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ABSTRACT

The Fortran IV code PAPIN has been deveioped to calculate cross
section probabi]ity tables, Bondarenko self-shielding factors and average
self-indication ratios for non-fissile isotopes, below the inelastic
threshold, on the basis of the ENDF/B prescriptions for the unresolved
resonance region. Monte-Carlo methods are utilized to generate ladders
of resonance parameters in the unresolved resonance region, from average
resonance parameters and their appropriate distribution functions.

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

The various self-shielded factors are computed numerically as
Lebesgue integrals over the cross section probability tables.

The program PAPIN has been validated through extensive comparisons

with several deterministic codes.



I. INTRODUCTION
PAPIN has been developed as a flexible program to construct cross
section probability tables for the calculation of Bondarenko and
transmission self-shielding factors for fertile isotopes, in the unre-
solved resonance region. This report is intended to describe the main

features of the program as well as to serve as a user's manual.

II. DESCRIPTION OF THE PROGRAM

In this section we give a brief outline of the program, whoge main
features are illustrated in the block diagram in Fig. 1. The main program
reads the input data and generates resonance ladders, over specified
neutron energy regions, by Monte-Carlo methods. This step provides the
input for the calculation of the various neutron cross sections, by the
subroutines, BREDO, SHIF and VIL. The output cross sections are then
Doppler-broadened by the subroutines, SVS, W and QUICKW. On the basis
of this information the main program constructs the probability tables,
which are utilized by the subroutines BREKO and SHELF to compute Bondarenko
factors and transmission self-shielded factors respectively as Lebesgue

integrals over the probability tables,!’2?3

III. PAPIN MAIN OPERATIONS
Here we describe some of the main.operations in PAPIN with detail.

A. Generation of /tesonance Ladders

The upper and lower limits Ef and Ei’ respectively, of the energy

region where the cross section sampling is to be performed, are selected

by the expressions,

f Eref

Ei Eref

E

"

+ TEMP x D . (1)

L}

- TEMP x D . | (2)
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where TEMP = ﬂ%@._ 5, Eref and NRZ are input parameters described in

section VII, and Dmin is the smallest value among the quantities <D>2,J
corresponding to Eref in the ENDF/B-V files,

To allow for the contribution of resonances outside the sampling
region a wider energy region is defined by means of the upper and lower

energy limits, (EU)Q 3 and (EL)l J» respectively:

) NR2 .

(BU g0 = Epes * 7 D>y (3)
. NR2 .

(EL)g,0 = Erer = 2 D>y 4 (4)

The resonance energies are generated from the Wigner Level Space Distribu-

tion Function,3'* by means of the expression:

S+ -2 - > g (20gR)

2,d,1 /i L

E = E Ve (5)

L,d,1+1

where R, is a random number between O and 1. The neutron level widths
are obtained from Chi-squared distributions with 0 degrees of freedom
(v =1 or 2), by well known rejection techniques.® Finally, the capture
level widths are considered constants (equal to their ENDF/B-V prescribed

average values).

B. Neutron Cross Section Calculations

For each ladder of resonances, the neutron capture cross section Oy

and the total cross section of are'computed by the S.L.B.W. formalism in
the framework of the ENDF/B prescriptions.5'® The Doppler-Broadened

cross sections?>8 are given by the expressions:
(2,9) . .(2,d)
ny - KE 4 95 O ) R ’
r=1 r




J)
3/2 NR, (% .
(2) _ 4n . . 2 27 “J  nr (U(x,y)
cos(2e.) ~ V(x,y) sin (2¢,)) (7)

where,

K = wave number = 2.196771 —AMRL _ - 1073 - /EREF (8)

AWRI + 1
_ e 1p=2 . ) 1/2
& = Doppler width = 107° (3.4468 Eref T/AWRI) (9)

AWRI = Ratio of the mass of the target nucleus to the neutron mass
2J + 1

g, = spin statistical factor = —&— (10)
2 ° (21 #1)
(2,d) _ . (o)(e,9) . . 1/2
Cnr = Tp Ve (Eref) (Eref) (1)

Where réo)(g’d) are the reduced neutron width and the factors Vz(Eref)

are given by the expressions (for ¢ = 0, 1 and 2).

