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ABSTRACT

A completely new evaluation of the nickel neutron induced re-
action cross sections was undertaken as a part of the ENDF/B-V
effort. (n,xy) reactions and capture reaction from threshold to
20 MeV were considered for 58;60,61,62,64y; isotopes to con-
struct the corresponding reaction cross section for natural
nickel. Both experimental and theoretical calculated results
were ugsed in evaluating different partial cross sections,
Precompound effects were included in calculating (n,xy) reaction
cross sections. Experimentally measured total section data
extending from 0.7 MeV to 20 MeV were used to generate smooth
cross section. Below 0.7 MeV elastic and capture cross sectioms
are represented by resonance parameters.

Inelastic angular distributions to the discrete isotopic
levels and elemental elastic angular distributions are included
in the evaluated data file.

Gamma production cross sections and energy distribution due
to capture and the {n,xy) reactions were evaluated from experi-
mental data.

Finally, error files are constructed for all partial cross
sections.
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I. INTRODUCTION

The Ni evaluation for ENDF/B-IV was done by Bhat.l When
the present evaluation was about to be completed, Guenther et
al.,? reported the results of Argoune-Livermore evaluation ef-
fort on the fast neutron cross section of elemental Nickel.

This is almost a completely new evaluation, in particular,
the secondary neutron cross sections and angular distributions
as well as the secondary neutron energy distributions for the
inelastically scattered continuum neutrons have been updated. In
addition, isotopic cross sections for the various (n,particle)
cross sections were evaluated to construct the corresponding nat-
ural Ni files. Precompound effects were included in
(n,particle) reaction cross sections.

From 1.0 x 103 eV to 690.0 keV, the resolved resonance re-
gion and the resonance parameters along with the smooth back-
ground cross sections have been taken from the ENDF/B-IV Ni eval-
uation (MAT=1190), which, in turn, were adopted from ENDF/B-III
Ni (MAT=1123) evaluation.

The Ni total cross section data of Perey, Love and Kinney
extending up to 20 MeV were used to construct smooth cross sec-
tion file.

The following neutron and gamma production data are given
for Ni in the energy range 1.0 x 1075 to 20 MeV. (MAT No.
1328).

File 1: General description of the evaluation and relevant
references.

File 2: Resonance parameters for 58,60,62,64N; from 1.0 x
105 eV to 690.0 keV.

File 3: Smooth cross sections for total, elastic, total
inelastic, inelastic cross sections to 26 discrete
levels, the inelastic continuum, (n,2n),
(n,on")+(n,n'®), (n,pn')+(n,n'p), (an,p), (n,d), (a,0),
(n,2p) and capture cross sections. Extracted data for
U,E, and Y are also included. In addition, Hydrogen,
Deuterium and Helium production cross sections are
generated.

File 4: Angular distributions for elastic and inelastic scatter-
iyg are given in terms of Legendre Polynomial coeffi-
cients in the c.m. system. In particular, the direct
interaction effects (channel coupling) are considered
for the inelastic angular distributions for the two
lowest excited states of the even Ni isotopes.



File 5:

File

12:

File

13:

File

143

File

15:

II.

Ni isotopic abundances,

Secondary neutron energy distribution for the
inelastic continuum with precompoivnd effects, (n,2n),
(n,n'0) and (n,n'p) reactions are given.

Multiplicity for gamma-ray production due to capture
from 1.0 x 1072 eV to 1.0 MeV.

(n,xY) production cross sections from 1.0 MeV to 20
MeV.

Angular distributions for photons assumed to be
isotropic.

Normalized energy distribution of photons up to 1.0
MeV and due to non-elastic processes at higher
energies.

NI ISOTOPES. Q-VALUES MASSES AND LEVEL SCHEMES

3 masses in 12C scale” and the Q-

values for the neutron induced reactions are given in Table 1.
Capture Y-ray threshold and energies are taken from Refs. (5)
and (6).

considered for the evaluation because the expected magnitude

Reactions like (n,h), (n,t) and (n,3n) were not
for

such reactions are negligibly small: in the microbarn range for
the first two reactions and the Q-value is very high for the

last reaction. Ni isotope level schemes are shown in Figure 1.
Levels with known J7 below 3.5 MeV are shown for 58)i and 60ni.
In addition, four excited levels for each of the remaining minor
isotopes are shown. The continuum of levels beyond the descrete
spectrum is described by a statistical level demnsity formula.



TABLE 1

Abundances, Masses and Reaction Q-Values,

for the Nickel Isotopes

(Q Value (MEV)
ass |oni.68% | ®OniC.24n | ®miC.oin | ®2mic.0360 | ®4wic.009
Reaction 57.9353358 59.9307795 60.9310502 61.9283396 63.9279562
(n,y 8.9993 7.8195 10.5962 6.8376 6.0976
(n,p 0.3947 -2.0411 ~0.5252 ~4.4343 -6.2168
(n,d -5.9526 -7.3081 ~7.6360 ~8.8964 -10.3114
(n, D) ~11.0724 -11.5107 ~8.8700 -11.9750 ~12.4600
(n, He) -6.4856 -9.184 -10.4171 | ~12.1776 -
(n,0 2.8902 1.3514 3.5749 =-0.4352 -2.4315
(n,;w -8.1772 -9.5327 ~9,8606 ~11,121 -12.536
(n,n0 -6.4083 -6.2948 -6.4681 -7.0217 -8.100
(n,2n) -12.203 -11.3883 -7.8195 -10.5966 -9.6596
(n,2p -6.5579 -10.316 -9.299 ~14,230 -
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Evaluated neutron induced cross sections for Ni isotopes
were constructed from experimental amd calculated results from
threshold to 20 MeV neutron energy. Energy variation of a par-
ticular reaction channel cross section was determined from:

a. Available experimental data if extended over a wide
energy range. This is the case only in a few
situations.

b. Calculated cross sections when they agree with spotty
measurements at one or more energy points.

¢. Average of different measurements at one energy value
were used to normalize the calculated cross sectioms.
When there was no experimental data the calculated
quantities were normalized to the predictions of sys-
tematic based cross sectioms.

d. Calculated cross sections if no experimental results
were available.

The above procedure was adopted because of the uncertainty
of some of the parameters that enter into statistical model
calculations.

ITI. STATISTICAL MODEL CALCULATIONS

The (n,particle) cross sections form a major and important
part of the ENDF/B data file. Most of the evaluations for the
ENDF/B-IV version made use of the available (sometimes scanty)
experimental data and supplemented either with simple model pre-
dictions or with one stage Hauser-Feshbach (HF) calculations.

To improve the situation, calculation of the reaction
cross sections were performed within the framework of Hauser-
Feshbach (compound) and pre-equilibrium (Griffin-Blann) statisti~
cal nuclear reaction theories. Uhl's code MODNEW/ adapted and
modified at BNL was used for the entire calculation. In addi-
tion COMNUC8 was used to calculate inelastic level excitation
functions. MODNEW incorporates the following simplifying
assumptions:

1. Compound nuclear formation and decay is treated within
the framework of Hauser-Feshbach formalism without
width fluctuation.

2. Four exit channels, n, p, @ and d in addition to the
competing y-channel.

3. Decay of the particles is assumed to be sequential.



4. Maximum of six compound nuclei can be considered in a
reaction sequence.

5. Pre-equilibrium emission accounts for the fast interac-
tion process. DWBA type of processes are not
considered. In addition, the pre-equilibrium emission
from the first compound nucleus is assumed to be ade-
quate for mass (A < 60) and energy region (E,< 20 MeV)
under consideration.

6. The pre—equilibrium fraction PF is taken to be the
same for all emitting particles. 1In addition, it is
taken to be constant up to 20 MeV. However, calcula-
tions are presented in two instances for three differ-
ent values of PF.

