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KUCLEAR DATA AND MEASUREMENTS SEAIES
The Xuclear Data and Measurements Series preseats results of studies
in the ficld of micrescopic nuclear dara. The pricary cbiective is
the dissemination of fnformation in the corprehensive fors required
for nuclear technolopy applications, This Serfes is devoted to: a)
Measured picroscoplic nuclear parameters, b) Experimental techniques
and facilitfes cmploved in data measurerents, ¢} The analvsis, core-
relatfon and interpretation of nuclear data, and 4) The evaluation
of nuclecar data., Contridutions to this Series are revicwed to assure
technfical competerce and, unless otherwisc stated, the contents can
be formally referenced. This Series does not supplant formal journas
publication but it does provide the more cextensive information re-
quired for techmolopical applicatiens (e.g., tabulated numerical data)

in a timely sanner.
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EVALUATION OF THE
IN-115(N,N") IN-115M
REACTION FOR THE ENDF/B-V
DOSIMETRY FILE*

by
Donald L. Smith

Argonne National Laboratory, Argonne, Illinois 60439, U.S.A.

ABSTRACT

1

An evaluation of the lsln(n.n')llsm'

In reaction for the
ENDF/B-V Dosimetry File is presented. This evaluation is
based entirely on reported experfmental differential data.
Several data sets were renormalized prior to tke evaluation
in ordur to take into account recent adjustments in corre-
sponding standard cross ssctions &ad in other nuclear para-
meters used for derivation of cross sections. The present
evaluation is compared with the corresponding ENDF/B-IV
evaluation. The value of the spectrum-average cross section
for the standard neutron field resulting from thermal-
neutron fission of 2350 has been computed for this reaction
using cross section values from the present evaluation.

This computed cross section compares favorably with the re-

sult of a recent evaluaticn of integral data.

*
This work performed under the autpices of the U.S. Energy

Research and Development Administration.
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I. INTRODUCTION

This reaction plays a major role in recactor dosimetry appli-
cations. It is one of thirtv=six reactions selected by a Task Force
appointed by the Normalization and Standards Subcormittee of the
Cross Section Evaluation Working Group (CSEWG) tu bé included in the
ENDF/B-1V Dosimetry File [1]. This reaction is useful for dosimerrv
applications because indium i{s readily available and can be easily
fahricated into metal foils. The reaction threshold is relatively low
and the cross section is large. The half life of the isomer is con-
venient and the decay yields gamma radiation which can be measured

easily.

Table 1 lists properties of indium and of the llsIn(n,n')

llSmIn
reaction which are relevant to the present evaluation [2=5]. Of
particular importance for dosimetry spplications are the isotopic
abundance of }3In(95.72% [2]), the half life of the 0.336-MeV
isoneric state (4.486 h [5]) and the percentage of the disintegrations

of the isomer which produce the 0,336-MeV gamma rav that is usually

15In in natural

detected (45.97 [5]). The isotopic abundance of 1
indium is weil kriown and not a source of significant uncertainty in

cross section measurements. The isomeric half life has heen reasonably
well known for some time and the minor adjustments which have beer made
during the last several years do not seriously affect the cross section
measurements reported in the literature. However, the situation is

quite different for the gammas-per-disintegration factor. The measured

cross seztion is very sensitive to this factor, and it has been revised

significantly over the years. The work of Hansen et al. {5] vielded

4=




the value which is currently accepted. Care was taken in the present
evaluation to determine which values were used for this parameter in

various reporced experiments so that the data could be rencrmalized

wherever necessary and feasible.

Fig., 1 illustrates the gccay of llsmIn and complizents the in-

formation in Table I. These are other activities produced in natural
indium by neutron bozbardment. If a Ge(li) detector is used to detect
the 0.336-MeV pamma rays, it is casy teo discriminate against inter-
fevence from the other activities.