Vg = 1 (12)
p2
vy = (3
V, = p’ (14)
9 + 302 + Dl’
with
1/2
p = 0.002196771 ° <(AWR§/(ANRI # ) - (Erge) R> (15)

where R is the channel radius in units of 10']2 cm. The hard sphere

phase shift are computed (for 2 = 0, 1 and 2) by:

¢ (p1) = m (16)
o1(p1) = py - tan™! (p,) (17)
o f 301 )
¢2(p1) = py - tan! ( ) (18)
3 - pf



with,
P1=p . B (19)
where ao, is the scattering length. The U and V functions are obtained

from the expressions:

Uxy) =L = Y e gs (20)
-=  y4 - (x-S
] x~S) ° e'Sz
Vixy) = = [ §2";—T§:§77 " ds (21)
where
r _+7T
y =~ (23)

The expressions (20) and (21) are computed by the Doppler routine QUICKW.
The capture and total cross sections are computed from equations (6) and
(7) at one hundred equally spaced energy points. This calculation is then
corrected for the contribution of the truncated levels by means of the

expression’*9 (s-waves only):

R T P EU-EL+ <D>
Ks ;yf— -£~0.5 <D>)(E-EL+0.5 <D>
- %o a0 1n (E-EL +0.582 <D> ) (24)
EU-E+0.582 <D>

where s, is the s-wave strength function, K, is the reduced wave number,

<D>, the average level spacing for s-wave ncutrons, a,, the scattering length,
and EU and EL the upper and lower limits respectively of the resonance

ladder. Finally when ENDF/B-V contains a smooth contribution (File 3)

to the cross section, this contribution is added to (6) or (7).



C. Construction of the Cross Section Probability Tables

The cross-section band structure is made of 20 bands of width deter-

mined by a logarithmic scale,
n

o = %min P (25)
where
g
p = exp 0.05 &n (O"'a") (26)
min
The lower and upper limits of the band structure Smin and Onax &N be
defined arbitrarily or calculated by:
Snin - 0.2 %00t (27)
n <I‘n 0>
max = ®pot twz 2 (28)

<F2 > + < >
n,o Y

where all the symbols have been defined previously. Two additional cross
section bands are included to collect cross sections values below Omin
and above ¢ .

max

The total cross section probability table is constructed by sampling
the total cross section at the one hundred equidistant points over each
ladder of resonances, and determining the fraction belongiag to each band

in the table. The average value of the total and capture cross sections

in each band is also determined (see the work of Levitt,! for more details).

1V. CALCULATION OF SHIELDED CROSS SECTIONS

A. Bondarenko Group Cross Sections_and Self-Shielding Factors

The Bondarenko shielded group cross sections are defined as ensemble
averages over the cross section probability tables,!? ij.e.:
1 [o]

c .
a>i < ct + 0, >i - (29)

Uc,i (o) = <



(o]
S (0o) = 1< E > (30)
tf,i <o, Oy T 0o 4
3 (31)
— = < >~ 0o
otc,i (co) <°'2>i o‘t o
with,
6,. +¢©
ti °

and where ;;i (0o), Btf,i (0o0), I, (0o) are the capture, flux weighted
and current weighted shielded group total cross sections, for the ith

neutron energy group and dilution o,.

.th
ne the i

section (i.e. for o, - =), the program PAPIN calculates the self-shielding

Calling <0.>;, <0 group dilute capture and total cross

factors:
fo i (o) =0 ; (00)/<0 >, (33)
fre i (00) = Eff,i (00)/<a,>; (34)
fee,i (00) = oc 5 (ge)/<oy>; (35)

B. Calculation of Transmission and Self-Indication Self-Shielding Factors

The transmission self-shielding factor!! R and the self-indication
self-shielding factor,!! NgIRs are computed as the following ensemble averages
over the cross section probability tables:

nR = <exp(-n1 (ot-<ot>))> | ’ (36)

SR = <O exp(-n1 (ct-<ot>))> , (37)
where n; is the sample thickness in atoms per barn. With these factors,

"the program computes the average transmissiorn and the average self-

indication ratio."



