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3. JINTRUDUCTIONM

Tnternations]l Code Intercomparisons have been carried oul during Lhe last
decade un different topics: Radialion Shieldino, Reactor Safety, Rezclor
Dynamics, hkeactor Noise and also huclear lodels. They follow a rather
reguisr paliern.

After o First comparison, which rormclly shows ralher discrepant resulis,
Lhe exercise is repeated with some additions) speciflicotions, which «are
intended tu limit the use of personal judgement in the cheice of some para-
melers. The new resulls agree hetter, but to obtain opood agreement, sowe
codes have to be modified. It is interesting Lo observe that this happens
also when everybedy is uging the "same'™ progrom.

T use compuler codes, i.e, to tranclete s physical or mathemstical problem
inte a prooram input, reouires u certoin croflsmanship thol cen nnly be
acquired with experience. Ihe "turn the hindie™ epproach often leads lo
erroncous resuits.

wre gervicd oub.
oi Lhe results

It is aiso with ithis in wind thot such benehmoark exercis
The ciffervnt iterations noeded Lo oblain Mouovesaene
given by Lhe differeni prrbicipants provide muche dreniehb ter both portaed-
pants and latec users asboul bow (o wse the dafferent coide,  thesr fine
guulitivs ond deficiencies as wwll oo the Pimitobions an Lo oway o physiceold
orocess in Lthe rode ia nodel e,
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of total, clenlic, inelostie, coplure and throchold voaction cross seclions
for the siv ecodes of WS origin congidered.

Procee Uen supnes!eds an extension of this comporad ive study te include
et ol Buropeon and Japonese origin, wilhh the collaborobion of the Nu-
cleor Tnoray Agency Moclear Dol Committee ond the Nucleor Energy Ancney
Daln Bank, He sunoested using the sane cross section ealeulatien far 59-Co
as already carried out in the frame of CSEWG NMCS,

Thus the present study is an intercomparison of cross section caleulations
made with varicus nuclear mode]l rodes.  We do not aim Lo achieve aqreement
with experimental data, but to pin-point errors and deficiencies in codes
and to create confidence in code calculations where experimental data is
non-uxistent.

The purameter specification of the exercise is given in Appendix L.
Fach parlicipant was asked to use the same:

- seh of parsmeters {e.g. optical model paramelers, level density para-
meters, lrnvel schemes, mass EXCRSSES )]

- giant resonance perameters;

- normalizetion For the radiative widtiy

- level density formuletion;

- spin and parity distribqtiun laws;

- optical model and statistical model formalisms.

Duz to the special. festures and limitations of some of the codes used,
input and model differences were introduced by some participants with
respect to the original formulation of the exercise. These cases are
pointed out in the tables and discussed in the section dealing with the
analysis of the results.

At energies sbove about 14 MeV, pre-equilibrium processes contribute ap-
preciably to the cross sections. These may be calculsted in several dif-
ferent ways, and a detalled comparison of these will be made in a later
report.

The results sre presented in comparative tables and graphs. The computed
gquantities are shown for each lncident energy and each code and for esch
reactinn sepurately.

In this evercise the participants went through two iterations. Better
convergense of the resulis have been achieved in this way because some of
the participants have tried, in the seccond iteration, to comply ac stricly
us possible with bhe parascter speoificatic
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This sludy should oalso prove useful to those who are just starting on
ncutron cross seclion calculations.

The results included in this rcport also show the present state of the art
in the statistical model calculotions and indicate the degree of confidence
one can place in the cross sections derived from them, It is hoped that
authors of codes used in this study will be willing to make them available,

preferably with reasonably full documentation, for distribution through NEA
Data Bank.

Codes are ncrmally requested from authors and tested for inclusion in cur
master files when a specific user request is received, However, some of
these are already available: SCAT-2, ELIESE-3, HAUSER-5, CERBERO, CRINNI,
SASSI and the latest version of ABACUS called A-THREEC (from the CPC library
in Belfast, U,K.).

