 19, 5 
IF(ABRE2 + 1.07317 * AIXZ - 4.4) 23, 23, 22 
IFCABRE2 - 2.7) 31, 32, 32 
IFCABRE2 - 3.1) 10, 12, 12 
IF(ABRE2 - 3.4) 33, 34, 34 
IF(R2 + 1.18 * A12 - 5.76) 7, 11, 11 
IF(R2 + 1.7227 * A12 - 4.41) 29, 30, 30 
IF(R2 + 1.71 * A12 - 2.89) 17, 13, 13 
IF(R2 + 1.69 * A12 - 1.69) 27, 28, 28 
IF(R2 + 2.0408 * A12 - 1.0) 18, 16, 16 
IF(R2 + 1.5626 * A12 - 0.25) 26, 26, 26 
IF(ABRE2 + 1.43333 * AfMZ - 4.3) 24. 24, 9 
NXAX = 1 
GO TO 36 
NMAX = 2 
GO TO 36 
NWAX = 3 
GO TO 36 

IF(AIMI) 3, 2, 3 



22 Appendaz A .  FORTRAN LISTING OF URR 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 
36 

36 

37 

C 
c 
C MA 
C 
C 
38 

38 

40 

41 

NKAX = 4 
GO TO 36 
XBHXX = 6 
GQ Ta 36 
##AX = 2 

INAX = 3 
GO TO 35 
~H~~ = 4 
GO TQ 35 

AX = 6 
TO 36 

AX = 8 
TO 36 

AX = 7 
GO TO 35 
NHAX = 3 
GO TO 36 
BHAX = 9 

BHAX = 10 
60 TO 35 
 AX = 11 

CB aa 35 

b;a Ta 35 

60 TO 44 
KW = 1 
IF(A1MI) 37, 38, 38 
KW = 2 
AfXZ = A I M  
GO TO 44 

IS OBTBIIED FROW ASYHPTOTIC SERIES 

av = 2 . 0  * (R2 - AX2) 
AK = 4.0 * REZ * AIHZ 
EL f AK 
H = 0.0 
B = 0.0 
A = 0.0 
TEHPM = 0 . 0  
TEMEL = 0.0 
G = 1.0 
C = -1.1283792 * AIHZ 
D = 1.1233792 * RE2 
AH RY - 1.0 
AAK =: 9.0 
K = O  
AJTEHP = 2.0 * AAK 
TEMP4 ~(1.0 - AJTEWP) * AJTEHP 
AJP = RV - (4.0 * AAK 4 1-01 
Go TO s i  
AAK = AAK + 1.0 
K - K s I  
PR = REV 
P I  = AXHV 

REW = (TEHPC * TEHPW + TEWPD * TEHEL)/AHAGN 
AIHJd = (TEKPK * TEWPD - TEWEL * TE#PC)/AMAGI 

TE#P#*TEMPH 4 TE€iEL*TEHEL 
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42 
43 
C 
C 
C UT 
C 
C 
44 

46 

46 

47 

48 
49 
50 

51 

IF(ABS(REU - PR) - 1.E-6) 42, 39, 39 

RETURN 
INABS (AIHU - PI) - 1.e-6) 43, 39, 39 

IS OBTAINED mon TAYLOR SERIES 

TEMPI = R2 + A12 
TEHPZ = 2.0 * TEHPl * TEMP1 
AJ = -(R2 - AI2)/TEWP2 
AK = 2.0 * BEZ * AIIIZ/TEWP2 
c = 0.0 
B = 0.0 
AJSIG 0 0.0 
D = 0.0 
JSIG = 0 
G = 0.0 
H = 0.0 
EL = 0.0 
A = 1.0 
AM = 1.0 
SIGP = 1.5 
EXPOIS = EXP(TEMP2 * AJ) 
EXPC t EXPON * COS(TEXP2 * AK) 
EXPS e -EXPOI * SIIS(TEMP2 * AK) 
SIG2P = 2.0 * SICP 
AJ4SIG = 4.0 * AJSIG 
AJbSXl = AJ4SIG - 1.0 
TEMP3 = 1.O/(AJ4SHl * (AJ4SIG + 3.0)) 
TT4 = SIG2P * (2.0 * AJSIG - 1.0) 
TEMP4 1 TTQ/(AJ4SMI * (AJ4SIG + 1.0) * (AJ4SIG - 3.0) * AJ4SMl) 
AJP = AJ + tEHP3 
GO TO 61 
AJSIG = AJSIG + 1.0 
JSIG = JSIG + 1 
TEHP7 = (AH * AM + EL * EL) * 1.7724639 
REF = (AIHZ * (C * AH + D * EL) - RE2 * (AM * D - C * EL))/ 
AIXF = (AIM2 * (AH * D - C * EL) + RE2 * 
PR = REU 
PI = AIHU 
REU = EXPC - REF 
AIMU = EXPS - AIHP 
IF(ABS(REY - PR) - 1.E-6) 48, SO, 50 
IFCABS (AIHU - PI) - 1.E-6) 49, SO, SO 
RETURN 
SIGZP = 2.0 * AJSIG 
GO TO 45 
TEHPC = AJP * C + TMP4 * A - AK * D 
TEMPD = AJP * D t TEMP4 * B + AK * C 
TEMEL = AJP * EL + TUP4 * H + AK * AH 
A = G  
B = D  
G = AH 
H = E L  
C = TEMPC 
D - TEMPD 
AH = TEHPM 