The experimental data base for this evaluation is described in
Section 1i. Renormalization of seweral duts sets was requireéd in order
to obtain consistency with the usmIn decay data in Table I. Further-
more, several data sets were adjusted so that the values of various
standard cross sections used in the measurements would conform to
ENDF/B-IV [1,6]. The evaluation rocess is discussed in Section 11I.
The results of the evaiuation are discussed in Sectien IV, The
numerical evalusted cross sections are presented in the Appeadix in

the form sent to the National Neutron Cross Section Center, Brookhaven

National Laboratory.

1i. EXPERIMENTAL DATA SASE
FOR THE EVALUATION

CINDA=76/77 [7) and the Experimental Data File, CSISRS, from the
National Neutron Cross Section Center [8] were used in a search for
the available data on this reaction. The documentation for the
ENDF/B-1V evaluation of this reaction was alsc useful in this context

[9]. The available data sets are described in chronological order in




the remainder of this section. ,

Cohen {1948)
These data are available from the CSISRS Fiie [8]. The original

paper in Nature [10) provides insufficient details to permit renormal-
ization of the cross sections. They were included in criginal form
tor this evaluacien,

Marein et al. (1954)

These data are available from the CSISRS File [8]; experizental
details are veported in the literature [11). Zbsolute neutron fluence
was monitored with a long -~ounter which had beea calibrated using a RaSe
neutron source; therefore, no adjustments to the data were rejquired to
correvt the original measurement cf neutron flucnce, MHowever, 2 value
of 0.474 was used in this work fer the number of 0,336-MeV gamma rays
per usm‘ln decay. Since thfs differs from the corresponding
value in Table I, all the cross sections of Martin et al., were increased

by 3.42.

Ebel et al. (1954)

Measurements were made on this reaction near threshold by Ebel ¢t
al. {12] in order to investigate the shape of the excitation function
near threshold., These data were nomalized re.ative to the data of
Martin et al, {8, 11], so they provide no new information of value for
this evaluation other than to generally support the carlier work

insofar as the shape 1s concerned.

Nagel (1966)
The work of Nagel [13] provides a .ingle data point at 14.6 MeV

which is available from the CSISPS File [8]. The measurement was made
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reiative to the 56Fe(n,p)%.‘m reaction and a value of 9.103 barn was
used for this standard cross section. This compares faverably with

the value of 0.104 barmn from the ENDF/B-IV File [1,6] so an increase of
< 1% in the cross section was required on this account. A value of
$.48 was used for the number of gamma rays per disintegration. Thus,
the cross section was revised upward by 4.67 to achieve consistency
with Table 1. Nagel refers to earlier papers which provide some
pertinent axperimental details in readily available form [14,15].

Menlove et al. (1967)

These workers have measured the cross section over a wide energy
range from 1 te 19.4 MeV relative to 235U fission [16]. The wvalues
reported in the CSISRS File {8] were normalized using BNL-325 [17]
values for the fission cross sections and therefore had to be rencr-
malized to be compatible with ENDF/B~IV {1,6]. Also, the value of
gammas per decay used was 0.499 which prompted an upward renommalization
by 8.77 to achieve compatibility with the currently accepted wvalue of
0.459 from Table ..

Grench et al. (1968)

This is a concinuaticn of work from the same group reporting the
work of Menlove et al. (1967). The later work involved a study of the
threshold region (En < 1,02 MeV) and differs from the earlier work in

197 198 . . .
that Au(n,Y) " Au was used as the standard cross section [18i. The

197 198 . .
values used for the Au(n,y) Au cross section were obtained from
Vaughn et al. [19] and these values are comsistent with ENDF/B- .V

{1,6]. An vpward remormalization of B.7% was required to adjust the

data so it would be compatible with the currently accepted value of
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0.459 gammas per decay (as described in the preceding discussion of
the werk by Menlove et al. [16]). The cross section values are avail-
able from the CSISRS File [8].

Minetti et al. (1968)

The asseciated-particle method was utilized by these workers in
measuring the cross cection at 14,7 MeV [20]. Since the value 0.495
was used for the number of gammas per disintegration, it was necessary
to revise the cross section upward by 7.8% for the present evaluation.
The cross section information was acquired from the CSISRS File [8].