2. PARTICIPANTS AND COMPUTER CCDES USED IN THIS EXERCISE

Program User and Authar Establishment Country

1. sCAT-2 {Ref. 1) 0. Bersillon CEA
Bruytres-ie-Chatel France

2. ABACUS-2 (Ref. 2) E. Corres de Dliveria TEACTA
Saop José dos Campos Brazil

3. OPTICAL  (Ref. 3) T.W. Phillips LENL, Livermore UsA
4, ABACUS-  (Ref. 4) E. Ramstroem SSRE, Nykoeping Sweden
NEARRE X

5. NGROGI (Ref. 5} Y. Harima . RLNR-TIT, Tokyo
M. Kawai NAIG-NRL, Tokyo Japan

6. EMPIRE (Ref. &) M. Herman IBJ, Warsaw Poland

7. ELIESE-3 (Ref, 7) G. Vasiliu, 5. Mateescu INPR, Bucharest Rumania

' 5.8. Garg, V.K. 5Shukla  BARC, Bombay India

Amar Sinha

8. HAUSER-5 (Ref. B) 5.B. Garg, V.K. Shukla BARC, Bombay India
Amar Sinha

9. CERBERD  (Ref. 9) H.A.J. Van der Kamp ECN, Petten Nether-
H. Gruppelaar lands
G. Reffo ENFA, Bologna

a3 e

T, FRTNNT [(Pef 100 HALS, Yon der Kenp CORUN, Peilen Nechor -
HooGroppoicnr londs
G. #elfo wNCA, Boloana

11. SASST_ECN (Ref.11) H.ALJ. Van der Kamp ECN, Petten Nether-
H. Gruppelaar lands

12. IDA (Ref.12) G. Reffo, F. Fabbri ENEA, Bologna Italy

13, ABAREX - (Ref.13) P.A. Moldauer ANL, Argonnc USA

The description of these codes, their special features when compared to others

and their limitations with respect to this exercise are given in Appendix II.

3. PRESENTATION OF THE RESULTS

The results received have becn arranged in such a way as to make a fast
comparison possible, that is:

i) optical model cross sections (Tables 1 to 17);

ii} integrated cross sections below the threshold of second-particle
emission (Tables I to 9);

iii) integrated cross sections for multiple particle emissions (Tables 9
to 17);

iv) ‘grephica} presentation of each reaction cross section (Graphs 1-32).

4. COMPARISON OF RESULTS

4.1 Optical Model Cross Sectiens

Only the codes OPTICAL, PCLIFEMO, NAUSIKAA and ABACUS-Z used the optional
encrgy dependence of the nucleon radii in the neutron optical potential
real and imaginary well depths; we can therefore divide the code responses
into two code groups. Within each group an agreement within a few per cent
at all emergies among all the codes was found.

The use of the energy dependent radii preduced higher cross sections with
differences that increase with incident energy up to 6% at En = 14 MeV.
This effect is shown clearly by T. Phillips who gave results for both
parametrizations. However, on the whole good agreement (within a few per
mil) was observed among the codes using each option, and these are shown in
the graphs by different curves (Figs. 1-12}.

The calculations with HAUSER-5 do not include the spin-orbit potential;
this accounts for the somewhat higher values of the compound nucleus cross
section (Figs. 11, 12). The program EMPIRE sets the spin-orbit radius rg,
= ry, and interpolates the incoming neutron transmission cocfficients from
a precomputed toble, and this may account for the somewhat different values
obtained for the compound rucleus cross section.
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iii) The width fluctuation correction used by lHerman is that of Hoffman,
Richert, Tepel and Weidermiiller (8ef. 14). His approach is different
from all the otner participonts who uvsed the usual widih fluctustion
integral formulae. In addition Moldauer, Reffo and Van der Kamp ugcg
an effective number of degrees of frecdom greater thon one for the
width distribution Juw, zecording to the latesl Moldsuer theory (Ref.
13), wheress the remusining parbicipsnts uvsed a Porter-Thomss distri-
bution law. In SASSI-ECN the widih fluctustion correction wethod of
Hoffmen et al. was used above E = 1.09 MeV (first excited state of
Co-59). Below that energy the usual width fluclealion integral was
used with Porter-Thamas distribution law.