* TEMP7/TEHPI 
* (C * AM +D*EL))/TEIIP7/TEIIPI 

TEMPH = AJP * AK + TEltP4 * G - AK * EL 
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52 

53 
54 

56 
56 
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EL p TEIIEL 
IF(ABS(TEMPM) + ABS(TEMEL) - l.OEl6) 53, 52, 52 
C = 1.OE-IS * C 
D = 1.OE-d. 5+ D 
AM = 1.OE-IS * AM 
EL = 1.OE-15 * EL 
TEHPC = I.OE-I5 * TEHPC 
TEXPD 2 1.OE-16 * TMPD 
TEXPM = d.OE-IS * TEXPM 
TEIIEL = 1.OE-IS * TEWEL 
GO TO 65 
IF(ABS(TEHPII) + ABS(TEMEL) - ~.OE-IS) 54, 54, 55 
e = b.OEi.5 * C 
D zx P.OEi.6 f B 
AM = l.OEl6 f A14 
EL = l.OEf6 * EL 
TEHPC = 1.OEiS f TEHPC 
TEXPD = l.OEi6 * TEMPD 
TEIIPI = I.OEI5 * TEHPH 
TEXEL = I.OEI.6 * TEFIEL 
GO TO(40, 46, SS), KW 
RETURN 
EBID 
SUBROUTINE QWICKV 
@OHHON/TRTI/ TR(62,  62) ,T1(62,62>, AIWW, AX, KI, REV, Y 
AKT = SIGW(I.0, AX> 
X = A5S(AX) 
TEST =X * X + Y * Y 
IF(TEST .LT.  36.0) GO TO I 
IP(TEST .LT.  144.0) GO TO 4 
IF(TEST .LT. 10000.0) GO TO 6 
A I  i . O / (  1.7724539 * TEST) 
REW = Y + AI 
IF(K1 .GT. 0) AIHW = X * AI * A K I  
RErnIY 
I1 = x * 10.0 
J J  = Y * 10.0 
I - 1 1 [ * 2  
J = J J 4 2  
B - J - 1  
P = 10.0 * x - I1 
Q 10.0 * Y - JJ 
P Z = P * P  
Q z = Q * 9  
P Q = P * Q  
HP = 0 . 5  * P 
HQ = 0 . 5  8 Q 
HQ2 = 0 . 6  * 92 
NP2 = 0.5 * P 2  
A1 = HQ2 - HQ 
A2 = PIP2 - HP 
A 3  = 1 . 0  + PQ - P2 - Q2 
A 4  HP2 - PQ + HP 
AS I WQ2 - PQ + HQ 
REV = A 1  * TR(1,l-J) + A2 * TR(I-1.J) + A3 * TR(I,J) i A4 * 
IF(KT.LE.O) GO TO 8 
AIMW = Ad. 4: TI(I,N) + A2 * TI(I-I,J) + A 3  * TI(I,J) t A4 * 
AIIW = AIHW * AKI 
GO YO 8 

* TR(I+I,J) + AS * TR(I,J+I) + PQ * TR(I+I,J+l) 

* TI(I*I,J) + A5 * TI(I,J+I) + PQ * TI(I+I,J+I) 
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4 

5 

6 

7 

8 

I 

2 

3 

4 

A1 = X * X - Y * Y  
A2 = 2.0 * X * Y 
A3 = A2 * A2 
A 4  = A I  - 0.2762651 
AS = AI - 2.724746 
DI = 0.6124242/(14 * A4 + A31 
D2 = 0.06176636/(16 * AS + 63) 
REY = Dl *(A2 * X - A4 * Y) + D2 *(A2 * X - AS * Y) 
IF(K1 .LE. 0) GO TO 8 
AIMU = D l  * (A4 * X + A2 * Y) + D2 * (AS * X + A2 * Y) 
AIMU = AIHW * AKI 
GO TO 8 
A1 = (X * X - Y * Y) * 2.0 
A2 = 4.0 * X * Y 
A4 = A1 - 1.0 
DI = 1.1283792/(14 * A4 + A2 * A2) 
REV = D1 * (A2 * X - A 4  * Y) 
IFCKI .LE. 0) GO TO 8 
AIMW = DI * (A4 * X + A2 * Y) 
AfMY = AIHW * AKI 
RBTURM 
EMD 
FUNCTION RWHAXF(T) 
DATA FF/O.O/ 
INTEGER*4 SEED 
COHNON SEED 
W* EXPRRF(U) 