Roetzer (1968)

Roetzer [21] measured the cross section at 14.7 MeV relative to

an assumed value of 0.118 bam for the 27

AQ(n,a)zaNa reaction. This
value for the standard cross section is in agreement with ENDF/B-IV
[1,6]. From the information provided in hils paper, it was deduced
that the value used for the number of gammas per disintegration was
0.461 which is close enough to the value from Table I that no renor-
malization seemed necessary. This data is available from the CSISRS

File [8].

Barrall et al. (1962)

27A2(n,0024Na reaction

This 1&4.6-MeV measurement also used the
as a standard [22]; the value for the standard cross section used was
0.121 barn which leads to a 2.2% reduction to cemply with ENDF/B-IV
f1,6]. The value 0.5 was used for the gamma rays per decay so an up-

ward renormalization of 8.9% was required. The data is available

from the CSISRS File [8].
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Kimura et al. (1969) ?i
This work was performed using the hydrogen standard via a proton- e

recoil detector [23]. However, upward renormalization is required

since the value 0.5 was used for the gamma rays per disintegration l?

instead of the value 0.459 from Table I. The original data was cbtained

from the CSISRS File [8].

Decowski et al. (1970)

These measurements were performed using the 64Zn(n,2n)63Zn re~
action as a standard 124]. Although values were given for the standard

11 my (4.486 h)

cross sections used, no information on the decay of
was given., Therefore, no attempt was made to rencrmalize these data.
The cross section values from the CSISRS File [8] were usad directly in

the evaluation.

Temperley et al. (1970)

This 14.1-MeV measurement was performed using the 56Fe(n,p)SGMn
reaction as a standard [25]. The value of the standard cross Section
used is 0.106 barn which differs from the ENDF/B-IV (1,6} value of
0.111 barn by 4.7%. The value used for the number of gamma rays per
dicsintegration was 0.473. The cross section reported in the CSISRS
File [8] was renormalized upward by 7.6% to correct for both these
factors prior to evaluation.

Pazsit et al. (1972)

Alrhough this work has been published [8,26], there 1s insuf-
ficient information available to emable the data to be renormalized--it

was included in the evaluation as reported in the CSISRS File [8].




Kobayashi et al. (1973)

The work of Kobayashi et al. [26] is similar to that of Kimura
et al. [8]. This discussion of the earlier work is applicable to this
work as well, The original data were obtained from the CSISRS File
[8l.

Santry et al., (1975)

This work represents one of the morée recent and extensive studies
of this reaction which has been undertaken [8,28]. The measurements
at energies ] 5 MeV were normalized relative to a calibrated long
counter so these results have been used in the evaluation in crigimnal
form. The 325(n,p)32P reaction was used as a st~ndard above Vv 5 MeV,
The authors have indicated the values used for the standard. Their
results have been renormalized ir this region to achieve consistency
with ENDF/B-IV [1,6]. The value used for the number of gamma rays per

disintegration is 0.459 which agrees with Table I.

Smith et al. (1975)

This recent work spans the region from threshold to ~ 10 MeV and

235U fission as a standard

the measurements were performed using
[8,29]. ENDF/B-IV values were used for the fission cross sections;
however, the value 0.444 was used for the gamma rays per disintegra-

tior, These data have been revised downward by 3.3% to correct for

this factor prior to evaluation.

I11. EVALUATION PROCEDURE
The data sets mentioned in Section II were used to evaluate the
cross section for this reaction. The evaluation is subjective in the

sense that no fitting or quaititative weighting procedures were used.

-10-
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A smooth curve was drawn amidst the data points. Wherever pcssible,
greater credencs was given data which was well documeated and which
could be renormalized to conform with currently accepted decay proper-
ties or standard cross sections.

Although s-»veral of the recent studies have reported on correction
prccedures used to treat absorption and scattering of radiatiom,
details on this aspect of the measurements were lacking for others.

No attempt was made to consider this aspect of the experimental
process in the present evaluation.

The approach which was used in the present evaluation is
mentioned in this section. Treatment is based on division of the range
0.339 - 20 MeV into several energy intervals——each with its own
characteristics.