4.2.1 Neutron Rodistive Capture (Figs. 15, 14)

for neutron radialive capture, we sbserved good agreemen! (see Tables 1 to
17) between the results of CERBERO-ERINNI on the one hand and IDA system on
the other. Discrepzaneies start increasing at neutron encrgies above - 14
MeV. This may be dus te numerical differences in the integration proce-
dures which influence very low capture values. The capture cross sections
given by SASSI-ECN wppear to be some 40% higher; this being interpreted by
the author as due to a differenl normelization in tolal radiative widtihs.
In fact in S5SASSI-ECN the gamma-decay width of the neutron resonances is
taken (as requested) Iy = 500 for any 2 whereas in CERBERD, ERINNL, POLI-
FEMD, NAUSIKAA it is spin and parity dependents; the mormalization adophted
is indicated in the table below:

J m = 4 T = -
3 507. Moy 262 Mev
4 497%, HeV 224 MeV

differ from oewch olher up bo 25%
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Also in SASSI-LCN only one giont dipole vescnence was assumed at B o= 19.5
Mey wikth o widily of 6 Mev. The roason (ov bbe Bk voalues of the radiative
caplure cross seotinn sbove 14 Mev of SASSTI-TON is due to the inclusion of
a direot and collecltive component.

4£,2.2 MNeutron Inelastic Scabtering (Figs. 13, 123

The imelastic cross sections given by some participants could not be com-
pored because they provided the compound elastie and inelastic neutron
scattering cross sections added together. The {n,n') results agree within
approximately 10% in the regicn of the moximum. Again Vasiliu's values
sppear te be higher beecavsc he used an earlier Moldawer theory for the
width fluctuation carrection with the inclusion of the resonence inker-
fercnece contribution.

The cross sections cbtained with HAUSER-5 are appreciably higher; this can
be attributed to the use of a potential without a spin-orbit term as men-
tioncd previously. The results provided by the ENEA set of codes are
consistent with each other over the whole energy range.

£.2.3 Results for {n,2n) (Figs. 25, 26)

Good agreement (within 5%) is observed at all enecrgies between the NGROGI
code and the ENCA codes. fxception is made for 12 MeV where the NGROGI
resutts are 20% lower.

4.7.4 Results for (n,p) {n,a) (Figs. 17-20)

While Lhe set of [NEA codes asqgree well with each other up to B MeV, the
enarqy around which the (n,pn) resction hac its threshold, NGROGI and
FMPIRL disanres with them.  The nenlection of the discrete inelastic scat-
tering in KGROGT minbht enhance the proton emission.  Above 8 MeV Lhere is
reasonable agroement in the trend and in the values between ERINNI, PENE-
LUPE  and NGHBLL. Mol thab above 12 MeV rhe proton voluime potential
rhafeos Frvn wv el ] AN A B 4] WV = [l



In the case of the (n,a) resction there is a reasonable agreement between
the different codes at energies asbove 12 MeV., The resuiis of NGROGI are
discrepant with those provided by the other codes for energies above 12
MeV.

4.2.5 Results for Two Particle Emission Processes

Comparison of the following reactions show sustantial discrepancies:
slmyan), ofn,na), oln,pn}y aln,rp)

However, the values for ol{n,ax) = uin,e) + o{n,an} are in auite guod agree-

ment apart from the results of NGROGI at lower eneraies.

5. CONCLUSIONS

From the short comparstive analysis outlincd above for the results from the

different codes one may conclude thaolt the optical model cross sections are

in reasonable agreement., Tha statistical mndel cross seciions are more or
less discrepant.

In partirular:

i) The opticsl model quantities o, and o, for neulrons are in good
agreement. We are unable to compare the proton and alpha optical
model calculetions invelved as only o few users have provided results
for it. MYe therefore cannclt say to what extent the observed discre-
pancies in particle emissions are due to differences in the calcu-
lated transmission coefficients.

ii) Larye discrepancies in o{n,2n} and in o(n,2n) + o(n,n’) which repre-
sent the dominant competition, give even larger discrepencies for
weak and very weak competitions which share what is left over of the
compound nucleus cross section., In some cases cne observes differ-
ences of one order of magnitude between the results of different
codes for the single and multiple particle emissions involving char-
ged particles. Also these differences tend to increase with energy.
Discrepancies seem to explode above 12 MeV where the {n,2n), {n,pn),
(n,an}, (n,np), (n,na) competitions start tising fast.

