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Abstract

The experimental fission croas-section data of U—238, Yp-237
and Th-232, published up to the end of 1670, are reviewed and
analyzed between their respective threstolds and 20.0 MeV. The.
results of a statistical anmlysis of tle aveilable date, performed
with a weighted Leust-squeres Orthogonai Polymomial Fitting compute>
progruure are presented in the form of point-uise cross-section
values tegether wjth their uncertajniicn, and in the fors of graphc.
of the fitted curvcs with an indicetion of 2 region of 957 statistical
confidence leveil, An estimate of thc¢ fission apecirum weighted
avcrége cross-sections and their respcctive unceriainties is also

given,

* Prescntly at Suoul University, Seoul, Korea,



I, Introduction

. In recent years, a great deal of effort has been devoted to the
development of techniques to measurs neutron fission spectira, differon-
tial fast neutron spectra, and fast neutron fluences in diverse arsas
of regearch (Refs., 1-6), Omne of the ecstablished methods to meagure
fast neutron flux and spectrz is the application of threshold detectors
based on threshold reactions such as (n,p), (n,a), (n,2n), (n,?) and
(n,n'). In all of these and related applications an accurate knowledge
of the energy-dependent reaction cross sections, as well as of the
spectrum-weighted integral cross sections, is of basic importance,

The object of this work has been to attempt a thorough statistical
evaluation of existing experimental fast neutron fission cross sections
for Th-232, Np-217 and U-238 in the energy range from threshold up to
20 ¥eV, No consideration has heen given to the sub-threshold region,
nor has the threshold itself been specifically investigated,

Rumorous compilations and recommendations of tho considered
oross sections have been made in the past, Two factors, however,
Justify the ocurrent reviews one is the avajlability of new data which
have not been considered in earlier reviews and evaluations, the other
is the derivation of statistical confidence levels with due aocount of
the associated data uncertainties, It is hoped that justice has been
done to both of these pointas considering in this review most known
existing data, and introducing the use of a computerized statistical
fitting procedure, in the derivation of the final results,

The two principal features of this study are the treatment of the
experimental data used as input for the analysis, and the method used
to analyze the data and their related uncertainties. ¥ith regard to
the data, in as many cases as was feasidle, most sets have been renor-
malized to Davey's 1968 evaluation of the U-235 fission cross section
(Ref, 13), eliminating thus, as far as possible, those discrepancies
arising fron differences in normnlization, The second emphasis of this
work has been placed on the statistical fitting of the oxperimental
data by means of a weirhied Least-Squares Orthogonal Polynomial Fitting
Program (Refs, 19, 20) yielding fitted excitation curves together with
an estimute of their point-wise as well as reogional uncertainties based
on a 95 percent confidence level,

Although statistical fittinp programmes, such as the one used in
this analysis, are poverful tools for efficiant and ranid processing
of exporimeninl data, ono must roalize thn= a statistical approach
dealing not exclusively with stntistical ercors sometimoes disrevards
and often does not do justice to the underlying physics. Furthermore,
these methods treat the uncertainties attschel to the data, vhether
their orvigin is syatematic or rundom, in a purely sintistical way,



The situation in aggravated more in that the data, and specifically
the uncertainties ussicned to tha data, are not al.nxs spreified by
the authors as dbeing either SJ%»GMith or siutistical, at best one
single error is usually given, Thus, the resmlits pgiven In this report,
in particular the uncertainties attached to the recommeniled wvualuez,
xust be viewed in the light of trease considerations,

II. _ Review of the con:idered eynerimental data

The sets of experimental data collectel for this review were
obtained from two sourcrsy, As part of the initial survey the
U.S. National Noutron Jross Sectiou Center (at rrookhnvcn$ supnlied
an up-to-date (April 1970) selected reiriecvai from the SCISRS fileus
this initial effort was supplemented by a literature search with the
help of CINDA-69 which resulted in the collection of those cross-
section data which had appeared in the published literuture (Rofs,22-54)
up to the end of 1970.

In the first phase of the roview all collected data sets wcre
classified according to measurement type, normalization and complete-
ness of inforazation, into the following four categoriess

(1) Absolute cross scction measurements, Unsodified values uscd
in this review,

(2) ¥easured cross-section ratios which wcre converted to tho cross-
section values uszsed in this review by applying recognized
standard cross-sections,

(3) Cross-section shape measurameriis which wers normalized to a
reference standard to obiain the values used in this review,

(4) Other cross-section measurements, for which information on
normalization was ambiguous, or data which had to he read from
curves and for which no error estimato was given,

Cross-gections vhich fall under category 1 have been considered
hero to be the "bosi" or most reliuble; in all of these cases the
original values were uned for the input. Tn determining the croes-pections
from measursd cross-gection ratios (ca‘e;ory 2) or in ro-normalizing
the data in category (3) to morc ricent and rurrent]y acaepted reoference
cross-gections, the standard which was found to0 he mosai widely uued, or
which in the final anulysis wis tae basis o the recomsended vulues, is
the U-23% fisaion cross-section, Although it is beyond the scana of
this review to give a detailed unalysiz of ¢he bagic U-235 (n,7) eross-
secction, a current oppraisal of the various rucommenced sets or the
evaluated U-~235 fission cross-rceiions (Fufs. 4, 10-13, 15, 16, 22) in
the energy r:mge under consideration was nocessaryy  those are given
in graphical form in Figure 1,



Of these evaluated sets, Davey's recommended values (Ref, 13)
up to 10 MeV, have been considered during the last few years as the
most reliaole referonce data, These data have recently been sub-
stantiated by the revised Honkel and Nobles data, and have also been
adopted by Alter and Dunford (Ref, 16) in their re-evaluation of the
U-235 neutron cross-section, Schmidt's recent evaluation (Ref, 22)
also shows a closer agrecement with Davey's values up to 1 MeV,
howcver Schmidt's recommended curve for the energy range abovo 10 MeV
appears to be more reasonable than the extrapolated values given by
Alter and Dunford. In the present review, the U-235 (n,f) oross-sections
used as standard are besed on Alter and Dunford's (Ref. 16) values up
to 10 MeV and on Schmidt's recommended curve above 10 MeV,

Most data sets which fall in category (4) were not used in this
review primarily because of the lack of experimental documentation,
One of the excepiions has been the use of Fenkel's 1957 values of the
Th-232 fission cross-section which were reported in LA-2122 (Ref, 53)
and included in the 1958 edition of BNL-325, These data were measured
at a very high energy resolution; unfortunately the numerical data of
this experiment were not aveilable in tabuler form, and the data had
to be read from Henkel's curve in order to reproduce the highly re-
solved structure in the beginning of the first plateau, between 1,5
end 2,0 MeV, For the purpose of this review 88 points at 0,1 MeV
intervals were read from the curve and a 5% uncertainty was agsumed ,
taking into consideration the error of the U-2315 standard cross-section
used in this experiment, which is presumebly Diven's 1953 value of the
U-235 o(n,f) = 1,269 + 3 5% at 1,25 MeV,

The cross-seotion data error plrays an essential part in assigning
the statiatical weight to each data input point, and in the subsequent
treatment of these data by the fitting program, Because of the widely
differing modes of error analysis presented by the authors of the
experiments considerecd here, it has not been possidble to separate
systematic frcm statistical errors; consequently what has been used
as input in this study are the overall errors assigned by the experi-
menters wherever these were given, In those cases where the data vere
normalized or re-normalized, the effect of error propagation, which
stemmed from the uncertainties of the standards used in the initial
n. rmalization, could not be taken into account in all cases hecause of
lack of information, and the errors originally given for the measured
data were transferred to the revised cross-gection values,