En = 0.339 to 1.25 MeV

The data of Smith et al. [29], Santry et al. [28] and Grench et
al. [18] are in excellent agreement and were assumed to define the
cross section for this range. The observed structure in the excita-
tion function near threshold appzars to be correlated with excited
levels in %I 2t .595, 0.825, 0.858, 0.935, 1.08 and 1.14 MeV [3],
though experimental resolution smears out these effects considerably.
The cross sections of Martin et ai. [11] and Kimura et al. [23] are
larger than the values mentioned above for En < 0,9 MeV and were given
less consideration in the evaluation for this range. In the region
from 0.9 to 1.25 MeV, all of the above-mentioned data sets are in
reasonably good agreement. The cross section is taken to be zero at

<
all energies En - 0.339 MeV (the threshold energy). The smooth curve
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drawn amidst the experimental points was approximated by straizht~line
segments (on semilog paper) to arrive at a numerical representation

of the evaluation for most neutron energies below 1.25 MeV. Conse-
quently, semilog interpolation should be used in generatinz evaluated
cross sections for energies betweei. mesh points in this region. The
detailed procedure for generating evaluated cross sections for appiica-
tions is discussed in Section IV,

En = 1,25 to 3 MeV

In this energy range, the cross section continues to increase with
cnergy and finally saturates at Vv 2.5 MeV. The data of Smith et al.
[29] and Santry et al. [28] are in excellent agreement throughout this
energy range and the evaluation is influenced strongly by these data.
The data of Martin et al, [11], Meniove et al. [16], Kimura et al.
[23], Kobayashi et al. [27] and Cochen [10] also cover this region, and
they generally indicate larger cross sections for the region. The
evaluated cross sections were deduced from a smooth curve drawn amidst
the data points. Evidence of the effects of excited levels at 1.30,
1.42, 1.60 and 1.98 MeV in llsln is seen in the structure of the ex~
citation function. Linear interpolation can be used to generate
evaluated cross sections for energies between the mesh points for all
energies above 1.25 MeV.

E = 3 to 6 MeV
n

There is noticeable disagreemrnt in the reported cross sections
for this energy range. The data of Smith et al. [29] and Santry et al.
[28) are in good agreement in this energy range and the evaluation is

based on these two sets. The excitation function exhibits a saddle

-12-



shape--dipping by as much as * 102 within this interval. The shape

of the excitation function reported by Hartiﬁ et al. {11] appears to

be anomalous with predicted cross sectious that are low at ~ 5 MeV.

The data of Cohen [10]) and Kimura et oi. [23] predict cross sections
which are iarge -elative to the valus:s selected for this evaluation.
The data of Kochayashi et al. [27] #ad Menlove et al. {16] predict
larger cross sections than were chusen for this evaluation in the range
3 - 4.5 MeV; nowever, at + 5 MeV these data are in reasonable agreement
with those of Smith et al. [29] ané Santry et al. [28}. The evaluated
cross sectiuns were vead from a smocth curve drawn amidst the experi-
mental values.

En = 6 to 10 MeV

———

In this range, the only available data ave from Smith et al. [29],
Santry et al. [28) and Menlove et al. [16). These data are in resson-
ably nood agreement~-considering the large error assigned to the 8.06~-
MaV data point of Menlove et al. [16]). The evaluated cross sections
were derived from a smooth curve sketched amidst the experizental data.

En = 10 to 12.5 MeV

The only data available for this energy range is that of Santry
et al. I28]. The present evaluation is based on a smooth curve drawvn
amidst the data points.

En = 12.5 to 15 MeV

There several reported data sets vwhich span this energy range
including single-energy measurements made with neutron generators in

the region of 14 to 15 MeV., The data of Santry et al. [28] span the

13-




entire range and conmsiderable weight was attached to this data set.