iit) According to the conmclusions in (i) such discrepancies can hardly be
attributed to the optical model calculations for the neutron, so one
has to look for other possible explanations such as:

a) Differences in accuracy of the numerical integration techniques
(e.g. integrotion method, number of steps, etc.).

b) Differences in the level density formulae used which result in
different weights for channcl reacticns involved.

c) Discrepancies in the charqed particle optinal sednl fronamission
coefficieniu.

d) As far ng gln,v } are cancoraed thege oioht T
due o dit ‘ Aligatien Tor it tnooo i o o
dificrences in thoe troatment af gooma-eoy oon oetrbion,

vi) It is highly desirable that authors examine their codes to identify
the sources of the diserepancies noted under paraaraph (iii}. Until
this is done, it is not possible to make reliable statistical model
calculations of many of the reaction channels studied in this ex-
erclse,

. FUTURE PROGRAMME

This series of program intercﬁmparisons is being -xtended by exercises on:
i) voupled channel caleculations;

ii) pre-equilibrium reactions;

iii) charged particle optical mcdel calculations.

The specifications for thege intercomparisovns are availsble on request.
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Teble 17

ABAREX

EMPIRE HAUSERS ERINNI SAS51 ECN IDA

ADACUS2 OPTICAL MNGRNGT

SCAT2

COBE(S)
USER

EL

HARTHMA-

mh

MOLDAUER

HERMAN GARG CRUPPELAAR GRUPPELAAR REFFO

KAWAT

BERSILLON  DE CLIVETIRA

SIGHA

_PHILLIPS

307 21 2303

om

2300 2389 2299 2300
2370E

TCTAL

1344 1409 1357

1346

134% 1347 1399

134%
1409E

1345

CCHPLMUCL.

ELASTIC:

945

963

963

955

9545

9545

9745

9545

HF

96L5E

-
e TN o » o
L ) —d D0 e
O [
pp=1 —
=
o
oo
—
=
=
@ L3 < L
g o o oG N
ER=¥- -
=1
=1
>
=)
i
W e~
NS L [ng =
o o e oW
o — e o
e o
< -
=
cCcoc
= -1 FEgd c o [
ceccLccEeg néan 4o
ccepcECcoEe cECcEc EC

o.r

1.68

.01

.22

shape elastic

5=

linear interpolation cof spin cut-off in the intermediste gontinuum region

L=

enrrgy dependence of the nucleon redii in the neutron optical potential

E =

Gln,a) 8 @in,s) + C{n,xn)

MeV

tn =20

Table 17

.
L

e

GRAvitS

Abbrevialions used:

AX

ey
CoM

SHE

ELA

N

6

P

A

NN

NP

NA

PN

PP

AN

HF or H
WF or W
E

Abbreviations far

ABA
ABN
ABX
CER
EL
EMP
ERI
HAU
IBA
NGR
oPT
SAS
SCA

(n,2) + {n,an) cress section
total cross section

compound nucleus eross section
shapc elastic cross section
elaslic cross section

total inelastic cross section
(n,¥)cross section

(n,p) cross section

{n,®} cross section

(n,Zn) cross section

(n,np) cross section

{n,na) ecross section

{n,pn) cross section

(n,2p) crass section

{n,zn) cross section
Hauser-Feshbach
Hauser-Feshbach + width Fluctuation correction
encrgy dependence cption

the cosputer codes:

ABACLS-2
ABACUS-NEARRE X
ABAREX
CERBEROD-3
FLIESE-3, ELV=ELI run by Vasiliu
EMPIRE

ERINNI
HAUSER*S

IDA

NGROGT

OPTICAL
SASSI-ECN
SCAT-2

line drawn through cross section values
energy independent nucleon radius was used
optical potential

far which an
in the neutron

line drawn through cross section values for which an
energy dependent nucleon radius was used in the neutron
optical potential
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Cross Section

Fig. 3 Shape*e!alic Cross-section log-log
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optical Model Phramcters

Neutron Parameters

47.4 - 0.463 E + 0.0022 52 (E in MeV-Lab)

<
I

R
rp, = 1.26 fm ap = 0.7835 fm
e = 1.26 + 0.00286 E (E in McV-Lab) n Energy dependent option
WSF = 17.5 + 0.358 E - 0.007 E2
= = an
rI 1.3136 fm ap 0.6319 fn
r, = 1.3136 - 0.0007 E © S mey- LAty im Paorgy dependent option
v = 6.44
so
rso = rR aso = aR

Matching Radius Rm = i5.585 fm or Rm =R + 10.7 fm. -

The real potential is of the Woods-Saxon form; the imagipary potential is
surface type with a gaussian form and the =spin erbit potential of the Thomas

form.