7. Weisskopf/Brink-Axel prescription for the Iy (&) calcu-
lation is employed. The maximum value for the Y-
multipolarity is taken to be 3’<PY> v 1.5 eV was taken
at neutron binding energy.

8. Global type of optical model parameters for n, p, d
and O are used.

9. Nuclear level density is approximated with a fermi-gas
model. Further comments will be made on the last two
items later in this section.

COMNUC is a similar code except that it is limited to sec-

ondary reactions only.

Two examples of neutron induced reaction sequence are
shown in Fig. 2. The upper part of the Fig. displays the
(n,pn') reaction sequence. CNl etc., refer to the first com-
pound nucleus and so on... The thick arrows indicate the reac-
tion path and cross section calculations were performed for the
reaction stage terminating at the end of the thick arrows. In
this example %n,p and O, ..+ were calculated. The third phase
of the reaction sequence is required by the code for calculating
the tertiary reaction cross section. The lower part of the fig-
ure displays the reaction sequence for (mn,2n) reaction.

As mentioned earlier, Global type of parameters for n, p,
d and were used in generating transmission coefficients with the
help of ABACUS? code. The corresponding parameters are given in
Table 2.

The parameters for neutrons correspond to those of Wilmore-
-Hodgson equivalent to Perey-Buck non-local,10 and for proton,
Perey's parameters11 were used. For neutron and proton T{-1/2
and Tg+]/2 were combined to give Ty as required by the code



REACTION SEQUENCE
(n, pn') REACTION

S, Ny
N SN

(n,2n) REACTION

CNI

—_— CN2 1 \\
BT Z2R RN
TN

Figure 2. Example of a reaction sequence for model
calculations.



TABLE 2
OPTICAL MODEL PARAMETERS

NEUTRON PROTON

VR = 47,01-0.267E-0.0018 E2 MevV VR = 52.2 - 0.3E MeV

rR = rso= 1.29 fm rR = oo = 1,25 fm

a, =a_-= 0.66 fm ap = 0.65 fm

WD = 9.52 - 0.053E Mev WD = 11.5 MeV

rD =1.25 fm Ty =1.25 fm
+ (.

ay = 0.48 fm 2Ty * (e DTy Ly ay =a_=0.47 fn
(28 + 1)

Vso = 7 Mev Vso = 7.5 MeV

DEUTERON ALPHA

VR = 81.0 - .22E MeV VR = 193.3 MeV

L = 1,15 fm = 1.483 fm

ap = 0.81 fm ap = 0.513 fm

WD = 14.4 + .24E MeV W = 20.4 MeV

T, = 1.34 fm T, = 1.483 fm

ay = 0.68 fm a = 0.304 fm

v =0 L 1.4 fm

80

L 1.15 fm




MODNEW. Deuteron parameters quoted by Perey in his report,lo
were used while for O-particle, Satchler et al's,!'“ parameters
were employed.

A. Level Density Description

The Fermi-Gas model of Vonach and Hill,13 was employed.
Equivalence or compatibility of this description with that of
Gilbert and Cameron was not investigated. Dilg, et al.,14 have
extracted level density parameters for various nuclei. They
have also given a prescription for average type of parameters
for nuclei around A=60. Their tabulated level density parame-
ters were used and when there were none for a given nucleus, the
average parameter prescription was used. For each nucleus two
parameters, a and A, are involved for a given I/Irigid ratio.
I/Irigid = 1 was used.

The level density formulae and the average parameter
description are given below.

1 2341 exp (2/a(0=B -3(J+1) /20%)

p(U0,D =
W/ o all4 (U-A + 0 /4

o0 = 1 1 exp (2va(U-p )
1277 cal’*  (g-p + 054

2 _ Yrigia © 2=1¢, 1
Origid 7 0 5§ N=3
¥ ) rigid



AVERAGE PARAMETERS (40 < A < £3)

A= 2,40 + 0.067A }
n

=1
A=-130/A +P
25 a71/2 § = 12.8 MEV
p={sal/2
-1
HA U = 29.4 Mev

When the experimental data were available and/or extended

over a wide energy range, the level density parameters were
varied. In the case of éNi cross sections for three different
channels, (n,p), (n,2n) and (n,pn') were simultaneously fit

by varying the appropriate level density parameters. The

level demsity parameters used in the calculations are shown

in Table 3. The parameters shown are for the same two reaction
sequences presented in Fig. 2.

B. (n,Particle) Reactions

Hauser-Feshbach calculations with pre-compound effects
were performed for

(n,p)’ (n,(!), (ﬂ,d), (n,n'),

(n,pn') (n,yn'p), (n,on'), (n,n'a), and (n,2n) reactions
for all Ni isotopes. 1In additionm, 58Ni(n,2p) reaction cross sec-
tions were calculated.

Calculated results were compared to experiment in the case
of:

58Ni(n,p), 58Ni (n,2n), 38Ni(n,pn'+n'p+d), 98Ni om /om*g,
and 60NI(n,p). | np np

In the case of 50Ni(n,p), the intermediate structure
observed is interpreted in terms of the Giant dipole excitation
(cf. section VIIC).

1. 58Ni(n,p) Reaction. As pointed out earlier, level den-
sity parameters were adjusted to fit simultaneously the (n,p),
n,2n) and (n,pn'+n'p+d) cross sections. In other words, the
8Ni, Co, 7Ni and °7Co level density parameters were varied
to improve the fits,

- 10 -



TABLE 3

Level Density Parameters

Reaction (n,2n) (n,pn)
a ) BE Nucleus a A BE Nucleus
Compound
Nucleus
5.77 -0.76 59ni 5.77 -0.76 59Ni
5.40 2.55 9.00 8Ni +n 5.40 2.55 9.00 8Ni +n
6.52 0.00 8.61 Co+p 6.52 0.00 8.61 8o +p
A =59
5.70  -0.40 6,11 35Fe + & 5,70 -0.40 6.11 IOFe + ©
6.12 -0.20 14.95 57Co +d 6.12 -0.20 14.95 S7co + 4
5.32  0.30 12.21 ;;Ni +n  6.12 -0.02 8.57 2/go +n
6.12 -0.02 8.48 Co+p 6.22 -0.48  6.95 Fe + p
A =58
6.35 0.89 6.41 O4Fe + @ 6,35 -1.95 6.72 by + O
6.75 ~1.80 17.33 56Co + 4 6.35 -0.89 12.38 56Fe +d
6.75 0.70 10.26 96Ni +a  6.75 -1.80 11.38 Obco +n
6.75 -1.80 7.35 6Co +p 6.35 -0.89 6.03 OOFe + p
A =57
5,70 -0.06 7.58 O3Fe + @ 5,46 -0.71 7.08 OShun + @
5.81 0.93 15.22 35¢o +d 5.70 -0.40 15.00 I6Fe + d

The underlined nucleus corresponds to

the next stage of reaction.

- 11 -
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Calculated curves for precompound fraction PF = 0.0, 0.2
and 0.4 are shown for (n,p) in Figs. 3a and 3b. The threshold
region of the (n,p) reaction (PF=0) is shown in Fig. 3a. The
fit is good except at the peak position (cf Fig. 3b). A reduc-
tion of "a" (38Co) the level density parameter by 2% changes the
peak value by 45 mb. At the high energy end (En>12 MeV) it was
difficult to choose the appropriate PF value due to large
uncertainties in the measured cross sections.

It should be pointed out that a model calculation to be
discussed below predicted a PF value of V0.2 at 14 MeV and V0.3
at 20 MeV neutron energy.

