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BINARY AND TERTTARY NEUTRON INDUCED REACTION CROSS SECTIONS
OF CHROMIUM AND IRON

S.B. Garg
Neutron Physics Division
Bhabha Atomic Research Centre
Trombay, Bombay 400 085, India

1. Introduction

This work has heer carried out under the Co-ordinated Fe-
search Programme dealing with the methods for the calculation of
fast neutron nuclear data for structural materials sponsored by
the International Atomic Energy Agency. The main ohjective of
this programme is to develop and adept nuclear models and methods
for the computation of wneutron ivnduced reaction cross—sections of
structural matevials to he used in fission and fusion hased
reactor systems. ’ :

Chvomium and ivronrn are twe main constituents of stainless
steel which is commonly used as a structural material. Ivi thise
paper investigation has heen carried out for the following hinary
and tertiary reaction cross—sections of Cr—52 and Fe—-5&:

(1) (rgapd, (n,pn), (Vg i), iy o )y (n,n&'), iy, 2n) and (n,3n)
cross—sections

(ii) Energy spectra of the emitted weutron, proton, of —particle
and ¢ -rays-.

(iii) Angle—energy corvelated doukle differential cross—sections
for the secondary emitted neutvrons.

(iv) Total piroduction cross—sections for neutron,' hydroger,
helium and gamma—irays

The following three schemes of data evaluation have heen
adopted to compute the akove listed cross—sections:

(a) The multistep. Hausevr—-Feshhach (MSHF) scheme comprising
optical model, statistical theory, KFalhach exciton model, Brinrk-
Axel model of giant dipole resornances and the divect reaction
model hased on the distorted wave Born approximation

(b> The geometiry dependent hyhvid model (GDHM) scheme which makes
use of the Weisskopf-Ewing evaporation model and the optical

model

{(ch The unified exciton model (UEM) c<cheme haced on the mastev

equation approach which employs EBErink-Axxel model for the
computation of radiative captuire croscs—sections. Inverse cross-—
sections are evaluated with thke appropriate optical model

protential parameters for neutvon, protorn and alpha-particle.

Several computer codes dealing with the akove stated models
have heen suitakly modified to work ow the inhorese computer.
These model codes include GNASH/1/, SCAT=/2/, ELIESE3/Z/,
DWiICKd4/d/, ALICE/BS/300 /S/, and GRAPE package /&/.



2« Input Parameters

Based on the "SPRT' method the derived neutvon optical model
potential parameters of Prince /7/ have heen selected for Cr-S2
and of Strohmaier et al /2/ for Fe-5&.

Potential parameters for protons and alpha-particles have
beer taken from Mani /%/ and Strohmaier et al recspectively.

Deformation parameters for the various discrete levels of
Fe-2& have heen taken from Mani for the computation of direct
level excitation cross—sections. The other relevent input data
for Fe-5& is contained in the paper 710/ presented at the first
CEP meeting held at Bologna.

In the reaction decay chain of Cr—52Z, the various nuclides
involved are CR-53, Cr-%2, CR-51, CR-50, V-52, V-51, V-50, V-d47,
Ti-%1, Ti-S0, Ti-d9, Ti-d4&, Ti-d47, 8SC-d2, SC-47, SC-d&, Ca—-d45 and
Ca-—-dd.

The discrete enerygy levels for all these nuclides together
with the gamma decay hranching ratios have heen taken from the
literature. In the continuum energy region, level densities have
heen calculated with the Gilkert—Cameron /11/ formulations with
the pairing energy corrections taken from Cook et al /1Z2/. The
GDHM and LIEM schemes calculate level dencities of composite and
residual nuclides hased on the hack shifted Fermi gas model.

The single particle level density parameter used in the MSHF
and UEM schemes is taken as A/13, A heing the mast ro. of the

concerned nuclide. In the GDHM scheme the single particle level
dencsities are defired as .
Ep+B + € Ve
s f
9., = 20 ] ;
_______,_.
g
P 20
where is the Fe\ml—eneigy and & is the charnel enevyygy. The

other symhols have their usual meanivgs.

. Fesults

A hkrief cummary of resulte given helow and contained in
Figs. 1 to 1& is hased on the MSHF scheme

i) Cr=52

a Fig. 1 compares the calculated and the measured - secondary
neutron emission spectrum at 1d4.1 MeV of incident neutvon energy.
The emission spectra of the lst and second wneutron are also
shown . The 1nterac§10n matrix constant K derived from this
analysis is 200 MeV™ which is kept fixed throughout the entire
energy range.

(h) Calculated and measured (n, alpha) cross—-sections are

depicted in Fig. 2. The agreement is reasonably good indicating
that the alpha-particle potential parameters employed in  this
study are reasonably good. Since the measurements dc not exist



throughout the entire energy range, the extvapolation of these
data may he taken as satisfactory.

(cy Calculated and measured (n,p)» tross—sections are shown in
Fig- 3. Some deviations are noted hut in general the predictive

capability of the model may hke taken as reasonahkly good.

Cdd Computed ard measured (n,Zn) cross—sections are given in
Fig. 4. Agreement is gquite good.

(ey Fig. 5 shows (niyp2, (riynpd, (nypnd), (nyalphary, (nyn alphad

and (nyZn) cross—sections. The measured data fovr (nynpd, (nypn)d
ard  (n,n alpha) cross—sections are almost non-existert, these
consistent calculations serve to provide these data for

applications.,

(f>» Total production cross—-sections for neutivon, proton, alpha—
particle and gamma-rays are shown in  Fig. £ Helium 1is
considered to he a catalyst for ypropagating swellinmg and
radiation damage in stainless steel under high fluence neutiron
irradiation. These consistently evaluated data may serve to
estimate the production of helium in such systems. Data for
neutrons, protons and gamma-rays are helpful in the design  of
shields.

g Fig. 7 and & depict a comparison hetween the measured and
calculated angle—eviergy correlated doubhle differaential croess-—
sections as a function of ewergy of the secondary emitted wmeutron
at &0 and 1207 ohtained with the incident neutyon enevgy of 1d.1
MeV. The calculations have heen carvied out with the geometry
depenident hyhvid model. The areemevnt is quite good for the low
energy emitted neutrons, however some deviatione are noted for
the relatively high energy rneutrons which are emitted in the non-
compound nuclear mechanisms.