Proton Parameters: Beechettl & Greenlees Phys. Rev. 182, 1190 (1969)

1/3

VR = 54,0 - 0,32 E + 0.4Z/A + 24.0(H-2)/A MeV

e = 1.17 ap = 0.75

WV = Q.22E - 2,7 or zero, whichever is preater

WSF = 11,8 - 0.25E + 12,0(N-Z}/A, MeV

or zero, whichever 1s-greater

r; = 1.32 fm a, = 0,51 + 0.7(N-Z)/A fm

I

Vv = 6,2 MeV
&0

r = 1.01 fm a = 0.75 fm
80 850

T, (coulomb radius) 1.25 fm

Deuteron_Paramcters: Perey & Perey, Pbys, Rev. 132, 755 (1963)
Vo= 81.0 - 0.2 + 2.0(z) /a3

r, = 1.15 fm, a, = 0.81 fm

R
W= 14,4 + 0.24E
T, = 1.34 fm, a; = 0.68 fm
r, = 1.25 fm

Helion Parameters

Becchetti-Greenlees - Proc, Third Int'l Symposium, Madison, Wise. (1970)
682.
VR = 151.9 - 0.17 E + 50 (N—Z)/A MeV
W, = £1.7 - 0.33 E + 44 (N—Z)/A . MeV
e = 1.20 fo., a = 0.72 fm
r, = 1.40 fm., a = 0,88 fm
I I

Voo = 2.5 HeV

[y



% o " :R ? B ™ “g T
Enery Fur Go” Gy leact fons
r e 3,30 fn,
Jritons mfﬁ? 2o (u,0), (naa”) Ceont.
g
Becchetti - Greenlees - ibid E(rov) __._ﬂ__ E(MeV) A
. + -
VR = 165.0 ~ 0.17 E - 6.4 (N"Z)/A Mev 0, 0000 5.0 2.1830 3.5
¥ e 46.0 - 0 0.0390 2.0 2.2060 2.5
v ' P E S 110 -2y, Mey 0.2780 60" 2.3950 4.5”
Tp = 1.20 £, ap = 0.72 fn 0.2850 a.o 2.4790 2.5
: s + -
ry= 1.40 fu, a; = 0.84 fm 0.4360 5.0+ 2.5420 2.5_
0.5062 3.0 2.5850 4.5
VSO = 2,5 MoV 4 -
0.5427 3.0 2.7810 1.5
Too W ¥p s A, 7oAy 0.6144 3.0" 2.8240 4.5
0.7388 1.0t 2.9620 2.5”
.= 1,30 fu, T
) 0.7836 4.0
- +
Apha Parancters 1.0836 4.0 2FFetn,p).
McFadden & Satchler, Nuel. Phys N 1.2157 1.0
: atchler, Nucl. Phys. 84, 177 (1966) + E(MeV) a"
_ . - S 1.5159 4.0 28T -
Vg = 164.7 Me¥ 0.0000 1.57
T, © 1,442 fn ag = 0.520 £, 3 otn,n), (n,n") 0.2870 0.5
e oo s Tt T 6.4750 2.5
oo 7 ERA eV E(HeV) i 0.5706 1.5”
Y. = r = - ) -
I R * 8 T dy 0.0000 1.5 0.7280 1.5
R 1.0993 1.5 1.0300 3.5
r. 1.25 fm, . _ _
: 1.1990 4.5 1.1620 1.5
1.2915 1.57 1.2100 0.5
1.4340 0.5” 1.5200 a.5"
1.4500 5.5 1.5700 2.57
1.4510 2.57 1.9620 “0.57
1.7440 3.5
2.0620 3.57
2.0870 2.57
2.1530 6.5



Energy Level Schemes for Cosg(_rg_,_xn_)__\Ij{wcﬁzl(‘;tjiln}ij‘c‘r}lil;;l

56Mn(n,a)
also

e’y
E(MeV)

0.0
'0.0266
0.1105
0.2120
0.2151
0.3355
0.3410
0.4543
0.4863
0.7162
0.7540 )
0.8404
1.1664
1.5094
1.7429
1.8333

58Co(n 2n)

—_—

E{MeV)

0,0000
0.0249
0.0530
D.1114
0.3656

[N
=

|
!