In Fig. 4 the calculated results are compared with experi-
mental data for the 0™/jm+g ratio. This ratio is expected to be
sensitive to the choice of the spin-cut-off parameter. WNo at-
tempt was made to vary the spin-cut-off parameter to fit the ex-
perimental data well. The theoretical results shown here corre-
spond to the same set of calculations that were shown in the pre-
vious two Figs.

2. I8Ni(n,2n) Reaction. In Fig. 5 the calculated curves
for PE=0.0 and 0.2 are compared to experimental data up to 20
MeV. Experimental data of Bayhurst, et al., and Prestwood et
al., are too high compared to the rest. Similarly Paulsen's
data beyond 18 MeV are also high. Details of the 58Ni(n,Zn) ex—
perimental data will be discussed in section VIIB.

3. 58Ni(n,pn +n'p+d) Reactions. In Fig. 6 the sum of
%a,pn' » In,n'p and Oy g cross sections is compared with the ex-
perimental &ata around 14 MeV neutron energy. The calculated
cross section is slightly under-predicted.

4. O60Ni(n,p) Reaction. Fig. 7 presents the comparison of
calculated results with the available experimental data up to 20
MeV. In this case also the calculations were performed for
PF=0.0, 0.2 and 0.4. Agreement between theory and experiment is
good except below 8 MeV and around the peak value. The low
energy part could be improved by varying the proton optical
model parameters and a better fit around the peak may be diffi-
cult due to the strong intermediate structure exhibited by the
experlmental data between 8-16 MeV. This aspect of the

60Ni(n,p) data is discussed in Section VIIC2.

-12 -
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5. (n,n') Reaction. Inelastic excitation functions
are known only for a few isotopic levels and exterd only
up to about 7 MeV neutron energy. To supplement these up
to 20 MeV and construct excitation functions for the remaining
Ni isotope levels, Hauser-Feshbach calculations were performed
for the isotopic levels below 3.5 MeV excitation. Both COMNUC
and MODNEW codes were used for this purpose. In addition
JUPITORIS, was used to account for the direct inelastic ef-
fects in calculating differential cross sectionmns.

In Fig. 8 the excitation functions for the first 2% levels
of 58,60,62Ni are shown. Calculated results agree quite well
with experiment for 58Ni and 60Ni levels. However, in the case
of 62Ni (natural abundance v1%) the experimental data appears to
be in error: because the peak value of the 0j,.1>> 1.4 barnms,
which is about the value of the measured non-elastic cross sec-
tion for Ni.

C. Precompound Fraction (PF) Estimation

Blann's GDH modell® was employed to calculate the
precompound fraction PF defined below.

Both the precompound and the compound contributions were
computed. Evaporation model was used for the latter one. The
predicted results for precompound fraction were calculated as a
function of neutron energy and mass number. In the bottom part
of Fig. 9 results for 58Ni PF are shown as a function of neutron
energy. The three quantities shown are defined to be:

pre pre comp

PFN =0, /(om. * O )
PFN' = ¢ pre/o
nn' reaction
re re
PFT = (cp +cp )/o .
]
nn np reaction

Experimentally the quantity PFN is measured in an inelastic neu-
tron scattering measurement. The measured value of PFN is about
0.20 at 14 MeV which is in good agreement with the predicted re-
sult, and the calculated value of about .30 at 20 MeV is also in
good agreement with the required value of PF to reproduce the ex-
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perimental data at higher energy in the case of (n,p) cross sec-
tion (see Fig. 3b). The quantity PFN will be referred to as PF.

At the top of Fig. 9 both PFN and PFT are shown for all Ni
isotopes at 8, 14 and 20 MeV. Variation of the pre-equilibrium
fraction with A is gradual. The predicted change is to a large
extent attributed to the Q-values for the outgoing particles and
to a lesser extent on the increasing mass number.

The pre-equilibrium fraction results preéented here should
be considered as qualitative in that the calculated results are

based on the very simple-minded evaporation model for the oqui-
librium process.

In summary, the statistical model description for the neu-
induced reactions can be suitably applied to generate neu-
tron cross sections in the MeV range. Availability of the perti-
nent experimental data helps in determining the required parame-
ters if they are not determined from a different kind of data.
The intermediate structure observed in ®0Ni(n,p) cross section
may be interpreted as due to doorway structure related to the
Giant Dipole phenomenon (cf. VII C2). Inclusion of the pre-
equilibrium contribution in the calculation is borne out by the
experimental data. The energy variation of the precompound frac~
tion suggested by the experimental data is reproduced by the
Blann's GDH model calculations.

tron

IV TOTAL CROSS SECTION

There are three data sets that extend up to 20 MeV neutron
energy. These were measured at NBS,17 Karlsruhe,18 and ORNL.
The ORNL data set measured by Perey, Love and Kinney are the
latest of the three sets. The ENDF/B-IV version incorporated
the combined data sets of NBS and Karlsruhe. The two data sets
were merged at 11 MeV neutron energy: Details of the merger pro-
cedure and reasons for adopting such a procedure are discussed
in Ref. 1. For the present evaluation it was decided to use the
ORNL data because they represented the most recent measurements
with good resolution except at very low energy in the resonance
region. Such a shortcoming is irrelevant for the purpose at
hand because the resonance region extends up to 690 keV and is
represented by the resonance parameters. Guenther, et a}.,
recently reported total cross section measurement extending up
to 5 MeV. Because of the energy range limitations, their data
were not considered for the evaluation of the total cross sec-
tiom.

The ORNL energy resolution (burst 5 ns and 47.35 meter
flight path) is comparable to the NBS. Perey, et al. used two
sample thicknesses approximately 0.2 and 1.0 atoms per barn. At
low energies (v200 keV), the two sample thickness cross sections
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do not agree quite well when there is unresolved resonance
structure. However, where the structure is resolved the
two sets of transmission data are consistent. Compared to
the Karlsruhe data the ORNL data are lower in the valleys,
but agree in the high energy region. However, as pointed
out earlier, these limitations are not of concern here as
the lowest range of interest is 690 keV.

Even though no background corrections were made on the
measured transmission data,19 it appears that such corrections
are negligible in comparison to the counting statistics (<1/3 of
them) above 500 keV. This is due to the ORNL of acquiring the
transmission data: thick uranium filler in the beam (5.5 in),
high counting rates and a very large flight station.

The ORNL cross section data corresponding to two sample
thicknesses referred to above were simultaneously displayed on
the interactive CTR screen for a careful evaluation to arrive at
a smooth cross section curve. Both the peaks and valleys in the
cross section were looked at and the resonance structure
displayed by the data was retained up to 5 MeV, beyond which a
very smooth curve is drawn to represent the data up to 20 MeV.
Experimental data and the evaluated total cross section curve is
shown in Figs. 10a through 10f.

In general, the comparison (not shown) of the presently
evaluated curve with that of Version IV curve is good (cf. figs
10a-f) except in the low energy region - the peaks and the
minima are pronounced in the present evaluated cross section
data set.

V NON-ELASTIC SCATTERING CROSS SECTION

Non-elastic cross section represents the sum of all reac—
tion processes except the elastic scattering. Sphere transmis-
sion method of measuring the non-elastic cross section is
more reliable than measuring the angular distribution of
elastic scattering and subtracting the integral [op, (9)dQ
from the total cross section. Two factors make the second
method unreliable:

1. Angular range of the meadurement.

2. Any presence of intermediate (or resonance) structure
in the elastic and total cross section, if the beam
resolution and the target thickness are not broad
enough to average out the resonance structure.

Non-elastic scattering cross section represents the upper

bougd for the sum of all the possible reaction cross sections at
a given energy. A knowledge of the magnitude of the cross sec-
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tion may be useful in estimating the contribution due to some
partial cross section for which no experimental data is
available.