The data sets used in the review 0° the U-228, Np-237 and Th-232
fission cross-sections are given in grephical form in Figures 2, 3
and 4 respectively. In summary, this survey of available data has
yielded 111 U-238 (n f) data points 264 Np-237 (n,f) data points,
and 153 Th-2122 (n f) daia points which were used ng input to the f11t1ng
programn descr1bod in Section III, & brief description of cach indivi-
dually considercd data set is given helow for each of the three isotopes,



Data sets used for the U-218 (h.t) roview

1)

3)

4)

5)

6)

()

8)

9)

Hangen, McGuive and Smith (1968) (Refs, 24, 25),

45 data points beilwenn 1,0 and 22,0 MeV, The data used

are those given by Smith, gec Refererce 24, Error given
by the guthors ranges be#wecn 1% and 6%, Measured relative
to (n WP

Kalinin and Pankratov (1958) (Refs, 26, 28).
7 data points between 3.1 and 5.3 %eV, Data read from curve,
Assigned uncertainty of 7% by authors. £fbsolute measurement,

Emma et al, (1965) (Ref. 37).

T data points between 1.8 and 4.5 MeV,

Original data used. 5% unceriainty given by the authors,
Shape measurement,

Adams, Batohelor and Green (1961) (Ref, 36),

14 data points between 12,7 &and 19.4 MeV, Relative mecasurement
normalized at 14 MeV to Moat's (1957) 1,13 darn value, Original
data used, Statistical error of ~. 4% given by the authors.

White and Warner (1967) (Ref, 32).

Three data points at 2,25, 5,4 and 14.1 MeV,

Originrl measurement normalized to the U-23% fission cross
sectionis as given by Stehn (1965), Renormalized for this
work to Alter and Dunford's and Schmidt's U-235 (n,f) values,
24 standard deviation of the cross section given by author.

Stein, Swith and Smith {1968) (Ref. 34).

14 data points beiween 1.5 and 5,00 lMeV,

U238/U235 ratio measurement normalized for this review

to Alter and Dunford's data, 2,2% absolute cross section
error given by authors,

Lamphere (1956) (Ref., 35)

6 data points between 0,5 and 3,0 MeV

(supplemented by 10 values read from curve given in KFK 120/1)
Ratio meesuremert re-normalized for this review to Alter and
Dunford's values, Total uncertainty ot deduced cross-section

15 N 50?-%0

Pankratov et al, (1960) (Ref., 27)

16 date pointe between 10,6 and 21,5 MeV,

Data menaured relstive to U~233 0, at 14 ¥V, Values read from
curve and re-normalized in this work to Yout's (1958) value of
1,13 barns at 14 XeV. Error as given by the author iz + 5%,

Pankratov (1961) (Ref, 28)

25 data points bvetween 3.4 and 21.9 YeV, Data measurved were
normalized to the U-238 4_ at 3.4 MeV, oy given in Parkratov }059,
includes correctnd 19%8 2ata by Kalinin and Pankratev between 2,0
and B.9 eV, Dair reud froa curve and re-normalizsd to Moat':
(1958) value of 1,13 barng at 34 MeV, Irror as given by the
guthors iu + 5%



Data sets used for the Np-237 (n.f) review

1)

2)

3)

4)

5)

6)

1)

8)

9)

Otroshohenko cnd Shigin (1961) (Refs, 42, 43)
24 data points between 0,012 and 1,5 MeV,
Data read from curve, Cross-section errors as
given by =suthors rcage from 3% to 6%,

Kalinin and Pankratov (1956) (Refs. 26, 28)

13 data points between 2.5 and 8,3 MeV,

Data read from curve, Cross-section errors as given by
authors are about 7%. Relative measurement normaliged
to measured absolute value,

Protopopov, et al, (1958) (Ref, 52)
One date point at 14,6 MeV, Error is 8,3%,
Absolute measurement,

White, Hodgkinson and 4all (1965) (Ref, 39)

5 data points between (,04 and 0,505 MeV, Relative measurement,
Data wvas renormalized to Alter and Dunford's values for this
review, Combined error ¢uoted by authors is around 8%,

Brown et al, (Pommard) (1970) (Ref, 46)

161 datas points between 0,1 and 2,85 MeV have been used

in this review, Data is normalized by authors to Davey's
1968 (Ref, 13) U-235 (n,f) evaluation, Error ranges between
7% and 25%, contres around lqﬁ.

Stein, Smith and Smith (1968) (Ref, 34)

12 data points between 1,0 and 4.5 MeV,

Yp-237/U~-235 fission ratio measurement normalized to Alter
and Dunford's U-235 (n,f) values, Ratio measuremont error
of 2.6% quoted by suthor was used for the normalised values
used in this reviewv,

White and Varner (1967) (Ref, 32)

4 data pointe betweon 1,0 anu 14,1 ¥eV,

Np-237/U-235 fission ratio measurement originally normslired
to Stehn's (1965) U-215 values, re-normalized to Alter and
Dunford!s and Schmidt's U-235 ln,f) values for this review,
Ratio measurement error of 3-4% was nsed for the normalized
values used in this report,

Stein, Smith and Grundl (1968) (Ref, 33)

7 data points between 1.5 and 4.5 MeV,

Np-?27/U-238 fission ratio measurement normalized for this
reviev to the U-238 (n,f) values obtained in this review,
Ratio measuremcut error of 2,.5% as given by authors has deen
used for the normalized values,

Sehnitt and Muvrray (1959) (Ref. 40)

30 data poinic tetueer N,00 and 8,0 MeV,

Np-237/U~238 fisnion relio messurement renormalized for thip
review to the U-238 (n,f) values ohizined in this review,
Estimated conbined error used in ihis review ic 7%,



10)

11)

Pankratov, Vlasov end Rybulov (1950} (Ref, 27)

17 data pointrs between 9,6 and 21,8 FeV,

Shape measu:remeni, These dota were normalized to
Pankratev's leter mensurerent (i1963) (see next data
reference) in the seccnd platenu region (~© to 14 MeV),
Croas-seciion uncerisinty £s nssigrned ty author is 5%.

Pankratov (19531) (FH:+, 28)

24 data puinig beiween 3,4 and 21,7 NeV,

Data measured relutive to U-238 o, at 3.4 VeV,

and renormalized for this Teview to tein et al. (1968)
values (sce 8) above, Ref, 33) at 3.4 MeV. Cross-section
uncertainty of 59 wns assured,

Data sets used fuyr the Th-232 (n,f) review

1)

2)

3)

4)

5)

6)

1)

Behkanmi and Huizenga (1968) (Rer, 48)

) data points at 1.2, 1.4 and 1.6 FeV,

- 32 cross—section delermined from fission count reletive
to U-236 (n,f). Oripinal data normalired for this review to
Stein et a1, (1968) U-226/0-23% ficaion ratio measurement
using Davey's U-21?5 values, Combined error given by anthors
ranges between 7% and 1¢G7,

Ermagambetov, Kuznetzov and Smirenkin (1967) (Ref. 49)
15 data poinis between 0,96 and 1,29% MeV, C
Measured Telative to natural U wncertrinty of 5% assigned.
by authors,

Babcock (1962) (Ref. 47)

5§ data points between 13,0 and 18,0 YeV,

Measurement relative to U-238 (orirsinal normalijzation values
not given), Errors range from 4% to 224,

Bebeock (1961) (Ref. 54)

7 data points betwecn 1,14 and 1,88 MeV,

Yo experimental informotion available, Data

from K¥NCSC, Rrookhaven, Errors range {rom €% to 35%.