WwN R N W
o @ o O o O
R

W
(=)
+

S
(=]
+

+

3.0

[
. .
o O

kR F

3.0
1.0
2.0
2.0
1.0

EoE M

2.0
5.0%
4,0t
3ot
3.0t

2Pcon,2n) (eont.)
E(tew) S
0.3740 : 5.0"
0.4575 40"
0.8859 4.0"
1.0400 3.0"
1.0760 6.0"
1.1845 5.0t
1.2366 2,0"
1.3690 1.0*
1.4263 1.0%
5Sl?‘e.(n Lp)

(n,pn) also (n,d}
EQiev) R i
0.0000 0.0
0.8106 2.0"
1.6747 2.0"
2,0763 4.0"
2.1338 3.0
2.2570 0.0"
2.6000 .0t
2.7818 1.0
2.8761 2.0%
2.9700° 5.07
3.0380 2.0"
3,2300 2.0"
3.2442 0.0"
3.5372 1.0"
3.6300 2.0%

Fnerpy Towoh
o, a0y

EQW L
0., 0000 3,57
1.2237 ' 4,57
1.3775 1.57
1.5047 0.5
1.6594 5.57
1.7572 1.5~
1.8969 3,57
1.9196 2.5"
2.1331 2.5
2.3113 < 3.5
2.6111 3,57

571"9([1., p,2n) alsao

(n,t)

{n,.n,d)
E(Mev) 3
0.0000 0.5
0,0144 1.5
0.1366 2.57
0.3667 s
0.7067 2.5
1.0080 3.5
1.1980 : 4.5
1.2651 0.5
1.3568 3.57
3.6277 1.57
1.7257 1.57
1.9750 0.5
1,9894 4,57
2.1170 2.5

Table I

5
.EﬂENEJTLELﬁ“hEﬁUMDLURWLQ£ﬂil

i, 20,0,
E{lev) 3
0.0000 a.ot
0.0545 2.0
0.1562 5.0
0.3678 5.0"
0.4078 a0t
0.8329 5.0%
1.0097 3.0%
1.0732 6.0%
1.1366 s.0%

in(n, e
E(MeV) i
0,0000 2.5
0.0840 3.57
0.8510 1.5°
1.0590 0.5
1.0740 4,5
1.2270 5.57

581‘111 (n,?p)

E(ﬁc\.’_)_ o
0.0000 30"

R
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EHIE LV IVIV]
0.1260 =
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£,2929 5.5 g
1.5280 1.%" 5+
i.0850 : 3.57 av
27,1930 3.5 P Q554,.0

2.3660 2 20517 g 4612.%
2.4236 0.5 24
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3656.5 3
£069.0
4100,3
£120.0
4298.7
4302.0
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I.11

Statistical Model Parameters

The level density formalism is based on the analytical nethods of Gilbert
and Camercn, {Can. J. Phys. 43 (1965) 1445) and some of the parameters are

given in Table II.

The norwalization constants may be deternined from the pamma ray strength

functions (s wave) given as ffl?i
‘ Im Ips
For 59Co <rT » = 0.5 eV

< D> = 1400 eV

The Brink-Axel giant dipole resonance fom is to be used for determining

the gamma-ray transmission coefficients where

oy = 0.059 b

Fy = 2.86 MeV E; = 16.50 MeV

Iy = 5.50 MeV Ep = 19.12 MeV gy = 0.061 b

The gamma ray strength functions for the residual nuclei are not specified

. . ) . . .
here. The participant may either use the same as for 5925 or specify his own.

In the latter case, the values used should be specified.