R I  = RAN(SEED) 
R2 = RAN(SEED) 
RISQ * Rl * RI 
R2SQ * R2 * 82 
RSQ = RISQ + R2SQ 
IF(RSC) - 1.0) 2, 2, I 
Y = EXP~F(W)/RSQ 
FF = 1.0 
RRHAXP = (R2SQ * W + U) * T 
GO TO 4 
FF = 0.0 
RNHAXF (ElSq * W + U) * T 
RETURN 
E#D 
FUNCTION EXPRNF(A) 
REAL I 
IMTEGF.R*4 SEED 
CONHOB SEED 
I = 0.0 
X = RAN(SEED) 
Z = X  
Y = RAN(SEED) 
IF(Z - Y) 6 ,  5, 3 
Z = RAI(SEED) 
IF(Z - Y) 2, 4, 4 
I. = I + 1.0 
GO TO I 
EXPRNF = X + I 
RETURN 
END 

I F O m  3, I, 3 



APPENDIX B. SAMPLE CASE 

a. Listing of Input 

$RUN U M  
Output f i l e  name. (Default  i s  0WTPUT.URR) 
OUT. DAT 
TYPE AM, A V B I ,  AP, EREF, TEHP, IL, IPAIRS, SEED 
235.0,233.0351,0.93811~150.0,300.0,10000,2~19 
Type L, G ,  B, G O ,  GC, Fw, NUI, NUF (D-0 => end d a t a )  
0,0.4375,1.39,0.1217E-3,38.0E-03,268.03-03,1,2 
0,0.5625,0.90,0.0914E-3,36~0E-03,226.0E-03,1.2 
Entsr  mith FILE 3 Contr ibut ion:  CST3, CSC3, CSF3 
Type BTPT, CSIIN, CSHAX ox ze ro  for d e f a u l t  value 
Type th i cknesses .  Up t o  t e n  value8 o r  a blank card i f  it is not needed. 
0.0325,Q.O 
Type sigma d i l u t i o n s .  Up t o  t e n  verluee or a blank card i f  it i s  not needed. 
100.0 ,o . 0 

h. Listing of output 

A!d 
NCASES PIPAIRS 

236 I 00 
10000 2 

L G 

0 0.43760 

0 0.56260 

FW F 

0.26800 1 2  

0.22600 1 2  

Am1 AP ENEFl TEHP 

233.04 0.9381 i 150 .OO 300.00 

TOTAL 
0.00000E+00 

22 

K 

3 

4 

6 

6 

7 

8 

9 

10 

C5F 

0.86194 

2.4752 

5.2628 

8.7743 

13.287 

18.913 

25.665 

34.431 

PK 

0.15800E-01 

0.10930 

0 e 14050 

0.14240 

0.12640 

Q I I2030 

0. iQ31O 

0.76100E-01 

J-STATES 
D GO GC 

1.3900 0.12170E-03 0.38000E-01 

0.90000 0.91400E-04 0.35000E-01 

FILE 3 CONTRIBUTIONS 
CAPTURE FISSION 

O.OOOOOE~00 0.00000E+00 
CSMIN CSMAX 

7.7397 849 * 54 
PROBABILITY-TABLE 

ERROR CST 

0.124TOE-02 11.921 

0.31202E-lN 14.086 

0.34751E-02 17.662 

0.349463-02 22.310 

0.332303-02 28.153 

0.3253lE-02 35.665 

0 a 3040m-QZ 45 003 

0.26516E-02 56.891 

csc 

0.28793 

0.68068 

1.3744 

2.3521 

3 I 6473 

5.3825 

7.7592 

I O .  s49 

26 
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11 0.61300E-0 1 0.23988E-02 71.855 

12 0.446OOE-0 1 0.20642E-02 90.872 

13 0.31100E-01 0.173593-02 114.32 

14 0.15900E-01 0.125093-02 144.54 

I S  0.790003-02 0.88630E-03 183.20 

16 0.3SOOOE-02 0.59057E-03 227.99 

17 0.13000E-02 0.36032E-03 283.10 

18 0.3OOOOE-03 0.173183-03 396.92 

19 0.20000E-03 0.1414lE-03 450.62 

44.416 

57.213 

72.302 

89.301 

113.04 

126.53 

161 .OD 

225.50 

188.60 
AVERAGE TOTAL CROSS SECTION 41.339 +/- 0.34656 
AVERAGE CAPTURE CROSS SECTION 7.4618 +/- 0.10162 
AVERAGE FISSION CROSS SECTION 22.095 +/- 0.22847 

SELF 1M)ICATZOP AHD TRANSHISSION RATIOS 
THICKNESS 0.32600E-01 

CAPTURE SELF INDICATION RATIO 0,15909 +/- 0.23306E-02 
FISSION SELF INDICATION RATIO 0.18470 +/- 0.214493-02 

TRANSHISSIOIV 0.36139 +/- 0.19660E-02 
SELF SHIELDING CROSS SECTIONS 

DILUTION 100.00 
CAPTURE CROSS SECTION 6.8873 +/- 0.63333E-01 
FISSION CROSS SECT109 18.263 +/- 0.16308 
TRANSPORT CROSS SECTION 31.764 +/- 0.35968 

15.199 
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