Henkel (1957) (Ref, %3)

88 data points btetween 1.1% and 9,00 MeV,

Original dota normulized to Diven's (1953 Li-1336)

U235 fission croas=-secticn 2t 1,2% McV of 1,269 dbarns,
Data from HNCSC, Brookhaven, were read fron curve,

Original tabulation rot evailable. 2 5% errcr was assigned
on the basis of error in original standard uvsed,

Berezin et al, (1658) (lef, 51)
One datr point at 14.6 MeV, 2usolute measurement,
Approximate 5% error essigned bty authors,

Protovopov, Selitzkii and Solovivw (195¢) (Ref, £2)
Onc data point at 14,6 MeV, #th:iolute peasurnment,
spproximete 5 orror snusigned by authora.



8) Xalinin and Parkratov (1958) (Ref, 26)
9 data points between 3,1 and 7,2 MeV,
Relative meesurement., Original data used, Error assigned
oy authors is 7%,

9) Pankratov, Viasov and Rybakov (1560) (Ref, 27)
14 date points between 10,7 and 21,5 MeV,
Relative measurement, Data renormalized to Pankratov 1963 values
for this review, FError assigned by authors is $%.

10) Pankratov (1963) (Ref, 28)
26 data points between 3.4 and 21.8 MeV.
Data originally normalized by author to 0,135 barns at
3.4 MeV (BNL-325,6 1957 Edition), Original data used.
BError assigned by authors is 5%,

11) BRago and Goldstein (1967) (Ref. 50)
16 data points between 12,5 and 18,0 MeV,
T™-232 fission cross-cection determined relative to U-238 (n,f)
cross-saction, Original data was normalized to 1965 Barrall
and MoFElroy U-238 fPission crosa-section. Data for this review
were renormalized to U-238 (n,f) cross-section determined in
this review, Combined error of 7% was assigned,

12) Uttley (1956) (Ref. 30)
One data point at 14.1 KeV,
Ratio measurement, Original data based on U-238 0. value of
1.14 4+ 0,07 barns at 14,1 ¥eV, Error is approximagely 5%,

111, Fitting Procedure

The essential feature of the weighted least-squares polynomial
fitting program used in this analyris is that it uses orthegonal
polynomials which allows a high degree of fitting (up to degree 40)
without excessive use of computer time, The orthogonality condition
results in the matrix of the normal cquations being diagonal, theredy
avoiding the gerneretion of the infinite Hilbert matrix., In the con-
putation, the importence of each irput data point, or weight W, is
connidered to be inversely proportionel to either (A6)2 (aubsolute
weight) or (Ad/0)° (relative weiphi), The progrem also celculates
statistical parameters which reflect ithe quality, or "goodness of fit"
of a given degree of polynomial, 7%his computer program was developed
at the CERK European Orsanization for Nuclear Rescarch, in Ceneva
(Refs, 19, 20) &nd adapted for nuclear date analysis at the IAFA; in
Vienna,

In tke actual fitting procedure, two subsequent operations are
perforned on ‘an data, The first opcrziion results ir the determin-
ation of the cptimum degreo of fit which for tre statistical F-disiri-
bution yields reszults withir cho=cen confidence limits, The second



operation yields poini-wise values of the fitted function of the degreo
chosen on the basis of the first oprration, and ke atatistical uncer-
tainties of these point-wise values at the Ziscrete valuec of the
indepcndent variable,

The point-wise uncertainties of the fiticd function which the
program calculates correspend to a chosen stotistical confidence lavel
of 95% of the ectimated mean of the calculated point-wise values, These
uncertaintiea, however, are attributed to the individual peint-wise
values only, and are nol a measure of the width of the confidence resion
over the whole energy range, In order to obtain a quentitative mensure
of this confidence region, which ¥ill contain the whole fitted function
uncertainty, at the discrete wvalues as well as in the intervals, it is
necegsary to veight the calculated point-wise uncertainties at diserete
values of the independent variable by 2 factor "f" which is a function
of the degree of f£it (k), and the statistical F-distribution factor (F)
for a given level confidence. The pzrameters used ip fitting the
U-238 ?;,f), Np-237 (n,f) and Th-232 (n,f) data are summarized in
Table 1, All of the fitting operziions are based on 2 statistical con-
fidence level of 95% for the calculated accuracy of the fitted function,
Also, in order to determine the cptimum fitting parameters, the first
Tun for each of the three considersd reactiona (not shoun on Table 1)
vas a 40-degree fit, using relative errors (that is, vhere the weight
of each point is inversely propoertional to ( Ag )2 ) as part of the

! L]

1nput.'_

Botk the uncertainties of the input data as well as the frequency,
or density, of input data nlay & determining role in the final speci-
fication of the accuracy of the fitted points, Of these two, the uncer-
tainties of the input data, aside from the actual input data values, are
probably the most sensitive, both Irom the physics point of view as well
as in its interpretation in cortext of the mathematical ireatment by the
fitting program, 1In view of the lnck of experience gained smo .far in the
application of this atatistical fiiting approsch to the analysis of
nuclear data, the liberties taken and assumptions made in the inlerpre-
tation of the significance of the uncertainty input porameter must be
considered at this stage of this review as being of an experimental
nature, As an example, it was found that because of the variation of
the date by several orders of magnitude in the energy range under con-
sideration, jt was desirable to convert the uncertainiies of tke input
data (i.e, Aag), vhich are in effcct point-vwise weighiing factors in
the mathematical operation, to relaiive errors, 5o as to nchieve an
equal importance of fitiing throu:iout the considered energy ranre,

In some caems, however, riven enerpy regions, such as ihe thresho!d
regions of the U-238 and Np-237 eross~-zecticn, were fitted aevarately
uairg tho absolute error values in order in reduce ths resultant uncer-
tainties of the fitted points and c¢liminate undesiratle oscjllations of
the fitted function,



TABLE
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1,

Fitiing Parameters

E, (MeV)

RELCTION

E 5
min} “max

REMARKS

v-238 (n,r)

0.5 22,0

145 | 40

20

4.015

2.96

Data were
according
square of
error for

weighted
to the inverse
the absolute

energy range

= 1,5 MeV

Data ware
according
square of
error for
=1.5 MeV

weighted

to the inverse
the relative
energy range

N¥p-237 (n,f)

0.07}22.0

i

298

26

3.45

3.17

Data were
acoording
square of
error for
=« 0,7 MeV

Data were
according
square of
error for

=0,7 NeV,

weighted

to the inverse
the sbsolute
energy range

woighted

1o the inverse
the relative
energy range

Th-2132 (n,fJ

0.8
7.0

8.0
22,0

186§ -

30
19

355
3.015

Full energy range could
not be fitted

(Relative values of input
(uncertzinties were used
(in both Pits

Parameter descriptions:

n = total number of input data points;

k = chosen degree of fity

f = woighting fector to convert from point-~wise
to "continuous confidence region" uncertainty,
defined as

r = ) (x+1), F,

+1,n-k-1

vhere P = statistical PF-distribution factor for given degree of conlidence,
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IV. Discussion o the fitted results

.The fitted point-wise results of the U-238, Np-237 and Th-232
fission cross-sections are tabulated in Tables 2-1, 2-2 end 2-3
respectively. The cross-gection uncertainties, as given in these
tables under the heading of “Delta Sipma", are “continuous confidence
rogion" statistical) uncertainties based on an assumed 95% statistical
confidence level (i.ec, point-wise uncertzinties weighted by the fector
f given in Table 1). The fitted curve and the "continuous confidcnce
rogion" based on the 95% confidence lovel are shown on Fipures 2.3

a1l 4 for the three fission cross-sectionas together with the experimental
data,

It is of interest to note that the width of the counfidence region
vories inversely with the density of input data pointss this is parti-
cularly uoticeable in the cese of Th-232 (F&q. 4) in the enorgy region

between 9,0 MeV and 13.0 MeV, whcre the sproad of the data ia 0.5 %o
1.0 MeV, and the uncer~ainty of the fitted data reaches + 30%.