Table IX

Reactiocn n,y n,n n,p n,o n,?n n,np n,na
PN _ ¢ 1.29 0 —; 0 . 1.29 1.27
P(Z) ~ 0 0 1.54 0 d] 1.54 0

s 15.60 14,92 15.40 14.13 14.13 14,92 13.26
s(i)= ~17.36 -17.36 -16,37 | ~15.53 ~17.36 | -16.37 -15.53
a(l) 8.372 7.900 8.370 7.233 6.518 7.465 6.665
Ux(MeV) 5.0 5.04 5.04 $.18 5,086 5.086 5.227
Ex(MeV) 5.0 6.33 6.58 5.18 5.086 7.916 6.497
cii%ﬁcv) 1.6 3.0 2.0 1.9 1.5 3.7 2.6

1) 1t might be neccessary to tenormalize the level parasmeter for 6000 to

obtain agreement with the recommended level spacing <D >

2} E = Continuum cut—off encrgy

cut

% This Information is redundant and has been included for completeness only.

X
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P(H), I'{Z) pairing energies

541, £48) shell coriections

EK, exitation cnergy «f the tangency point

Ux eneréy at the tangency point (minus pdiring energy)
a level parameter

PSXS}Hﬁiﬂi}FY formulae (Gilbert & Camercn)

Fermi gas Formula

5 f
py= expl(2 \ﬁ}/[l?ﬁ\ 2 alld u /40}

P2 is the density of levels of all angular nmorenta J
where U = E ~ P{Z) - P(N)

o2 - 0_146\ﬂ;a ' A2/3 the spin cut-off factor
This formula is valid for all enerqgics greater than Hx, where

4]
.4

1

2.5 4+ 150/A

E
x

#

Ux + P(Z2) + P{N)

Below Lhis energy the censtant teuncrature formula is adeopted

po= (/Tesp [(EvFIO)/T]
which smocthly joins 7, = fe. pB) = f’z(Ux)

This gives for E;, and T the following relations:

3 R o= - P
3 ; B, = E,_ - Tlog [uz(ux)]

Isotope

57C0

SBCO

5900

6000

54!“n

55Mn

56Mn

57

in

fn

56Fe

57Fe

SBFe

59Fe

Table 111

- A (MeV)

59.3470

59,8472

62.2357

61,6556

55.5570

57,7100

56.9087

57.6200

56.6060

60.6094

60,1858

62,1551

6C. 6700



Peseription of the Computer Coces Used

SCAT-2 (0. Bersillon)

Spherical optical model code employing recent numerical methods in particu-
lar for the Coulomb function calculations,

ABACUS-2 (A.E. Auerbach)

This code is = cumbination of the Dptical Model and the Hauser-Feshhach
formalism. It has a 4 clocs copobility:

-~ Class 1 - scattering by an optical potential: gives di. 9
only.

g0 and GR

- Class 2 - computes the bound state radial wave function for a specific
L oand j.

- Class 3 - uzes method af Class 1 to generzte transmission cosfficients
for use in Hauser-Feshbach Theory. Computes Ty Ogpr Opps and Ton’ "

- Class 4 - calculates radial integrals from partial waves generated by
Class 1 and 2. A multidimensional search precedure is included for
obtaining best optical model parameters.

DPTICAL (M.E. Smith, S. Camarda, with modifications by T.W. Phillips)

Spherical optical model code for calculation of o, T Cpe dag l/dB. An
option for INMC potential has been included by PhiElipE. e

ABACUS-NEARREX (P.A. Moldauer, 5. Zawadski)

It is a combination of ABACUS {optiral model code} and NEARREX (Hauser-
Feshbach + Moldaver theories code} which computes neoutron-induced, average
fluctuation (or compound nucleus) crnss sections. Provision is made for the
computation of compound elastic and inelastic neutron cross section, radia-
tive capture and fission cross sections, as well as other praocesses, such
as prolon emission. It can also be used to compute proton-induced average
cross sections.

ABAREX (P.A. Maoldauer)
A revised and improved vorsion of ABACUS-NCARREX. The neutron channel

fluctuation degrees of freedom are calculated zccording to the formula
given in Ref. 13.

rI-1

tkf;

- P owi o Dlgelost e correct ban can e ceenuded Tor all compound cross

oo, rneludirg eapture.