The available experimental data,2°’3° on the non-elastic
scattering cross section have been discussed extensively and
summarized in Ref. 1. The evaluated ENDF/IV and V curves, and
the data are shown in Fig. 11. A few experimental pointsi are
high compared to the evaluated curve between 2 and 8 MeV neutron
energy.

VI ELASTIC SCATTERING CROSS SECTION

Below 690 keV the elastic scattering is described by the
resonance parameters. Beyond 690 keV the elastic cross section
curve up to 20 MeV was constructed by subtracting the non-
elastic cross section from the total cross section. The avail-
able experimental data,31‘43 summarized in Ref. 1, are plotted
(cf. Figs. 12a through 12f) along with ENDF/B-IV and V evaluated
curves, For any meaningful comparison of the evaluated curve
with the data, suitable averaging of the data has to be
performed. In general, the average trend of the curve agrees
fairly well with the data up to 6 MeV. However, beyond 6 MeV
the data are slightly lower than the curve. This could be due
to extrapolation of the differential elastic data to 0° and 180°
as well as some other problems connected with the detection tech-
nique, etc.

VII (N, PARTICLE) CROSS SECTIONS
A. Inelastic Scattering Cross Section

1. Total Inelastic Scattering Cross Sectiom. A table
summarizing the total inelastic cross section data is given in
Bhat's Ni evaluation report.1 Broder's data,44145 obtained by
looking at the inelastic gamma-~rays extends from 1.40 to 5.42
MeV. In addition Fujita, et al., 6 and Salnikov, et al.,
detected the outgoing neutrons at 14 MeV. Apparently these in-
vestigators underestimated the contributing (n, particle) reac-
tion cross sections to obtain an unreasonably large total
inelastic cross section of 0.76 barn (cf. Fig. 13), which is
about more than 30%Z of the total non-elastic cross section. An
improved estimation of the (n, particle) cross section results
in a much more reasonable value for the total inelastic cross
section (v'.3 barn) at 14 MeV. The evaluated total inelastic
cross section curve is compared both with the available data and
the Version IV evaluated curve. Notice the 14 MeV points (cf.
Fig. 13) which were used in arriving at the Version IV avaluated
curve are too high compared to the presently evaluated curve.
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2. (u,n") Continuum Cross Section. The difference of
Opn' (total) -To,lk, is the (n,n") continum cross section. A
comparison of’the ENDF/IV and V cross section for the inelastic
continuum is shown in Fig. 14.

3. 1Inelastic Discrete Level Excitation Cross Sections.
Inelastic cross section to a discrete level is measured either
by measuring gamma-rays produced by inelastic scattering or by
measuring directly the inelastically scattered neutrons at dif-
ferent angles. In the former case, corrections have to be made
for the contributions due to higher lying states.

Reasonably extensive data are available for the first
excited states of 58Ni, 60Ni and 62Ni isotopes. The maximum
energy range of measurements is about 7 MeV. Furthermore, the
measured experimental data extends up to about 4 MeV for six ad-
ditional levels. In particular experimental data only at a few
energies are available for some high-lying levels. No experimen-
tal data are available for ®INi and 64Ni excited levels.

Experimental inelastic excitation functions to individual
levels are used to normalize the Hauser-Feshbach (COMNUC/MODNEW)
calculations. Direct inelastic effects are included for the
first two excited states of even—even isotopes by joining the HF
calculated results with JUPITOR calculations, which consider the
coupling of inelastic channels. HF calculated results are used

for the levels for which there is no experimental data avail-
able. )

COMNUC and JUPITOR calculations were performed by Bhat for
the even Ni isotopes. COMNUC (and MODNEW) calculations were
performed for the odd isotope 6lyi.

a. E, =1.172 MeV (62:2M . Rogers'_,48 and Smith's,%49
data are considered for the evaluation. In addition., Tsukada,
et al.,56 measured the 1.172 MeV level excitation cross section
at E;, = 2.6 MeV energy. The experimental data of Roger's agree
well with COMNUC calculations, whereas Smith's data with large
error bars are in disagreement with theory (c¢f Fig. 15a). Fur-
thermore, as pointed out in Section III B5 some of the data
points between 2.4-2.8 MeV are even higher than the total non-
elastic cross section, which is about 1.5 barn at these
energies. Such unreasonable values for the inelastic cross sec—
tion to the 1.172 MeV levels might be due to the small isotopic
abundance, impurities in the sample, and also due to weak excita-
tion of the level in question. Under these circumstances the
calculated cross section is adopted for the evaluated excitationm
function for the 62Ni 2+ level at 1.172 MeV.
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Figure 15a. Inelastic scattering cross section Ex=1.172 MeV.
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60 E. Ey = 1.332 MeV (60:2%). Experimental data for the

Ni 27 (1,332 MeV) level extends from threshold to 7 MeV (cf
Fig. 15b). Konobeevskii's data,>* fluctuate ragidly below 1.7
MeV neutron energy. In addition, Smith's data, 9 indicates
strong fluctuations up to 3.6 MeV. The evaluated curve retains
some broad structure sug%ested by the Argomne data.*? It should
be pointed out that the ONi and NiO total cross section
data,18’19 have rapid fluctuations up to a few MeV neutron
energy. The HF calculated results are used to extrapolate the
evaluated curve and at 10 MeV the JUPITOR coupled channel
calculated results were joined to the low energy curve.

€. Ey = 1.452 MeV (58:2%*). Energy variation of the exper-

imental cross for the 1.452 MeV -9Ni 2% level is similar to the
ONi 2% level at 1.332 MeV, in that there are violent fluctua-
tions in the data below 1.7 MeV and also between 2.0 and 3.4 MeV
(cf Fig. 15c), The strong broader structure exhibited by

Smith's data,49 is retained in the evaluated curve. Both in the
case of 1.332 and 1.452 MeV levels, it is not possible to corre-
late the apparent structure with doorway state intermediate
structure until detailed angular distribution are measured or ap-—
propriate doorway state calculations are performed. As pointed
out earlier, the natural Ni total cross section data,19 exhibit
structure extending up to 5.0 MeV neutron energy.

d. Ey = 2.158 MeV (60:2%). Experimental data (Smith,%?
Perey, et al.,?? and Boschung,”J) extend up to 5.5 MeV.
Tsukade's data,56 (not shown) is in general agreement with
Smith's data. The Hauser-Feshbach calculated cross sections
agree well with these experimental data. The coupled channel
calculated results were merged with the Hauser-Feshbach results
to extend the evaluated curve (cf. Fig. 15d) to 20 MeV.

e. E, = 2.286 MeV (60: 0*). There are two other levels
(2.293 (62:2¥] MeV and 2.272 (64:0%) MeV) in the vicinity of the
2.286 MeV level. Proximity of additional levels makes it diffi-
cult to isolate the 2.286 level excitation in an inelastic scat-
tering experiment. This is obvious from Fig. 15e in the sense
that agreement between theory and experiment49 is off by at
least a factor of 2 at 4 MeV. Incidentally, Tsukade's data,
(not shown) is in general agreement with theory. The Hauser-
Feshbach calculated results were adopted for the evaluated
curve.

f. E = 2.482 (58:2.459 + 60:2.506). Smith, et al.,*
measured cross section for the combined excitation of 2SNi 2.459
MeV and 90Ni 2.506 Mev 4% states around 3.7 MeV neutron energy.
In the absence of separate experimental data for each of the
levels mentioned, the Hauser-Feshbach calculated cross sections
to the two levels were added and normalized to Smith's data. The
renormalized théoretical results were adopted for the evaluated
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Figure 15b. 1Inelastic scattering cross section Ex=1'332 MeV.
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Figure 15¢. Inelastic scattering cross section E_=1.454 MeV.
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Figure 15e. Inelastic scattering cross section Ex=2.286 MeV.
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excitation functions for both the levels mentioned above.
Boschung's points at 5 and 5.5 MeV are shown for comparison in