C. Statistical Uncertainties

For a given cross section, o, the statistical error, Ac, inherent to
the sampling process is given by:12

1/2

N
S (%, ) o - <o>?) (38)
N~ j=1
with
L)
g: = § .. (39)
3 N4z i
1 N
<g> = N'.z o5 (40)
J=1
. . .th . . .th
where °ij is the cross section at the i sampling energy in the j
Jadder; n=100 is the number of sampling points within each ladder; and
N the total number of ladders. For ratios of the general type,
_ <A>
Yag = B> (41)
the error AYAB*ic computed according to the expression:
- aY 2 Y 4 Y 3Y 1/2
AYAB - [(3<A>) VAA * (3<B>) VBB ¥ 2(3<2‘>)(i)<8>) CAB] (42)
where we defined the following matrix elements:
V = _]. l. g A2 - <A>2 (43)
AA N [N 321 J

with a similar expression for VBB’ and

N
Cag = %2 jzl (A - <A>)(B, - <B>) (44)



V.

PROGRAM VALIDATION

The program PAPIN has been validated through extensive and detailed

comparisons with the deterministic codes, NJOY,13 UXS,l% ETOX,S and

MC2-2,18 which are based on analytical averages of the various cross

section functionals over the appropriate resonance width and Tevel

spacing distributions,

The result of the validation step with 100 ladders, NR2=100 are

shown in Table 1 and Table II.

Table I.

U238 at 4000 eV _and 300 K (ENDF/B-V)

Values of the Shielded Group Cross Section for the

NJOY (a) UXS (a) ETOX (a) MC2-2 (a) PAPIN
Dilution o_(p) Capture X-Section (b)
1 0.4769 0.4838 0.4830 0.4833 0.4804 + 0.0066
10 0.5602 * * * 0.5604 = 0.0078
100 0.7698 0.7698 0.7697 0.7698 0.7688 + 0.0121
1000 0.8986 * * * 0.9021 + 0.0155
Flux Weighted Total X-Section (b)
1 11.94 12.382 12.380 12.382 12.19 = 0.07
10 12.998 * * * 13.19 + 0.07
100 15.50 15.502 15.502 15.502 15.62 = 0.13
1000 17.46 * * * 17.58 £ 0.21




Table II.

10

U238 at 9250 eV and 300 K (ENDF/B-V)

Values of the Shielded Grecup Cross Section for the

Dilution oe (b)

NJOY (a) UXS (a)

ETOX (a)

MC2-2 (a) PAPIN

Capture X-Section (b)

1 * 0.5365 0.5335 0.5365 0.5380 + 0.0050
10 0.5794 * * * 0.5853 + 0.0052
100 0.6649 0.6650 0.6649 0.6650 0.6701 + 0.0059
1000 0.6995 * * * 0.7041 + 0.0063
Flux Weighted Total X-Section(b)
1 * 12.681 12.672 12.681 12.596 + 0.060
10 13.130 * * * 13.337 = 0.061
100 14,766 14.767 14.766 14,767 14.825 + 0.096
1000 15.596 * * * 15.582 + 0.216
yI. INPUT DATA
A. Structure and Format of Input Cards

1. Card: FORMAT (1X.I3) N1

2. Card: FORMAT (3F12.5) CSMIN, CSMAX, FIJO

3. Card: FORMAT (1X, F 12.4, F12.1) DICRO, DICRI

4, Card: FORMAT (1X, F5.0) FOTAS

5. Data: FORMAT (6F12.4) EREF, AP, AWRI, R,

6. DATA: FORMAT (I3, 3F12.4)

7. Number of J sequences for each L vialue

8. Average resonance parameters in each (I,J) series

T, CSDR

NR2, SPI, AN1, CSD3
FORMAT (313)

NJS(1), NJS(2), NJS(3)

FORMAT (5E 12.4)
AD(I,d), AGNO(I,J),
AMUN(I,J), AGG(I,J),
AJ(I,J)
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B. Function of Input Data

N1 Number of ladders.

CSMIN Lower limit of the probability table.

CSMAX Upper 1imit ¢f the probability table

FI1J0 A flag, if FIJO is equal to 1, the above values of CSMIN and

CSMAX are used. If FIJO # 1, CSMIN and CSMAX are computed
by means of £q. (26) and (27).