Nbtion to the neceamn eross seclion ARRREX con compute the caplure
cobiop which de oblained from n-uamma by subtraclting the effect
neut ron re-cmission.  This eon be significant above 1 MeV,

- AIAETY v copoble of Fitbting neutren s and p owave strenglh furctions
wd [' ond total cross sectiona and differentinl eross sections for
cluslic ond  imeloslic neutron  secottering to  individual or  lumped
levels, simultonecously for several incident ncutron energies.

ABAREX permits only one gient resonance to be specified.

NGRDGE (Y. Horima, M. Kawal)

Improved version of GROGT III by Takahashi. Uses the ELIESE-2 module for
soherical optical medel caleuvlations. Wapstro-Bos's mass table is incor-
porated. flie Gilbert-Cameron type composite foroula for level density
caleculation is built inlo the ccde. As another option, Lang's formula can
be used. Several kinds of gomma-roy strength functicns are available:
Brink-Axel type profile functicn, Bermarn type strength function, Weiss-
kopf's single particle model (optionally), El sum-rule for dipole transi-
tion, E? suwm-rule for guadrupole transition {optionally); Yrast energies
which are not g%ven by tie user are calculated in the code by E5 = J(J +
1)/aR, 8R = 2o _“/T, where a is the level density parameter, 7 ig the spin
cut-cff factor “and T is the nuclear temperature.

NGROGT is capuble of calculating the pre-equilibrium process based on the
Kalbach-Cline procedure (Ref. 15).

FMPIRE (M. Herman, A. Marcinkowski)

Pre-equilibrium and equilibrium decay, both angular momentum dependent, are
included. Populations of discrete levels are calculated due to the angular
momentum conservaticn and full gemma cascade are accounted for. The code is
designed for calculations of capture and multistep reactions. The precom-
pound mechanism is included in the first step of the decay, according to
the geometry dependent HYBRID model of M, Blann. The method of Hofmann,
Richert, Tepel and Weidenmiiller with an improved formula for the elastic
cnhancement fucter (Ref. 14) is used to asccount for width fluctuations.
The code is capable of treating resctions with neutrons, protens, alphas
and gammas. Deuterons are treated in the incoming channel only.

ELIESE-3 (5. Igarasi)

Caleulates elastic and irelastic scattering cross sections and any kind of
resction cross sections invelving absorption and emission of neutrons,
protons, deuterons and alpha particles. Polarization is also calculated.
Local and non-local spherical optical models and Hauscr-Feshbach theary
with and without the width fluctuation corrections sre ailowed.

II-2
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RELATIONS DETWILN THE CODES

The codes SCAT-Z, ABACUS-2, GPTICAL only compute the oplical model cross
seetions like oo, 0., o el They hove been independently developed
and thercfore no particuldr relation ists amarg them.

ABACUS-NDARREY consists of the funicn of Lhe bwo codes:  ABACUS-2 for
caleulabing the optical mode]l guantitics and NEAHREX Cor the Hauser—
Feshizach Lhoory calculobions with width fluctusbion corrections.  ADAREX
is an improved version of ABACUS-NLALGEX and contuins the lalest dove-
lopments in widtihh fluctualion correction foctors.

EHPIRE is a general code which accownls for equilibrium and pre-
couilibrium emissions with inclusion of wspin and parity conservation,
giving integrated and encrgy ditfferential cross sections. Where neces-
sary the width fluctuation correction is alse usod. It has been de-
veloped recently and independently from other codes used in this exerw
cise.

ELIESE-3.  The set of FLICSE codes are very well known and widely usnd
for optical model and Hauser-Feshbooh calculstions with width Fluckus-—
tion cross eections for binary reactions.

NGROGI is an extended version of ELIESE-2 and includes multiple cas-
cading emissions and pre-pquilibrium effects.

CERBERD, POLIFEMO, SASSI, ERINNI, MAUSIKAA belong to = complex and
integrated chain of codes, They =211 share the same modules:  SMOG
(spherical) and CIRCE (defermed) for the optical model and CERBERD for
the statistical model. The first two are designed for binary reactions
and the second is a more general and versatile version of the first.
The last three are designed for multiple particle emissions and can be
used each up to incident emergies of - 15 MeV, « 20 MeV, - 50 MeV, res-
pectively,
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