Fig. 15f.

g. E, = 2.625 MeV (60:37). In the case of the 2.625 MeV
level excitation only the Argonne data (Smith49) are adequately
resolved, whereas the inelastic cross sections both measured by
Kinney and Perey,55 and Boschung, correspond to the sum of the
60N;i 2.506 MeV and the 2.625 MeV level excitation. To comstruct
the 60Ni 2,625 MeV level cross section from the latter data set,
the evaluated 2.506 MeV level cross sections were subtracted

from the measured (2.506 + 2.625) MeV cross sections at differ-
ent energies up to 5.5 MeV. The actual measured cross sections
(2.506 + 2.625 MeV) and the 2.625 MeV level derived cross sec-
tions (symbols with dots) are plotted (cf. Fig. 15g) at each
energy and they are comnected by vertical bars. The evaluated
curve based on Hauser-Feshbach results is shown as a smooth
curve. Comsidering all the uncertainties involved in the experi-
mental data, the evaluated curve is a reasonably good
approximation to represent the 2.625 MeV level excitation cross
section.

he E, = 2.775 MeV (58:2). There are only two data
points corresponding to the 2.775 MeV level and the Hauser-
Feshbach calculated curve goes through one of the experimental
points. The calculated curve was adopted for the evaluation pur-
poses (cf. Fig. 15h).

i. Ep = 2,902 - 3,42 MeV. The Hauser-Feshbach calculated
results were adopted for the remaining 17 levels for which
no experimental data exist.

A. Secondary Continuum Neutron Distribution.

Parameters extracted by Hermsdorf, et 31.60, around 14 MeV
for the emitted neutron distribution were used. In particular,
the cross section for the inelastic process is represented by:”

cn Te
00 (B) = 0oy (B) + aboy (B
cn -E
ooy (B) = a_ (B ¥/
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Figure 15f. Inelastic scattering cross section Ex=(2.49+2.506)
MeV.

The upper triangles and circles correspond to the sum
of the inelastic excitation to two nearby Levels at 2.506 MeV
and 2.625 MeV, while the lower set of points with dots were
obtained by subtracting the evaluated curve for the 2.506
level from the experimental (top) points. The two sets of
points are connected by vertical bars. Smith's data are
shown as black circles.
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e -
o P*%E) =a  (E)e7E/T
nn pre

T = 1.3 MeV

The coefficients acy (E) and apye (E) were adjusted at each
incident neutron energy so that

pre

PF(E) = Zon' (E) . Zpre ¥
On:? (E) + Gngfe (E) acn(E) * apre(E)

where PF is an energy dependent precompound fraction calculated
from Balnn's formulation. See Section IIIC for details regard-
ing the PF calculation. Energy distribution of the secondary
neutrons is calculated at different energies from 3.0-20.0 MeV.
Even though the procedure adopted is a simple one but the
precompound fraction used is in excellent agreement with that de-
termined by Kammerdiener43, at 14 MeV and also as suggested by
the (n,p) cross section calculations based on HF and precompound
formation.

B. (n,2n) Reaction

1. 58Ni(n,2n) Cross Section. Since the last evaluation
of 58Ni(n,Zn) reaction only one set of new measurements were
done by Bayhurst, et al.’® They used radio chemical methods
for measuring the cross section. The </Al(n,Q) reaction
cross section was measured to determine the neutron fluence.
The 58Ni(n,2n) measured cross sections were renormalized
to the ENDF/IV 27Al(n,a) cross section.

There are extensive measurements®1-75 (in addition to
the one referred to above) on the 58Ni(n,2n) cross section (cf
Fig. 16). Paulsen and Liskien and Bormann, et al., measured the
(n,2n) cross section over a wide energy range. Details of their
data and other data have been discussed by Bhat,1’77 in his eval-
uation.

It should be pointed out that some of the cross sec~

tions which re-quired renormalization have been corrected for
the ENDF-IV cross sections. The exception being that of

- 48 -



100 T T T T T T T T T

]
o Paulsen {_
90~ . Bormann, Droyer, Zielinski
o Prestwood |
80r Temperly { }
| * Bayhurst _
701~ | Barrall | { }}
—~ 60 * Cross b
‘g © ¢ Rayburn ]
— 50+ & Bramlitt —
c » Glover and
é‘;’ 401 < Luand Fink -
30 —- ENDF/B-I¥ -
— ENDF/B-X |
20+
{0 ™ _ -
] | | ] h | ) I I B ] 1l
8 9 10 11 12 13 14 15 I6 17 18 19 20

En (MeVy

Figure 16. 58Ni(n,2n) cross section.
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Prestwood and Bayhurst who measured with respect to 238u(n,f) .
The U(n,f) cross sections are not listed in their paper for
use in renormalization.

Paulsen and Liskien,61 and Bormann's data,62 are in
good agreement with each other below 16 MeV, while they diverge
above this energy with the Paulsen data being larger than the
other set. :

There are three other sets that extend up to 20 MeV:
one by Prestwood and Bayhurst,63 the second by Bayhurst, et
al.,’® and the third one by Jeronymo et al.64 These data agree
with the general trend up to 14 MeV; above this energy they are
very high. Particularly that of Bayhurst, et al., which are re-
cent measurements. From their paper, it is not clear whether
they had done any multiple scattering corrections, etc.

The Jeronymo data (not shown in the Figure) are too
low to be considered for evaluation. Similarly Lu and Fink,
Cross et al.,6 measured around 14 MeV. All of these three
measured cross sections are higher than the rest. They were not
given any weight in the evaluation.

Glover and Weigold's measurements,’> (not shown) fol-
low the general trend of the other data.

The evaluated curve (cf, Fig. 16) was drawn following
the general trend of the Bormann data and at higher energies
lying in between Paulsen-Liskien®! and Bormann data. Near the
threshold HF calculated values were used to draw the curve. Es-—
sentially, the present evaluation is the same as that done by
Bhat,1’7 except near the threshold.

Incidently, Qaim,79 reported the 14.7 MeV 58Ni(n,2n)
cross section to be 35 * 3 mwb, which is in good agreement with
the evaluated curve shown in Fig. 16. Marcinkowski and
collaborators,78 evaluated the 8Ni(n,Zn) reaction. Their evalu-
ation puts the (n,2n) cross section slightly higher than the
present evaluation beyond 14 MeV. In particular, their
evaluated cross section at 20 MeV is about 20% higher than that
given here. Details of the measured 58Ni(n,Zn) cross section
data used in the evaluation are given below:

Enrange (MeV) Method Renormalized Standard Reference
16.2-20 Radiochemical yes Al(n,0) Bayhurst,
et al.
12.9-19.6 Activation - Absolute  Paulsen-
Liskien
12.9-19.6 Activation not required Hydrogen  Bormann
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E range (MeV) Method Renormalized  Standard  Reference
n

13.7-14.8 Activation - Absolute  Temperley

13.5-19.8 Radiochemical - 2380(n,f\ Prestwood

13.8-14.9 Activation - Absolute Glover-
Weigold

2. 60’61’62’64Ni(n12n) Cross Sections. There are no exper-—
imental data available for all but J8Ni of the Ni isotopes. The
code MODNEW was used to predict (n,2n) cross sections for all
the four remaining isotopes. Due to uncertainties in the statis-
tical model parameters, the predicted cross section for each iso-
tope at 14 MeV was normalized to the results of THRESH,80 which
are based on systematics. The resulting normalization factor
was used to renormalize the MODNEW calculated results for that
isotope. The final 60,61,62,64y; (n,2n) excitation functions
are shown in Fig. 17, along with the SSNi(n,Zn) evaluated curve,

3. Ni(n,2n) Cross Section. The Ni(n,2n) excitation func-
tion constructed from the individual isotopes is shown in Fig.
18. ENDF IV evaluation puts the curve low at 14 MeV and high at
20 MeV neutron energy.