DICRO Calculates the values of the dilution cross section ao,,
according to the expression, DICRO x 10J d=1,2, 3,4
. 5
DICRI The infinite dilution parameter (typically oo = 107).
FOTAS A flag, if the value of FOTAS is set equal to 1 the program

does not utilize convergence factors for the cross section.
If FOTAS is different from 1, PAPIN utilizes a convergence
factor at each ladder defined as:

1. :
(100 L Opis + 03)Fy =0 ¢

where o . ¢ is the reference total cross section, o is the i Doppler

tij
Broadened total cross section at energy Ei and ladder j, ag is the

smooth cross section due to the difference between the real value of the
scattering length and the ENDF/B-V value. Fj is the convergence factor

for the jth ladder. (This option was not employed in the results of

section 5).

EREF The reference neutron energy in eV.

AP The scattering length in units of 10']2 cm,

AWRI The ratio of the mass of a particular isotope to that of

the neutron.

R The channel radius defined as: R = 0.123 AWRI'/3 + 0.08 (10712
cm)



CSDR
NR2

SPI
AN

csp3
NJS(I)
AD(I,J)

AGNO(I,J)
AMUN(I,J)

AGG(1,d)
AJ(1,J)

12

Effective absolute temperature in °K.
Reference total cross section in barns.

Parameter to set the energy limits of the ladder, NR2 < 100.
Usually 100 is a convenient value.

Nuclear spin of the target nucleus.

Initial thickness of the shielding sample in atom/barn. The
program computes the average transmission and the self-shielding
factors at several thicknesses as:

ANV + 0.011 1=1,2,...10
ENDF/B-V smooth cross sectio~.
Number of J values for each L value.

Average level snacing in the (I,J) series.

Average reduced neutron width in the (I,d) series.

Number of degrees of freedom of the neutron width distribution
in the (I1,Jd) series.

Average gamma width of the (I,J) series.

The spin of the resonance state.
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Appendix I. Fortran Listing of PAPIN Program and Subprograms
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Appendix II. Sample Program
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A. Listing of Input

PRCGRAM PAPIN YERSION FEURUARY 198)

NyUMBER OF L_ADDERSw=1Q0
.

' 0.1000 10000040
NEUTRC? ENERGYe 4002,00
SCATTERING LENOTH® 00,8900
ATOMIC WEIGHT®_230.00¢
CHANNEL RADIUS® 00,8400
TEMPERATUREs 2000,00
;oYALa::tgnsnce-cnoss-SECY1ON- 17,9800
-
Nﬁ LEAKR SPINS (0.0
INIT1AL TWICKNES IN ATOM/DARNe 0,0100
CoNPSBSQYxON CROSS SECTIOhw 1,2050
1
UNRESQLVED RESONANCE PARAMETERS
L J 0 AONG AMUN AGG
Y 0.,500Q€ 00 0,2000E 02 0,2100€=02 140 0e2390€=p)
2 0,500Q8€ 00 «2000E 02 0.1%549e02 1.0 0s2380E«01
2 0,1500fF 01 «1000E 02 0,7765E=02] 1.0 042350E~0]
3 O0.1500E 0] 0.100CE 02 0,2500E=02 1.0 0e2350€E=~01
3 0,2500€ 01 0.,668TE 01 0,1567E«02 1.0 02350601
B. Listing of Output
PROBABILITY TABLE
UPPER LIVIT PROBABILITY ERROR TCTAL=XwS ERROR CAPTURE XaS ERROR
2,00000 0,0 0.0 o.g 0.0 t.g
2,68189 0,3000E~0) »2216E=03 0,2238E 0 0,7436E=02 0.2221E 00 0,7498Ew02
407990 Q.1000E~Q] s PIS0E~08 02J03%E D 0.2&!&:- ) 0,1039F 00 . 0.1 L3
3:82199 0¢3000E~03 «1706E=03 0.38633E 0 0.9800E~02 0.8}23E @O 22021€=0
4,74288 0,1500E«02 0.3841E=( Oesa)EE O 0.2470E~ 0.2782E o0 «2420E=0
3130373 0-1090Es01 0.1049E=0f oe81iRE 01 Q0.5781Es0] 0.283F 50 0+1813Eas
[y - - ] ) L] L Y . - [ X »
9.08363 o.oo:ot- 1 .alSo - Oe ’ga: 0 Onsa&. n.;ﬁai of ni—‘ Ewl
1126746 0,2302E 00 06809 e 0s}040E 0 0el1161€~ Q.2547E ¢ 28370E02
13.98750 0.3264E 00 «7131Ee 0« 4237E 0 o.i~soc- 0,4371FE ¢ 2 9793Ew0
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