The data of Menlove et al. [16] are consistent with the daca Santry

ct al. (28] within the assigned arrors although the latter data sct
predicts generally lower cross scctions. The reported details for the
duta of Decowski et al. (24) are l'mited. The point at v 13 MeV is
very high and appears to be crroneous; i1t was disregarded. The re-
maining data points appear te be more or less consistent with the
other sets although the pofnt at * 14.5 MeV appears somewhat high. The
single data points of Temperley et al. {25}, Pazsit et al. [26] and
Nagel [15] are reasonably consistent in the vicinity of 14-15 MeV. The
data point of Roetzer {[21] at 14,7 MeV seems somewhat high while chat
of Minetti et al. [20] is very and probably in error; it was disre-
gavded ia the evaluation. The present evaluation is derived from a
smooth curve sketch amidst the data points.

En = 15 to 20 MeV

The data of Menlove et al. {16] and Decowski et al. [24] span this
energy region. These two data sets are in reasonably good agreement,
and the evaluation was derived from a straight line drawn amidst the

data points,

1V, RESULTS
The renormalized experimental cross sections, the present evalua-
tion and the ENDF/B-IV evaluation [1,6] are plotted in Figs. 2 and 3.
The cross sections corresponding to the present eviluation appear in the
Appendix,
In order to estimate the uncertainty in the present evaluation,

bands were sketched about the evaluated curve so as to 1include a

~14~



majority of the experimental data points considered in the evaluvation,
These bands are defined by the dispersion indicators listed in Table
11. The present cvaiuation is probably considerably less uncertain
than implied by these indicators--particularly above 1 MeV. Because
of the qualitative nature of this analysis, the information in Table
IT should net be used to generate a formal error file for the present
evaluation.

The significant differences between the present evaluation and
the ENDF/B-1IV esvaluation {1,6) are that the present evaluation takes
greater cognizance of structural detail in the excitation functicn and
predicts larger cross sections in the regions from 2 te 3 and 4 to &
MeV than does the ENDF/B-1IV evaluation.

The two evaluations can also be compared by calculating the
Spect rum—-average cross sections in the standard neutron field prcduced

235

by thermal-neutron fission of U. The spectral shape for this field

can be represented quite accurately by the Maxwellian function

)
. X
(£} = C, E* exp (-E/T;v) Q)

25 25
where T,y is taken to be 1.32 MeV from the ENDF/B-1V Dosimetry File
[1], and €, 15 a normaliring constant selected so that

- -}

I Xp5(E) dE = 1 (2)
o
The spectrum—-average cross section is designated E;n.(llsln,xzs) and
is given by the formula
L~
- 115
Gt € InyXpg) = L Opnt (E) Xp5(E) dE (3

-15-



where onn.(E) is the normalized excitation function for excitation of
115m1n by neutron inelastic scattering. The present evaluation only
covers the range from O - 20 MeV, however the contribution to the
integral from energies > 20 McV is negligible. The values of the
spectrum=-average cross section deduced using the present evaluation

and the corresponding ENDF/B-1V evaluation [1] are given in Table

I11. Also shown is the result from a recent evaluation by Fabry et al.
[30] of integral measurements. Considering the uncertainties in the
integral and differential data used in these evaluationrs and in the
uncertainties in the parameters of the standard neutron field, the
perfect agreement of the evaluated integral cross section and the value
computed from the present evaluation of differential data is gratifyiag
though rather fortuitous. The significance of the good agreement is
enhanced by the fact that the normalization of differential data, upon
which the present evaluation is based, is essentially independent of the
integral data which formed the basis for the evaluation by Fabry et al.
[301.

Each cross section value from the present evaluztion carries an
index in the range 1 to 99 (see Appendix). The prescription to be used
in deriving cross sections at energies intermediate to the mesh points
depends upon the index range. Linear interpolation is to be used for
energies in the ranges defined by the indices 1 to 3 and 43 to 99. For
example, given energy E, we can find the appropriate cross section G by
the formula

c=a+beE (%)

where

-16~-
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(Ejpi 95 = Ef O44y) )
(Eypy = Ep)
and
©s4s - %) ,
b = gy » 6)
“i+1 i

provided (Ei’ oy and (Ei+i’ °i+i) are mesh points from the Appendix

with
121522 or 435215 98 (€2

and

< <
1 BBy e &

In the range defined by the indices 3 to 43, semilog interpolation

E

is to be used. Thus

Inoc = a'+b'E (9)
where
i (Ejpy Ino; ~E Ino, )
a'= 3 - 10)
i+i ‘i
and
o (1n Oipi = 1n ai)
= (E - E.) » (11)
i+i i

provided (Ei’ oi) and (Ei+i’ °i+i) are mesh points from the Appendix,

with
3531242, 12)

and E satisfies Eq.(8).
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APPENDIX