On the other hand, the width of the confidence region appears lo be
unreasonably narrov in some oeses, and is not representative of the un-
cartainties implied by the input data error-bars, This is particularly
noticeable i.. the 0,5 MeV to 9.0 MeV range of the Np-237 fission cross~
seotion (Fig. 1) in the 12,0 MeV to 20.0 MeV range of the U-228 fissuion
cross-mection (Fig. 2) and elso in the 2.0 MeV to 5.5 MeV ranse of the
U-238 curve, ﬂand-draun envelopes shown by dashed curves define the
areas in question in these three cases,

As more accureste measuremonts with higher energy resolution begeon
to be performed, the presence of & firer structure became aprarent
immediately beyond tre crests of each of the cross--section pletefux,
This behaviour is readily scen in the figures given here, and is typically
axemplified by Henkel's Th-232 data (Ref, 53) around 2 MeV, shown on
Fip, 4 as & dashed curve, Al though the data tendi to ind:cate gimilar
Yehaviour of the cross-section in the platesu regions of U-238 and Kp-237,
no fine resolution desta, as in tke case of Thorium, is prescntly avajlable
to resoclve & well def1ned structure.

In this analysis, mainly because of the lack of high accuracy and
high energy reso]ut:on of the available data, no exact fitting of the
fine structure has heen atiempted, with the eVCODi“OW of the Thorium
first plateau region which is relatively vell defined by Henkel's data.
Unfortunately no other data, of comparabln density &nd aecvracy has tecn
measured since then for tho ihree considered crocs-sections, In the
Thorium cese, closr to one hundred points in the energy rarge betweon
1,15 KeV rnd 9.00 MeV at 0.310 MeV intervals rcsd from the curve, wore
supplomented to the input dats, A 5% overall error was essirmad to the
data with due account of the 3,5% uncerteinty of the standard used.
Although a 40 degree fit of the data over a limited eneryy range provides
an erxcellent point-vise agreement with the experinental data, the oor-
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responding uncertainty at such high degree fits decomes considerably
vworse, and can only be reduced if much more limited energy ranpes are
analyzed with lower degree polynomials, In the final analysis, the
Thoerium fission cross-gection was fitted in two separate runs as indi-
cated in Tahle 1., Thus, under the present circumstances, the fitting
could provide only an overall, or rough, structural detail of the cross-
section dependence.

It is evident that in any application of these threshold reactions,
such as in differential neutron flux measurements, an accurate knowledge
of such fine structure would play an essential role in tke improvement
of the acouracy of such measurements, For the purpose of most threshold
activation detectors presently used, hovever, the detailed shapes of the
fine structure of these cross sections are not known well enough,

V.__ _Caloculation of the Fission Spectrum AveragedFission Crose Section

An approxim~4e calculation of the fissiocn spectrum weighted
average fiasion cross section values of U-238, ¥p-237 and Th-232 was
pexformed with the point-wise data obtained from the fitting procedure
described above, In addition, an estimate of the uncertainty of the
calculated average oross-lections was made on the busis of the calculated
uncertainties of the fitted data points,

Considering equal energy integration intervals AE of 0,1 KeV,
and using a simple histogram integration method, the average weighted
crosa~-section vas calculated from the following expression for the three
considered cross-sections between 0 and 20 NeV,

5 Z ;of(si) #(E,)
£ 28 ()

Yhere cf(E ) are the point-wise fitted fiesion cross-sectione at
energies E,, and ﬂ(Ei) are the point-wise values of the Watt fission
spectrum as given by Prye, et a). (Ref, 67)¢

P(E) o< exp(~E/0,965 )asinh /Z.20E

In coxbining the components of systematic effects to give an
overall measure of the resultant unceriairnty, two mcihods can te 2dopted
(see Ref, 66)., One comdbines the errors by arithmetic addition, the other
sums them in quadrature, %¥Yhile the linear combination method is apt to
overeatimnte the overall uncertainty, the quadrature methed, which is
similar to the method used ir the treatirent of stutistical error propa-
gation, wusvally tends to underostimate the oversll uncertainty,
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Both of those methods were used to estimate the overall
uncertainty of the weighted average cross-rections Op 8

1) Zgaf "oelculated on the banis of the quadrature summetion method
are 0,9%, 0,7% and 3,68 for U-238, Np-237 and Th-232, rcepectively.

2) ZSaf calculated on the bagis of the arithmetic summation method
are 9.4%, 6.7% and 19% for U-238, Np-237 and Th-232, respectively.

The results obtained in this evaluation of the weighted average
fiselou croas-sections and their uncertaintiec, are given together with
experiments]l and caloulated results of other authors in Table 2, The
uncertainties quoted in this table, and the ones whioh ere considered
to be the more realistic are those calculated by the method of arith-
metic summation,

Supplementary information which may be of interest in comparing
the response of the threce considered threshold fiscion dotecto.s is
given in Table 4. This tabulated information lists the percent responce
of U~238, Bp-237 and Th-232 fission dotectors in a Frye-type spectrum
for specific energy intervals between 0 and 20 KeV,

Acknowl2dgement

The authors want to thank Dr, J,J, Schmidt and Dr, T.A, Ryer
for thaeir support and helpful advioe,



1.

3.

4.

5.

6.

7.

8.

9.

10,

11,

12,

13,

14,

15.

16.

- 14 -
REFERENCES

W.L. 2ijp, "Review of Aciivation Methods for the Determination
of Fast Neutron Spectra' 6 RCN-37, Reactor Centrum Nederland,
Petten, Netherlands (1966)

C.,R, lubitz and L, Stewart, “"Remarks on the Neutron-Induced Fission
Spectrum®, EANDC(US)-139%1" (1970)

A.M. Bresesti, M, Bresesti, A. Rota, R,A. Bydin, and L. lescs,
Nucl, Sci. Eng., 40, 331 (1970)

A, Fabry, M, De Coster, G, Minsart, J.C. Schepers, and P, Vandeplas,
WIAEA Confexenco on Nuclear Data for Reactors, Helslnkl
15-19 June 1970", CN-26/39 (1970)

G, Ben-David, Techn, Report "Nuclear Standards for Neuitron Measure-
ments", IABA-107, 57, IAEA, Vienna (1968)

Technical Reports Beries No, 107, "Neuiron Fluence Measurements",
IAEBA, Vienna (1970)

H, Liskien and A, Puulsen, "Compilation of Cross Section for Some
Neutron Induced Threshold Reactions", EURATOM, Central Bureau for
Nuclear Measurements, Geel, Belgium lNov. 1961)