C. (n,p) Cross Section \

1. 58Ni(n12) Crgss ggction. The data on 58Ni(n,p) cross
section are extensive, and of reliable quality. This reac~
tion is used in dosimetry applications, and also treated as a

secondary standard for measuring other neutron induced
reactions.

The previous 58Ni(n,ﬁ) evaluation was done by
Schenter.8l 1In the low energy region, his evaluation closely
follows the experimentally measured values of Smith and
Meadows, 2 in that local fluctuations of the cross section were
retained in the evaluated curve. In addition, the 6-13 MeV
range had only four measured points. However, for the present

evaluation, extended measurements by Smith and Meadows, 3 are
available.

The most extensive sets of data on 58Ni(n,p) reaction

are:
1. Smith and Meadows8? 0.44 - 10.0 MeV
2. Meadows and WhalenS% 1.04 - 2,67 MeV
3. Barry, et 2188 1.6 MeV - 15 MeV
4. Paulsen and WideraS® 1.2 and 12.7 - 16.4 MeV
5. Okumura2’ 13.4 - 15 MeV .
6. Bormann?! 13.0 - 19.6 MeV
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In addition, there are other measured data sets at a few
energy points ranging from 2-15 MeV.

For the purpose of evaluation, the entire experimental
data was reviewed* in detail in the following energy ranges:

ONMOOODODOO ™
1
N = NP N

VRO NE-HO

.

et et

a. 0.4 -~ 1.0 MeV Region. In this low energy region,
only the data of Smith and Meadows,82 is available. There are
some deviations from the expected, smooth energy dependence of
the low energy (n,p) cross section. The 0.5 MeV and 1 MeV cross
section values were determined from the simple prescription
(given in Fermi's book) for exothermic neutron-induced (and
outgoing charge-particle) reactions. Most of the experimental
points at these low energies follow this prescription. Compari-
son of the present evaluation vs. Schenter's evaluation is shown
in Fig. 19a.

b, 1.0 - 2,0 MeV Region. In this energy range,
Smith-Meadows, 82783 Meadows-Whalen,34 Paulsen-Widera,
Temperley,85 and Nhkai,87 data are shown. Temperley points are
too high compared to the gemeral trend of the Smith-Meadows and
Meadows-Whalen data. Furthermore, Nakai's points have very
large errors. Temperley's and Nakai's data were not comsidered
in the evaluation.

As in Fig. 19a, the evaluated curve is shown along
with the ENDF/B-~IV evaluation in Fig. 19b.

c. 2.0 - 4.0 MeV Region. There are several data sets
in this energy ranﬁe. Smith-Meadows data,83 covers most of the
range, Gonzalez's, 02 points, and some of the Konijn's,89 points
are high and a few of the latter ones are low beyond 3.5 MeV
from the general trend of most of the data points, while Nakai's
points are low. Some structure (fluctuation) is evident in the
2.5-4 MeV range, especially around 3.0 MeV, and 3.25 MeV in the
Smith-Meadows data. For the purpose of evaluation, it was de-
cided to draw a smooth curve to indicate the increasing trend of
experimental points. Schenter's evaluation retained all of the

*Comments regarding experimental technique etc., are given under
each reference quoted.
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Figure 19b, 58Ni(n,p) cross section 1.0-2.5 MeV.

- 54 =



details of local fluctuations. The evaluated curve and
Schenter's curve are shown for comparison in Fig. 19c.

d. 4.0 - 4.0 MeV Region. Three data sets cover this
energy range-there is some paucity of the data which suggest
fluctuations, however, a smooth curve indicating the increasing
trend of the data is drawn as an evaluated curve. As in the
other energy regions considered, the ENDF/B~IV evaluation re-
tains most of the observed structure in the evaluated curve (cf.
Fig. 194d).

e. 6.0 - 10.0 MeV Region. Iwo data sets span this
energy range. Barry's points are higher than that of Smith-
Meadows, whereas Smith-Meadows data set has some point scatter.
For the evaluation purpose a smooth curve (Fig. 19e) is drawn
with a value of 600 mb at 8.5 MeV in the evaluated curve. No-
tice Schenter's curve is higher than the present evaluation.

f. 10.0 - 12.7 MeV Region. Unfortunately no experi-
mental data exists in this energy region. The evaluated curves
below 10 MeV and above 12.7 MeV were smoothly joined (cf. Fig.
19e).

g, 12.7 - 15.0 MeV Region. From Fig. 19f it is noted
that there are several experimentally measured cross sections in
the 14-15 MeV range. DPoint scatter is very large in the
measured cross sections. Decowski's, 4 points are very high -
above the general trend of the other points in this energy re-~
gion. A curve through most of the points in the 13-15 MeV range
is drawn in this region. The choice to draw an evaluated curve
is not unique.

h. 15-20 MeV Region. Two data sets cover this energy
range, that of Paulsen-Wideral,“6 and Bormann,91 extending only
up to 18 MeV. A curve through mid~way between these two sets is
drawn. This is justified on the ground that HF calculations
with 0.3 precompound fraction predicts a similar trend.

Fig. 19e displays a comparison to 58Ni(n,p) cross section
evaluations (2-20 MeV) for ENDF/B-IV and V along with experimen-
tal data.

2. O0Ni(n,p) Cross Section. Extensive data for this reac—
tion are measured by Paulsen and Liskien,103r10 spanning the
energy range 6-19 MeV. In addition to this data set, there are
some spotty measurements around 14 MeV. Except Allan's108 data,
the rest of the 14 MeV data are high compared to the general
trend indicated by the Paulsen and Liskien data.
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0 Bhat,106 has done the previous (ENDF/B-1IV version)
6 Ni(n,p) evaluation. The present evaluation differs from that
of Bhat's in two respects.

a. The low energy (<6 MeV) part of the 60Ni(n,p)
cross section was extrapolated with the help of the HF predicted
(n,p) cross section from threshold to 6 MeV neutron energy.

b. The dominant structure suggested by Paulsen-
Liskien data set is retained in the evaluated curve (Fig. 20a) .
Justification for such a procedure is given below.

To exglain the Giant resonance phenomenon in 60ONi com~
pound nucleus (8ONi + y» X+a) Ligensa and Greiner,ll3 have
performed lp-l1h calculations for J = 17, T=1 states in OONi.
They predict five 17 states between 16-22 MeV excitation in

Ni. In addition, they also calculated neutron and proton es—
cape widths for these 1~ states to the corresponding ground and
excited states. Giant dipole energy position is a slowly
varying function of A. The Olni "2p-1h" states could be
constructed by coupling the 60yi ground state to the predicted

Ni 171 states. The excitation energies in 61Ni would be the
same as those in O0Ni. Now if we subtract the neutron binding
energy from the S0Ni "1p-1h" state energies, we get the "2p-1h"
state energies with respect to neutron threshold. The "2p-1h"
state energies (J ™ = 1/2% —~- 5/2" and their neutron, proton
escape widths and the corresponding resonance strengths are
shown in Table 4. Resonance Strengths are shown both for spread-
ing width I'Y =0 and Tt = .5 MeV. We would like to point out
that all the numbers quoted in this Table are taken from Ligensa
and Greiner's paper.