EVALUATED CROSS SECTICNS FOR THE
IN=115(N,N")IN=115M REACTION
The cross sections comprising the present evaluation have been
transmitted to the National Neutron Cross Section Center, Brookhaven
N~cional Laboratory, Upton, New York, 11973, U.S.A., in the form

shown by the following listing.

-]18-
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TABLE 1

Properties of Indium and the 1151n(n’n')115m1n

Reaction Which are of Concern for the Present Evaluation

Property Value
. 113
Natural abundance of indium In : 4,28%
isotopes 115In : 95.72% a,b
Mass of indium isotopes 113111 : 112,90 amu?
llsln : 114.90 ams?
Half life of 11°In 4.486 h ©
1
Excitation energy for l‘smln 0.336
Decay modes for llsmln IT : 94,95% €
(see Fig. 1) B, : 0.05%2 ©
. c
32 : 5.002
Total internal conversion c
coefficient a for the 0.336-MeV 1.073
IT
Number of O. 3;? =MeV gamma rays
produced per ™n decay 0.459
115 14115
Threshold for In(n,n")" ~"In 0.339 MeV a,d
reaction
Ref. 2. 115

The ground state of 1 In has a half life to B decay of 6 X 1014y (2
and can be considered stable for practical purposes.

Ref. 5.

Ref. 4.

2=




TABLE II

. . . a
Dispersion Indicators for Data Considered in the Present Evaluation

Energy Range Dispersion Indicator
Threshold to 0.5 MeV > * 307%
0.5 to 0.6 Mev + 207
0.6 to 1 MeV * 1572
1 to 3 MeV * 107
3 to 6 MeV + 8%
6 to 12 MeV * 6%
12 to 13 MeV * 10%
13 to 15 MeV * 20%
15 to 20 MeV *+ 15%

The dispersion indicator defines a band around about the final evaluation
within which the majority of the experimental data points for a given
energy range can be found. It provides a qualitative method for esti-
mating the uncertainty in the evaluation. The uncertainty in the evalua-
tion is probably considerably smaller for each energy region than is

implied by the dispersion indicators.
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TABLE III

Comparison of Spectrum-Average

Cross Section Values of the 115In(n,n')usmln
235, .
Reaction for U“Ehermal' f) Neutrous
- 115
Source Oont ¢ TImXyg
Reproduced from the ENDF/B~IV
Dosimetry File® 0.1668 barn
Computed from the present eval-
uation using the standard neutron 0.1891 bam ©
spectrum dgfined by ENDF/B-1V ¢
parameters
Result from an evaluation of
integral data by 0.189 ¢+ 0.008 bam
Fabry et al.
3 Ref. 1.

b See Section IV and Ref. 1.

€ Based on the dispersion indicators given in Table III, it is estimated
that the uncertainty in the computed average cross section is smaller
than * 97,

d Ref. 30.

-26-



FIGURE CAVTIONS

Fig., 1. becav scheme for llbmln {(4.4B6 h).

(ANL Nep. No.o 116=-76-404)

Fig. 2. Plot of exp.rimental data and cvaluations fer the usIn(n.a')nsnln
in the en -y repion near threshoid.
(AST. Neg. No. 116-76=-402)
15 115z

Fig. 3. Plot of experisentsl data and evaluations for the 1 Ini{n,n")
reactions from theeshold te 20 ¥MeV. Experirental data for energles
below {.2 MeV are not piotted.

(ANL Neg. Ne. 116-76-402)
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