H, Liskien and A, Paulsen, "Compilation of Cross Sections for Some
Neutron Induced Threshold Reactions", EUR 119,e Vol, 1 (May 1965)
and Vol, 2 (April 1967) Central Bureau for Nuclear Measurements,
Geel, Belgium

J, Spaepen and 4, Liskien, Tech, Report "Nuclear Standards for
Neutron Measurements", IAEA-107 259, IAEA, Vienna (1968)

K. Parker, "Neutron Cross Sections of U-235 and U-23€ in the
Energy Range 1 XeV to 15 MeV, Part II", AWRE 0-82/63, AWRE Alder-
maston, England (1963)

I, Langner, J.J. Schmidt, and D, Woll, "Tables of Evaluated Neutron
Cross Sections for Fast Reactor Materials" KFK-750 (1968)

W.0, Devey, Nucl. Sci, Eng., 26, 149 (1966)

W.0, Davey, Nucl. Sci. Eng., 32, 35 (1968)

Y. Kanda and R, Nakasima, " Review of Some Fast Neutron Cross
Section Duzta", Neutron Cross Sections and Technology, Proceedings

of a Conferonce Washington, D.C., Vol, 1, 193 (Varoh 1968)

W, Hart, "Revised Fission Cross Section Evaluations for the
Energy Range 1 KeV to 15 MeV®, AUSB(S)R 169 (1969)

H, Alter and C.L. Dunford, "An Evaluation of Uraniun-235 Neutron
Crons Section Data for ”nerg*ox rbove 15 Ko7', AL-ARC-%E¥0-12913,
Atomics International, North American Rockwe!l (1970) '



17.
18.

19,
20,
21,

22,

23,

24.

25,
26.

27,

28,

29,
30,
31,
2,

33.

A, Horsley and J.B. Parker, éupploment to the Procecedings of a
Confercnce, Paria, "Nuclear Data for Reactors", INDC-156, CN-23/24,

TAEA, Vienna (1967)

J.R, Smith and R.A, Orimesey, “An Evaluation and Compilation of
Neptunium=-237 Cross Section Data for the ENDF/B Pile",6 IN-1182
(May 1969)

A least-Squares Orthogonal Polynomial Fitting Programme from
CERN 70%0 Programme Library (1970)

Derek J, Hudson, "Statistics Lectures TI", CERN 04-1f, Datin
Handling Division, CERN-Geneva (1964)

RENDA, Compilation of EANDC Requests for Neutron Data Measurements,
EANDC 85%U" (April 1970)

J.J. Schmidt, Private communication (1969)

R,K, Smith, R,L, Henkel, and R.A. Nobles, Bull, Am, Phys. Soc.,
2, 196 (1957)

G. Hansen, S, McGuire, and R.K. Smith, "Reports to the AEC Neutron
Cross Section Advisory Croup Meeting at Brookhaven, New York,
April 13~14, 1967", WASH-1074, 75 (1967)

R, K, Smith, "Correction to Data of Smith, et al,, Bull., Am, Phys.
Soc,, 2, 196 (1957)", Private communication to BN (1968)

S.P, Kalinin and V.M, Pankratov, Proc, 2rd Intern, Conf, Peaceful
Uses At, Bnergy, 16, 136 (1958)

V.M, Pankratov, N,A. Vlasov, and B,V, Rybakov, Atomnaya Energiya,
9, 399 (1960), Transl., in Soviet Atomic Energy, 9, 939 (1961)
and J, Nucl, Energy, 16, 494 (1962)

V.M, Pankratov, Atomnaya Energiya, 14, 177 (1963).
Tranol, in Soviet Atomic Energy, 14, 167 (1963) and Journal of

Nuclear Energy, Part A/B (Reactor Science snd Techno]ogy)f 18,
215 (1964)

A, Moat, Private communication to BHL (1958)

C.A, Uttley and J.A, Phillips, AERE NP/R 1996 (1956)

W. Nyer, LA-T19 (1948)

P.H. ¥hite and G,P, Warner, J, ¥ucl, Energy, 21, 671 (1967)

¥.B, Stein, R, K. Smith, and J.A, Srunil, "Belative Fission Cross
Sections of U-238, §p-237, and U-235" E0ONF-650303, 523,

Phyaical Soclety Conference on Neutron Cross Section Technology,
Washington, D.C, (March 1966)



M.

5.
36.

7.

38.

39.

40.

41,
42,

43.

45

46,
a1.

48,

49,

50.

S1.

- 16 -

W.E, Stein, R.XK. Smith, and H,L, Smith, "Relative Fission Cross
Sections of U-236, U-23é, Np-237, and U-235", Weutron Cross
Sections and Technology, Proceedings of a Conference,
Washington, D.C., Vol. 1, 627 (March 1968)

R,W. lamphore, Ihys. Rov,, 104, 1654 (1956)

B, Adams, R, Batchelor, and T.S, Oreen, Reactor Sci, Tech,,
14, &5 (1961)

V. Emma, S, LoWigro, C. Hilcne, and R, Ricamo, Fucl. Phys.
63, 641 (1965)

N.¥, Flerov, A,A, Larcszin, and I.E, Chelnckov, Atomnaya Energiya,
5, 657 (1958). Transl. in J. Nucl, Erergy, 11, 173 (1959)

P.H. Vhite, J.G, Hodgkinson, and G.J. Vall, Froc, Symp, LAEA
Salzburg, Austria, "Fhysics and Chenmictry of Fission", Vol, I
219 (1965)

O.W. Sohmitt and R,3, Kurray, Piys, Rev., 116, 1575 (1959)

E.D, Klema, Phys, Rev., 72, 83 (1947)

G.A, Otroshchenkxo snd V.A, Shigin, Neitronnya Fisika USSR,
155, Ed, by P.A, Krupchitskii, Moszow (1961),

Transl, in Soviet Trogress in Neutroa Physics, 155,
Consultants Bureau, New York (1963)

8,1, Gokhberg, G.A. Ctroshchenko, ard V,A, Shigin, Dokl,
fxad, Nauk, USSR, 128, 1157 (1959). Transl. in Soviet Phys,
Pokledy, 4, 1674 (1959)

H, Condé ct al,, Ccnf. Proc, TAEA Paris, #uclear Data for
Recetors”, Vol, I, 419 (1537)

W.X. Trown, D.R, Dixon and D,}, Drake, Nuclear Physios
A 156, 609 (1970)

W.K, Brown, D,R, Dixon and D,M, Drake, LA-4372 (Maroh 1970)

R.V, Babcock, "Neutron Cross Section Evalvation Group Newsletter
Yo. 6", page 2, LiL-732, Brookhaven Naiional Leboratory (1962)

A.N. Behkami and J.R. Huizenga, Kucl, Phys,, A118, 65 (1968)

S.B., Ermagambetov, F,V. Kuznetsov, end G,N, Smirenikin,
INDSWG 152E, "11SSkt Statns Comnittce on the Utiligation of
Atomic Energy", page 5 (1967)

P.F. Rago and N, Goldstein, Healths Physics, 13, 654 (1967)

A.A, Berezin, G,A. Stoliarov, Tu.V. Wikol'zlzii, and

1.E, Chelnokov, Atomnaya Enerziya, 5, 659 (195é).