A comparison of the resonance strengths shown in Table
4 with the 60Ni(n,p) experimental cross section data is shown in
Fig. 20b. The resonance strengths are shown as vertical bars,
the cross hatched bar refer to the resonance strength when I'V =
0.5 MeV and the full height of the bar corresponds to the situa-
tion when It = 0. The smooth curve through the experimental
points is drawm merely to guide the eye. The sum of escape
widths I} and T are also shown in numbers adjacent to the res-
onance-strength bars. As can be seen, the agreement between the-—
ory and experiment is remarkable; both the relative strenmgth and
the energy position of the predicted 2p-lh doorways are in gen-
eral agreement with experiment. Until the exact calculations
for the YINi 2p-1h doorways is performed, this type of compari-
son should be considered as semi-quantitative type. One might
ask: Why the intermediate structure is observed in °“Ni(n,p)
and not in 8Ni(n,p)? Two possible explanations are:
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Table 4

Ni_ Giant Dipole Resonances

RESONANCE
60ni | Oni+n WIDTHS STRENGTH
Dipole

(Bpy) | E Tot it | oord | rveo |pYeuswev | strengen

- n no ni pi .
(MeV) (MeV) (MeV) (MeV) (MeV) :
16.35 8.53 .29 .36 .07 .10 | .023 428
18.17 | 10.33 .29 .46 14 13| .03 185
19.17 | 11.35 .04 .42 .13 017 | .005 21
19.68 | 11.86 .21 .50 .28 .097] .036 92
21.02 | 13.20 .10 .75 .38 .036 | .023 35

Resonance Strength = I‘no P
(at Resonance)

t=rt+rt
n P

P; = zrn: (i » ground and excited states)
i

t = +
Fp Erpi

Png = Cround State (or elastic escape width)

(r’+r
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i. The peak cross section for 60Ni(m,p) is only 160
wb, whereas it is about 650 mb in the case of 5éNi(n,p). it

would be difficult to observe the intermediate structure in

Ni(n,p) with similar strength as observed in 60Ri (n,p), be-
cause the background cross section is too large for the fluctua—
tions to be discernible as resonances.

ii. 60yi ground state could be treated as the neutrom
sub-shell closed at 2p3/y. Whereas in the case of 58Ni, there
are two particles (holes) in 1fy,, (2p3}5) sub-shell.

3. 61’62’64Ni(n,p) Cross Sections. In the absence of ex—
tensive experimental measurements MODNEW calculations were
performed for the minor Ni isotopes 61Ni, 62Ni, 64Ni. There are
only two or three (n,p) cross sections measured around 14 MeV
neutron energy for each of the isotopes. The theoretical excita-
tion function for each isotope was normalized to the average of
experimental cross sections. The corresponding evaluated excita-

tion functions with experimental points are shown in Figs. 21,
22 and 23.

4. Ni(n,p) Cross Section. The isotopic cross sections
(cf. Fig. 24a) were combined to comstruct the natural Niln,p)
cross sections up to 20 MeV neutron energy. The Ni(n,p) excita-
tion function is shown in Fig. 24b.

D. (n,pn'), (n,n'p) and (n,d) Cross Sections.

Generally these reactions are studied with activation tech-
nique, which does not allow for the separation of the different
reaction components. Only particle detection for example the
counting of deuterons in (n,d) reaction leads to the measurement
of the corresponding component for the production of the final
nucleus., In the absence of the separate measurement for each of
the (n,pn'), (n,n'p) and (n,d) cross sections, the measured acti-
vation cross section was treated as a sum of the three compo-
nents for comparison with the corresponding sum based on
Hauser-Feshbach calculations. For brevity the symbol (n,pn’')
will denote the sum ¢(n,pn') + o(n,n'p) + o(n,d).

1. 58Ni(nlpn') Reaction. There are extensive measure—
ments around 14 MeV neutron energy (cf. Fig. 6). Weighted aver-
age of all the measurements was determined to normalize the
MODNEW calculated cross sections. The normalized curve and the
experimental data are shown in Fig. 25a, while the excitation
function extending up to 20 MeV is shown in Fig. 25b.

2. 60Ni(n,pn') Reaction. As in the case of 58Ni, the 14
MeV experimental average cross section was used gg normalize the
model calculated cross sections to gemerate the °UNi(m,pn’) exci-
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tation function, The evaluated curve and the experimental
points are displayed in Fig. 26.

3. 6lNi(n,pn") Reaction. There are no experimental data
for the odd isotope. The difference of O, and the sum of the
partial cross sections

g _+a +0 +0 +0 +0_ )
( n,p n,2n n,o n,on' n,n'Q n,n'

was taken to represent the Op ,nt for this isotope. Op,, for
61Ni was taken to be the same as for natural nickel. The
evaluated excitation function is shown in Fig. 27.

4. 62!64Ni(n,pn‘) Reactions. For each of the heavier
nickel isotopes there is only one experimental point, making it
rather difficult to test the reliability of the measurement.
The model calculated excitation functions were adopted as the
evaluated curves, which are shown with the corresponding
measured points in Figs. 28 and 29.

The sum of (n,pn") and (n,n'p) cross sections
evaluated for natural Ni is displayed in Fig. 30, and the
Ni(n,d) cross section is shown in Fig. 31.

E. (n,2p) Cross Section

The isotopic Q-value for this reaction is high except for
58Ni, the most abundant isotope. 58Ni was comsidered for
evaluating the (n,2p) reaction. In the absence of any experimen-
tal data for this reaction MODNEW calculated cross sections were
adopted for the evaluatiom purposes. The Ni(n,2p) excitation
function is shown in Fig. 32.

F. Hydrogen Production Cross Section

Fig. 33 displays the total hydrogen production cross sec-
tion (n,p) + (n,n'p + (n,pn" + 2(n,2p) which was constructed
from the individual components for natural nickel. The sudden
jump around 12 MeV in the excitationm function is due to the
onset of the tertially reactions like (n,n'p) and (n,2p).

G. (n,®, (n,on" and (n,n'® Cross Sections

No differential measurements on these reactions were
available* for evaluation. Only the integral measurements for
the separated Wi isotopes due to Farrat,1 0 Gere available.
*Dolya et al's,122 measurements on (n,0) reaction on some of the

Ni isotopes became available only recently. They were too late
for inclusion in the evaluation.
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These were corrected for fluency changes suggested by the au~
thor. The sum (n,®) + (n,0n') + (n,n'®) was constructed for
each isotope to evaluate the fission spectrum average (T = 1.29
MeV). The calculated fission spectrum average was normalized to
the experimental value. The resulting normalization factor was
used to renormalize the component reactions (n,%), (n,on') and
(n,n'®) for each isotope to construct the evaluated excitatiom
functions.

The (n,a), (n,n'®) + (n,on') and the helium production
cross sections for natural nickel are displayed in Figs. 34, 35
and 36 respectively.

VIII ANGULAR DISTRIBUTIONS
A. Elastic Angular Distributiom

Recent elastic angular distributions measured at Argonne
(Smith et al),49 were used to update the angular distribution
file in Version IV, Smith's data extends from 0.345 MeV to &
MeV. The energy resolution was 30 keV and the measurements were
made at 30 energies in 10° - 160° angular range. Optical
model predicted (ABACUS) angular distributions were used to
extapolate the angular distributions to 0° and 180°., Elastic an-
gular distributions at few neutron energies with the
corresponding Wick's limits are shown in Fig. 37,

B. Inelastic Angular Distributions

In previous Ni evaluations inelastic angular distributions
were assumed to be isotropic, which is a very poor representa-
tion of the inelastic process. It was decided to represent angu-
lar distribution on a more realistic basis. Both Compound Nu-
clear (COMNUC) and Direct Interaction (JUPITOR) angular distribu-
tions generated by Bhat (in connection with his evaluation for
Version IV, but not used) were combined to comstruct the angular
distribution file. In particular, contribution due to higher of
the components is depleted to the extent of the minor compoment.
This procedure is adopted due to the lack of the knowledge of
the relative contribution of the compound nuclear and direct in-
teraction components to the inelastic cross section. The
desired effect of forward peaking angular distribution at higher
energy due to direct interaction process is achieved. '

IX CAPTURE REACTIONS
A. Capture Cross Section
No new measurements have_ﬁeen reported since the last Ni

evaluation.l An attempt was made to look at Beer and Spencer's
datad8 in the resonance region. The 38Ni experimental data
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entered in CSISRS files were beset with some inconsistencies and
it was not possible to get a consistent set of analyzed data
with the published resonance parameters.