Ch)y The gamma—iray spectvrum 1s shown in Fig. J. In the low
energy yvegion, resonant bhehaviouwr is seen due to the presence of
diccrete levels.

Ciid Fe—-S&

The detailed discusciown appears in ref. /10/. Dnly & few of
the salient results ohtained suksequently are descriked in the
following
(a) With the single level density parameter taken as A/13, the
K-parameter _of the averaged interaction matrix constant ohktained
is 400 MevV . This new value does not appreciakly alter the
cross—section data computed and reported earlier.

(Y With the gamma-ray competition taken corvectly into account,
it 1is noted that the radiative capture croscs—section in the MeV
energy region is low of the order of a few millikarns. It is
also noted that with this low radiative capture cross—-section the
magnitude of (nyanp) cross—section is affected appreciably from S%
to S0% while the other tertiary reaction cross—sections do not
record any significant change.

(cH Direct level excitation cross—sections calculated with the
distorted wave Born approximation are given in Fig. 10.

Cd) Figs. 11, 12, 13 and 14 show the calculated and measured
angle—energy correlated double differential cross—sections for



the emission of secondary neutrons at 1d.1 MeV and 13 MeV at dSo,
0% and  120° It is aobkserved that at 1d4.1 MeV the calculated
results at 45 and £0% are within the measured uncertainties of
the data. Deviations are, however, noted in the emission of high
eneirgetic secondary neutrons at 1= MeV of incident meutron ener-—
gy . These deviations may not he much of consequence in fission
and fusion hased reactor systems sinmce very few neutrons will he
in the ewergy range extending heyond 15 MeV.

Ced Calculated enevgy spectrum of emitted proton at 15 MeV of
incident neutron erergy is shown in Fig. 15 alonyg with the expe—
rimental data-. The agreement is satisfactory consideving uncer-
tainty involved in the proteon potential.

Cf) The calculated gamma—-ray spectrum is shown in Fig. 16 at
14.1 MeV. The resonant hehaviouwr is agaivn noted for the low
ererygy gamma—nrays-

(h) Takle 1 lists the various types of crosc~sectione calculated
at 14.4 MeV and 25.7 MeVl. This is to facilitate intercomparison
of the data calculated with other evaluation schemes.

TAELE .
SUMMARY OF FE-S6 NEUTRON CROSS-SECTIONS INVESTIGATED LINDER THE
IAEA RESEARCH CO~ORDINATED PROGRAMME WITH MULTISTEP HALSEFR~ FES-
HEACH STATISTICAL THEORY AND PRE-ECQUILIBRILM EXCITON MIODEL

ENERGY ' 1d.6 MEV 25.7 MEV
TOTAL ' 2507 .4 23162
ELASTIC 116d.2 1223.2
REACTION 13428 1093.2
N,yNX 1154.0 TAdZ . &
N, PX 1471 374.5
N, AX 46.5 75.5
N,G 0.95 0. kb
N, NG 480.7 0.0
N, 2NG £00.5 430.3
1N« H——— 502
N, NPG 72.2 14a.1
N,NAG 0.6 27.0
N, PG 108.5 9.5 ’
N, PNG 3.4 240.9
Y- S —— 3.0
N,PAG  —m—e 1.2
N,PZNG  meem 27.2
N,PNPG o —mme- Z.d
N,AG a0 .6 75.5
NN EM 1793.0 1621 .0
N,P EM 219.3 4340
N,A EM a1.z 103 . &
N,G EM : 2210.0 ZEEZ.O

NOTE : THE CROSS-SECTIONS ARE GIVEN IN MILLI-RAFNS A-REPRESENTS
ALPHA; G~REPRESENTS GAMMA



d. Intercomparisorn of MSHF, GDHM and UEM Schemes of Data Evalua-
tion '

It is well kvnown that koth the geovmetry dependent hyhrid
model and the unified exciton model schemez do mot account for
angulayr momentum and parity conservation explicitly and thus the
discrete levels of the composite and residual nuclides are not
used iy the evaluations- These schemes, thus, canvwot he used for

the computation of level excitation cross—sectinns. But theses
schemes are relatively simply from the computational considera-—
tions and are wormally utilized in an energy region  where the
pre—equilikvrium decay mechanism makes cignificant contirihoation to
a given vyeaction. For neutrons, these models are generally

employed at 10 MeV and ahove of incident energy.

An intercomparisoin of the three data evaluation schemes i.e.
MSHF , GDHM and LIEM schemes is brought out in Figs. 17 to Z0O where
the different types of data are depicted for Fe-5& and Cr-52 1in
the energy range ld.& MeV to 24 MeV. The following salient
points may he noted from these figures =

iy The three data evaluatian schemes predict total neutvron
emission, <n,Zn) and <{(n,3n) crass—sections within Z5% of oune
another. GDHM scheme heing the cimplest one withfewevy frea

adjustable model parameters may he used at neutron incident
energy of 14 MeV and akove for gquick cross—section estimates for
the ahove noted reactions.

(ii) The charged particle emission cross—-section data predicted
by the three schemes differ, sometimes by factors. The estimates
given hy the MSHF scheme are, however, closer to the experimental
data.
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