Transl, in Soviet Atomic Energy, 5, 1504 (1958) and J. Nuol,
Energy, 11, 175 (1959/60)



52,

60,

61,

-17 -

AY. Protopopov, Iu.A, Selifskti ani S.M, Solov'ev,
Atomnayn Vnar*iyv 4, 150 (1058)

Transl, in J. Nucl. Energy,9, 157 (1959) and Soviet Atomic
~UP”6J, 4, 256 (1958)

R.L, Hun&el "Pagt Neutron Cross Sections*

L4-2122,
Tos Alamas Scientific Laberatory (1957)

R,V, Babcock, Private communication to BYL (Oci, 1961)
K,¥. Durham, M,P, Navelkar, E. Ricci, "Threshold Reaction
Interference in Neutron Activation Analysis", AECL-1434
(January 1962)

¥, Bresesti, A.M. Del Turco, A, Ostidich, A, Rota and G, Segre,
Proc, Symp. TAZA Harwell, "Neutron Dos1metrv" Vol, I, 27 (1963)

Vol Zijb,‘RCN-Int-63-069 (Petten,_Septembsr 1963)

J.A., Crundl, "Study of Fission Neutron Spectra with Bigh-Energy
kotivation Detectors", LAMS-2883 (May 1963)

R, Ricfmond unpublished, results quoted by W.D, Allen and
R.L. Henke] Progress in Nuclear Energy, Series I, 2, 1-50, -
Pergamon Press (1957)

R.B. leachman and K. W, Schmitt, J Nucl. Energy, 4, 38 (1957)

M. N, Nikolaev, V.I. Golubev and T, I Bondarenko,
J. Expt, Theoret. Phys., 7, 511 (1958)

A, Fabry and M, De Coster, "Integral Test of Capture Crosa
Sections in the Energy Range 0,1 - 2 ¥eV", Weutron Croass Sections
and Technology, Proceecdings of a Conference, Washington, D.C,,
Vol, 2, 1263 (Varch 1968)

J.A. Grundl, Nucl, Sci. Eng. 31, 191 (1968)

L. N, McElroy, Nuecl, Sei. Eng. 36, 109 (1969)

B. Uinkelmann, EANDC(E)128%u* (KFK 1186) (July 1970)

P,J. Campion, J.E, Burna and A, Williams, "A Code of Practice
for the Statement of Accuraey", AHDC(UKSI?BAL (1970)

L. Crenberg, G, Frye, X, Nereson and 1., Roaen,
Phys. Re\., 103, 662 (1956)



- 18 -

TABLE 2~1, FITTED FISSION CROSS-SECTIONS FOR U-238

ENERGY (MEV) SIGMA(BARNS) OELTA SIGMA(BARNS)
0010 0.0 0.0
0.20 0.0 0.0
030 0«0 0.0
0¢ 40 0.0 0.0
0eS0 0.0 0.0
0e 60 0.0012 00002
0670 0.0012 0.,0002
0.80 0.0036 00007
030 00092 0.0018
100 0.0192 0.0038
110 0.0242 00049
120 0.03538 0.0072
130 0.0745 00149
140 Ge14903 0.0298
150 02501 040498
160 063473 00550
1e70 064120 00517
180 0e4647 000497
190 0.5041 00481
2000 005306 000463
2010 05455 0.0443
220 0.5508 00424
2030 0.5488 00411
2440 0.5419 0.0407
280 0e5322 0«00613
20460 05216 000424
2¢70 05117 0.0435
2080 0.5038 0.0441
2090 004976 00,0441
3.00 04943 00437
3.30 04936 0.0428
3.20 0.4951 0.,0419
3+30 0.4984 0.0412
3.40 045029 <0408
3¢50 05080 0.0408
3.60 05131 0.0410
3.70 065177 0.0414
3480 05214 00416
3.90 0.5239 00417
400 0.5250 0.0416
410 Q0e5247 00413
4020 05231 00410
4430 ' 05205 0.0406
4040 065172 0.0405
4050 05136 00405
46860 05101 00408
470 05071 0.0414
4480 0.5051 040422
4. 90 05046 0e¢043)

500 05058 0.0443
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ENERGY(MEV) SIGMA(BARNS) DELTA SIGMA(BARNS)
S5.10 Q.5092 0.0456
520 : 0.5148 0.0471
530 065229 00,0489
Sea 0 0.5336 U«0511
5«50 0.548¢€8 0,0535
Se60 05624 0.0563
S¢70 0.5803 00,0594
5,80 00,6002 0.0625
Se90 0.6219 0.0657
6. 00 06449 0.0688
610 0.6690 0.0716
6420 06937 00741
630 0.7187 00,0762
6.480 007436 00,0778
650 07580 00790
6,60 07917 0.0797
6e70 08143 00,0800
680 0.8356 0.0801
690 0.8554 0.0799
700 08735 0.0796
710 0.8899 0.0793
Te20 09044 0.0791
Te30 0.9171 0.0750
T+40 09280 00,0789
Te50 0.9371 00790
T7+60 069447 0.0791%
7670 0.9507 0.0793
7.80 095583 0.0794
Te90 09587 0.0794
8.00 0.9611 00,0793
8.10 09627 0e0792
8.20 049535 0.0790
8430 0.5638 0.,0788
8.40 09637 00,0786
B8¢50 09633 00785
B.60 0.9628 0.0786
8,70 0.9622 00,0769
8.80 0,9616 00,0793
890 0,9611 0.0800
900 09606 - 0., 0809
Fe 10 0.6603 0.0818
9.20 0.9601 0,082t
9430 09601 0,0837
Ye 40 0ev 601 00845
9e50 09602 0,0852
9.0 0.9G03 0,085
Q.70 036V 4 0.085%9
9480 049605 0.0859
'9¢ 90 0605 0.05858

1000 0.9604 0,085%
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ENERGY(MEV) SIGMA(BARNS) DELTA 5IGMA(BARNS)
10.10 0¢9602 0.0852
10.20 09599 0.0848
10,30 049594 Q0.0B45
10.40 0.958¢ 0.08¢04
10.50 Ce9582 040844
10,60 09574 00845
10.70 09566 00847
10.80 09558 0.0830
10,90 09550 0.0854
11.00 009542 O« 0856
11.10 09537 0.0858
11.20 09533 0.0857
11,30 09531 00854
1140 09532 00848
11,50 09537 0.0839
11.60 0.9546 00826
1170 049559 0.0812
11.80 09576 00795
11.90 049599 00776
12,00 0.9626 00756
12,10 09658 0607356
12,20 09596 060716
12.30 09740 00697
12,40 0.9788 00678
12.50 Ce9842 00661
12,60 09901 0.0644
12.70 009965 00628
1280 10033 00612
12.90 10107 0« 0596
13,00 10185 00580
13.10 10267 0.)562
13,20 10354 0e0544
1330 1.0444 00526
1340 10539 00507
13.50 10637 0.0488
13.60 10739 00470
13.70 1.0844 0«0453
13.80 1.0952 060439
13.90 11064 0.0428
14,00 11178 00420
18,10 11294 00415
14,20 1.1413 0.0413
14430 11533 0.0414
13,40 11653 00417
14,50 11775 060422
14,60 11895 0.0428
14.70 142015 De024 34
14,80 12132 060442
14490 12246 0e0450