No changes were made in the capture cross section descrip-
tion up to 1 MeV. However, capture cross section in the MeV re-
gion was calculated (COMNUC) with the inclusion of the Giant
dipole resonance (Ey = 14.8 MeV, I'y = 8 MeV) parameters.’? The
strength function <?Y>/<D> = 2,67 x 10 ' was the same that was
used for “°Ni by Bhat,l in his Ni evaluation. A comparison of
ENDF/B-IV and ENDF/B-V capture cross sections is presented in
Fig. 38.

Capture resonance cross section profile was generated with
the help of RESEND,123 code which uses resonance parameters part
of the ENDF/B file. Group averaged cross sections of the RESEND
output with INTEND,124 jig plotted as a histogram (cf. Fig. 39),
to compare with experimental (n,Y) data below 1 MeV.

B. Gamma~Ray Production Cross Sections

1. Gamma-Ray Production Due to Neutron Capture.
Maerker,1295178 peasured gamma-ray production cross section aris-
ing from thermal neutron capture in Ni at the ORNL Tower
shielding facility using a calibrated 5 x 5 in NaI(T) detector
in good geometry. The resulting reduced spectral intensities in
photons per 100 capture were summed over 0.5 MeV bins. The low
energy cut-off of their spectrum is 1.0 MeV. To supplement
Maerker's data, this part of the spectrum was taken from
the measurement of Rasmussen et a1,127 whose Y-ray energies
go down to about 250 keV. The Rasmussen spectrum below 1.0
MeV was renormalized and merged with Maerker's spectrum.

The normalization factor was determined from the integrated
spectra (from 1.0 MeV up) of the two data sets. The combined
Y-ray spectrum was normalized to 100% BE by dividing it by
0.945. The resulting yY-ray multiplicity and the corresponding
energy distribution are given in files 12-102 and 15-102
respectively.

Energy distribution of gamma-ray production was
evaluated by Bhat,1 from 4.0 keV to 1.0MeV based on the
Australian data (Kenny, et a1.128)  which extends from & to 9
MeV gamma-ray energy and were measured from 4 to 80 keV neutron
energy. In order to fill the gap below 4.0 MeV the thermal spec-
trum for Ey = 1.0 x 105 - 4 keV was used. The spectra were
renormalized to conserve energy and given at E, = 100-250 keV;
250-500 keV, 500-750 keV and 750-1000 keV. Bhat's evaluated
energy distribution of gamma-ray production were adopted.
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2. Gamma-Ray Production Due to (n,xY) Reactions. Dickens
et al.'s data, “” were used by Bhat in evaluatiny the gamma ray
production cross sections (n,xY) due to all non-elastic
processes for E, = 1-20 MeV. Dickens et al. measured d°¢/dwd
at 6, = 125° using a NaI(TR) spectrometer. Assuming that the
gamma-ray angular distributions are isotropic, the differential
cross sectious dzO/dwdEY were multiplied by 4 to obtain the
angle-integrated cross sections in the corresponding energy in-
terval. The total production cross sections and the gamma-ray
energy distributions are given in 13-3 and 15-3 files respec-
tively. The experimental data have about 10% error from experi-
mental set-up {neutron flux measurements, detector efficiency
and beam effective area) and statistical errors of the order of
52 (E; = 1.5-3 MeV) to 27%Z (E, = 17 MeV). Bhat's evaluated
gamma-~ray production cross section (n,xYy) due to all non-elastic
process for E;, = 1-20 MeV were retained without any modification
jin files 13-3 and 15-3.

X INTEGRAL MEASUREMENTS AND FISSION SPECTRUM AVERAGED
QUANTITIES

INTEND,126 code was used to calculate Figsion Spectrum
averaged cross sections for (m,p), (n,d), (n,2), (n,2p), (n,2n),
(n,a), (n,n'®), and (n,n'p) reactions for two different spectra,
Maxwellian (T=1.32 MeV) and Watt. The calculated quantities are
compared to the corresponding experimental quantities in Table
5 for 58,60,61,62,64); and for Natural Nickel. ENDF V and ENDF
IV results are compared for Nickel.

XI COVARIANCE FILES

Error estimates for different reactions are given in Table
6. Covariance files for the following MF-MT were included in
the Ni evaluated data file:

33-1
33-2
33-4
33-16
33-22
33-28
33-51 to 76
33-91
33-102
33-103
33-104
33-107
33-111

- 83 -



TABLE 5

Spectrum Averaged Cross Sections (mb)

ENDF-V ENDF~1V
Reaction A Max Watt Max Watt Experiment
~(n,p) 58 102 109 10158
: 60 2.76 2.80 2.3b 2.57%.3¢
61 4,01 4.25 . 1.75d 1.13%.15¢

62 0.048 0.041
64 0.003 0.003
Nat _ 70.43 75.07 70.26 74.86

(n,d) 58 0.02 0.016
60 0.0007  0.0005
61 0.003 0.002
62 0.001 0.001
64 0.00006 0.00004
Nat 0.014 0.011 - =

(n,q) 58 6.65 6.96 6.06d 4.52%.9¢
60 1.22 1.28 1.10d 2.57+£.3¢
61 1.30 1.39 1.80d
62 0.110 0.104 0.097d
64 0.092 0.075 0.108d
Nat 4,88 5.11 4,72 4,93 4,76%, 549
(n,2p) 58 0.008 0.005 - -

Nat 0.005 0.004 ~ -

(n,2n) 58 0.005 0.003
60 0.086 0.060
61 1.100 0.954
62 0.239 0.173
64 0.622 0.487
Nat __ 0.047 0.034 0.058 0.044

(n,n'a) 58  0.002  0.001
60  0.0009 0.0005
61  0.0015 ©0.0009
62 0.0007 0.0004
64 0,002 0.001
Nat  0.002° 0,001 - -

{n,n'p) 58  0.150  0.106 0.24%0.354
60  0.012  0.008
61  0.144  0.113
62  0.032  0.019
64 0,019  0.012
Nat ___ 0.108 _ 0.076 0,054 0.044

a) Average of Experimental values

b) Paulsen, Nucleonics 8, (1966)

¢) Wolfe and Qaim, Radio Chemica Acta 27, 65 (1980)

d) H. Farrar (unpublished), private communication, Error v 5%
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Since the resonance parameters were taken from the
previous evaluated file (ENDF/B-IV), no covariance matrix
file for File 2 is given.

Both long range and short (or intermediate) ramge correla-
tions are given for each MT. Except for the 33-91 file the rest
correspond to evaluated errors while the 33-91 file is derived
from 33~4 and 33-51...76.

Reliable quality is aimed at generating the MF=3 files in
the evaluation, which were constructed both from experimental
data and model calculated excitation functions.

. The errors used in constructing the covariance files re-
flect both experimental uncertainties and the uncertainties in
the calculated quantities, 1In the case of the latter the errors
reflect only the confidence limit and are not based on any model
parameter variation.
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