15,00 142357 0e¢ 0459



ENERGY{(MEV) SIGHA(BARNS) DELTA SIGMA(OARNS])
1510 l1e2462 06468
1520 1e20B62 0+,0473
1530 16265% 0.0488
1540 12740 00498
15+50 1.2816€ 0.0509
15460 12884 0.0518
1570 17942 060520
15.80 te2990 0?5333
1590 1.3027 0.05.9
16600 13055 0.0543
1610 143074 0.0543
16620 13033 0.0547
16030 13085 00549
16640 13080 0.0552
1650 13069 0.0536
16.60 1.3054 0.0562
16.70 163038 0,0570
16.80 13020 Ce 0% 81
16,90 13004 06593
17.00 162992 D.0606
1710 1+:2984A 00619
’7.20 102982 000631
17+ 30 1.2588 0+064)
17«40 13003 0« 0650
17,50 13027 060657
17.60 13060 0.0662
1770 1.3103 Qe 06HO
17.80 132155 0.0669
17.90 1e3214 00673
18,00 1.3280 0e 00677
18410 163350 0e 0681
18,20 163423 Qe 0684
18¢390 13497 Q. 0586
18.40 1.3570 00685
18,50 134039 Ve 0QGE2
18,60 163703 CeO0T7
18,70 13761 NDs0071
13.80 13812 0-0667
18490 13855 Qe CO70
19,00 $1.,38G0 DJNOB2
19,10 1.2220 . 00702
19,20 13045 Ne Q747
19,30 129608 . 0.0797
19.40 103991 ODad6n3
19.50 1.4013 Ce 0709
19.60 o087 00359
19.70 1 o401 QoCH26A
19,80 le4150 Ge1020
1990 14217 Cet027

20,00 ‘1e429n S 0.3G20
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TABLE 2-2¢ FITTED FISSION CROSS—-SECTIONS FOR NP~237

ENERGY(MEV) SIGMA(BARNS) DELTA SIGMA{HBARNS)
010 000246 040046
0.20 0.0383 0.,0055
0.30 0.0816 040097
0.40 02203 00222
050 044499 00428
0.60 007341 0.0633
0.70 09707 0.,07352
0.80 1.1542 040583
0.90 12789 00557
1.00 13598 DelfH3%0
110 14099 Ce0SH0
1.20 144429 0,0527
130 1446968 005626
1.40 164972 0.0611
150 15289 0.0610
1660 1.5647 DeN61E
170 1.6025 Q0530
1.80 16389 00046
190 16706 060558
200 16948 0. 00650
2010 17096 00633
220 1.7145 0enG1A
220 17100 0600622
2440 146974 040602
250 146790 Ne0512
260 16570 0eN5H2€E
2470 1.6338 0.2636
280 146115 Do 0528
290 165915 005635
3.00 15729 Ne 0631
310 145620 0-0630
3.20 15528 00638
330 154566 0. 0655
3.40 1e5425 De 0676
3.50 15393 0e 0697
3.60 145359 00713
3.70 145313 0e0724
3.80 15246 040728
3¢90 15154 0.C731
4,00 145033 060733
4,10 14886 0e 0704
420 1.4717 040760
4,30 144534 0.0783
4,40 1¢4346 0.081¢C
4,50 144165 00840
Re¢60 14001 00,0860
4,70 13866 0.0893
4.80 143769 0.0915
4,90 13719 0.0034

5400 13722 0.0952



ENERGY(MZIV) SIGMA(PARHNS) DELTA SIGHA(BARNS)
510 1.3782 20971
Ge20 1e37200 060990
530 144075 Oes1011
S.40 14304 0e1033
5¢50 1.4580 01055
5460 1.,4897 0.1077
570 145247 01098
580 1.5621 O0el1l113
5+90 16011 0.1139
6«00 16408 0.1310C
6.10 1.68085 0.1184
6420 17194 0.1209
6630 17571 0412355
6el 0 17932 Qe 1264
6450 1,8273 D.129)
6.60 1.8593 01316
6470 1.8893 061330
6«80 19173 041350
690 1 .9435 0«135%
700 1.9682 0c¢13559
7.0 19915 0. 1356
Te20 2.0137 0.1350
7.30 240351 061344
7480 2.0560 O.1341
750 2.,0765 Qe 1345
7+60 20966 Ce1558
7«70 2e¢1165 01342
7.80 Rel361 0.1418
T.90 2¢154H3 Ueldas
8,00 2el701) 0.1521.
8.10 Z41923 D¢ 1584
8.20 242096 Q1652
8.30 2.,2259 0.1720
84,40 22410 0.1785
8450 242547 0e1845
Be.60 22668 061896
8670 22773 051935
8.80 242861 0.1964
8,90 242931 0.1973
Qs 00 242983 041974
910 2.3020 041965
9.20 203042 0.1941
9.30 2¢3050 0.)909
Q.20 243047 0.1874
QED 230326 0,839
9¢60 243017 0e18509
970 22995 Q1750
Qe B8O Ce296C Cel?776
9e¢ 30 242944 01782

1000 202919 0.1796
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ENERGY(MEV, SIGMA(BARNS) DELTA SIGMA(BARNS)?

10,10 202897 0.1818
1020 22879 0.1844
10,30 242864 0¢ 1869
10.40 242853 0.188¢9%
10,50 2.2846 0.1903
10.80 22843 0.1908
10,70 202841 041505
10,80 22841 0. 1895
10.90 202841 0.1881
11,00 202841 001864
11.10 22839 0es1848
11.20 22835 Ve 1835
11,30 2.2828 0.1825
1140 22817 01818
11.50 2.,2802 0.1813
11.60 242785 001807
11.70 22763 01798
11.80 2.2740 01784
1190 22714 0431764
12.00 22687 01737
12,10 262661 01706
12,20 202635 061673
1230 2.2611 001642
1240 242590 0¢1616
1250 22572 0« 1599
12460 242559 0.1591
1270 22550 0.1592
12480 22546 Ge 1598
12490 22547 01606
13.00 242550 0.1610
1310 2250685 01608
1320 2.2582 001596
1330 2.2604 01574
13040 262632 0.1543
1350 24,2666 0.150F%
13. 60 22706 0e¢ 1465
1370 2.2754 0e1426
1380 22809 01394
1390 22874 0.1370
1400 202249 01355
146190 23037 01347
14,2C 23137 0.1343
1430 243253 0.1340
14,40 243384 0.,1338
1450 263532 061340
14.60 2¢3698 0.1352
14.70 23880 0.1383
14890 24078 0¢1442
14. 90 24292 01535

15.00 2.4518 0,1661



ENERGY(MEV) SIGHMA(BARNS) OELTA SIGMA(BARNS)
15.10 2e84754 N,1814
1€.20 24997 0.1984
15.30 2524} 00,2157
1540 254813 Ce2321
15.50 25717 0.22A62
15,60 2659230 062570
1570 cebl42 0.2639
15.80 246323 0.2663
1590 26477 Ge2641
16400 246601 02577
16,10 2.6693 0,2476
1620 26750 04,2343
16.30 26774 0.2200
16.40 260766 0e2063
1650 26728 0.1235
1660 26664 0.1832
16.70 246579 0«1763
1680 246480 Qel?727
16,90 2.6372 061729
1700 26263 041733
1710 2 0159 0.1757
1720 246066 0e1784
1730 245989 0.1811
1740 205934 0.1836
1750 2e¢5902 0.1855
1760 205895 0.1867
17,70 2¢5914 041870
17480 25955 0.1860
1790 26016 01839
18,00 2,6093 001807
18,10 2¢6180 Oel?772
18420 246271 0e1743
18430 206361 0e17390
1840 246445 Va1739
18650 246520 01770
18.60 246580 Cs 1210
1870 26627 0.1845
18.80 2.6659 e 1889
18¢90 25678 Oe 1840
19400 246687 0e1789
19,10 Re06AY Oel719
19620 246693 ULel66)
1930 246639 041653
19640 246712 Cel723
13850 25735 01873
1960 26769 00,2081
1970 2eEHLD Oe 2399
19.8¢ 26870 0¢2527
19490 246931 0271}

20400 266993 0e2843
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TABLE 2-3, FITTED FISSION CROSS~SECYIONS FOR TE-232

ENERGCVY(MEV) SIGMA(BARNS) DELTA SIGMA(UBARNS)
0.10 () 060
020 Qe0 00
OCe=0 0.0 D« 0
Q.40 Ce0 0.C
0e50 0.0 0¢Q
06060 0o 0.0
0e¢70 0.0 0o O
080 0,0 QeC
0.90 040 060
1,00 040Cl 4 Q0¢0003
1.10 N0C30 00006
1e2n 060051 GeCO12
1¢30 LasN129 0.0026
led i Ne0406 NeC81
1450 0.0825 0061685
160 00,2046 0. 0213
1.70 Ja0O082 D.0215
1.80 Oe8B6L 06.C228
190 N« 0895 00235
2?00 061068 Da0204
2.10 01222 e 0303
2020 Jeil2aa CeN308
2430 Oell18 0.C202
2440 De«1058 0403905
250 141038 0e¢GC299
260 0.1101 0eC293
270 00,1195 Ge 0296
2480 NelRAS 002392
2690 0031288 0.0281
Je00 0.1284 00274
3e¢10 0e1287 00267
3e 20 0.,1312 0.0258
3630 0e1352 00253
3440 De1386 00249
352 0es1400 00,0249
3¢ 60 0..:395 0.02E4
3.70 01387 0.0261
3.80 01391 0,0263
3.90 0ecid11 C«0267
4,00 Cel1437 0.0270
4,10 0.1455 D.0264
4020 De¢1454 00,0256
4030 O0.1441 0.0260
4040 001428 0.0271
4450 063426 00276
4060 01439 0.0272
4.70 0e1456 0.0269
4,80 061463 00,0264
4,90 0e14751 0.0258

S.00 0,1424 00261
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ENERGY(MEV) SIGMRA(BARNS)Y DELTA SIGMA(BARNS)
Se¢10 001397 0s0265
5420 Velldnd 0.0256
S¢30 01385 0.0245
Set0 0e¢1392 0.0256
S«50 0el1387 060275
560 0.1365 042280
570 0133% 0.0270
5.860 0e13206 040273
SS90 0135065 0.0261
6400 021460 0.0241
6e10 0e¢1599 0«0240
6e 20 01760 0.0260
6030 Gel1931 0«0281
Ge40 0.2125 0.0286
6«50 062204 0.0281
6e 60 02649 0.0285
670 062941 0.0276
6«80 0.3181 0e0232
6490 03338 000259
T+00 03439 0.0322
7410 03532 040320
Te20 03609 00321
730 063604 N0.0341
7«40 Qe3543 00565
7«50 03462 00551
Te60 003375 0+0499
7«70 03300 000453
780 0e32406 0.0438
7¢90 Qe 3215 0.0440
8.00 0.3201 0.0441)
8610 0e3198 00438
8420 Qe 2197 000437
B30 03192 00443
B8.40 0632177 060451
8¢ 50 03151 0e 0452
8460 002114 00445
Be70 Q.3068 0.0437
8.80 0.3016 00445
8490 0+2964 0.0485
9.0C De2%1 4 0,0557
9«10 0e2870 0~3648
Q.20 02835 0.0744
9¢30 02809 Ge OB30
Q.40 0e2794 0.0500
¢ 50 0e27E9 Ve 0949
Qe 60 062791 00977
9«70 Q042799 0.,0985
G980 N.”2810 Ce 0977
Fe 30 0e2823 00457

10,00 0.283¢ 0«0227



ENERGY(MEYV) SIGMA(RARNS) DELTA SIGMA(BARNS)
10.10 02841 040892
10420 N0es2844 00854
10,30 Ce2842 0.0817
10440 0e2834 00786
10.50 0.2821 0.0765
10.60 02803 00758
1070 0.2781 0.0768
10,80 0.2758 00794
10.90 02735 00833
11.00 027132 0+0878
11.10 0.2694 00922
11.20 0.2678 0.0960
11,30 0.2668 00987
1140 0.2663 00,0998
11.50 02665 00993
11.60 0.2672 0.0973
11.70 02685 00937
1180 042703 0.,0890
1190 02725 0.0836
12.00 02752 00780
1210 0.2782 00726
12.20 02815 00678
12630 02549 000640
12.40 0.2885% 040611
1250 02923 0. 05913
12460 02961 00577
1270 03001 0.0566
12.80 03041 0. 058S
1290 0.3083 0.0543
132,00 0e3126 00530
13.10 Ge3171 0.05617
13.20 03218 0. 0506

13430 D.3267 00497
13.40 0e3317 00491
13.50 063369 00488
13.60 043422 0.0486
13.70 Na3475 0+048S
13.80 03530 0.0482
13.90 3.3584 0.0476
14,00 02637 00467
14,10 00,3688 0+,0454
14,20 03737 0.0440
14,30 03783 0.0427
14,40 0e3826 00416
14,50 063867 00410
14060 0.3904 00,0411
14,70 03939 0.0418
14.80 063973 00430
14,90 0e4006 00446

15.00 0.4041 0.0462
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ENERGY (MEV) SIGMA(EARNS) DELTA SIGMA(BARNS)
15.10 0.4077 0.0478
15,20 Ced 11 F Qe 0491
15.30 0.4160 0.0499
15.40 0.4211 0+0504
15650 0.4268 0.0504
154560 0e¢4333 00500
15.70 048406 0.0493
15.80 0.4487 00,0483
15490 0.4575 00471
16.00 04669 0.0460
164130 0.,4766 0.0451
16620 0.46865 0¢0446
1630 0.4964 0.0446
16.,40 05059 "0+04548
16450 0.5146 0.0468
16460 Ue5224 0.0488
16.70 0.5289 0.0511
16.80 0,5338 0.0538
16490 0.5370 0.0556
17.00 0.5364 0.0571°
17«10 0.5378 0.0580
17.20 0:5354 0.0579
"17«30 0.5312 00571
17.40 045256 0.0555
1750 0.5188 0.0836°
17.60 ‘065113 0.08517
17.70 0.5034 0.,0504
17.80 0¢4957 0.0503
17.90 0.4886 0.0515
18.00 0.4826 0.0542
18.10 0.4782 0.0578
18420 0e8755 0.0620
18.30 044748 0.0661
18,40 064762 00,0698
18,50 0.4796 0.0726
18,60 DelB40O 060743
18.790 06493} 00746
18.80 0.0985 0.0736

.18¢90 05062 0.0712
19,00 0.5136 0,0676
19.10 05204 0.0635
19,20 . O.5258 00,0596
19, 30.. 0.5296 0.0574
19.40 05317 0.0581
19,50 065320 00621
19.60 DeS30E 0.0687
19,70 045286 Ue.0763
19.80 . 0.5260 0.0832
19.%0 045239 040880

20.00 Va5H228 0.0896
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TABLE 3, Comparison of Fission Spectrum Averaged Cross Sections (5,1

Reaction Authors (Reference
given in parenthesis) of (mb) Remarks
U-238 (n,f) Present work 285, : 27. Cale., Frye-Spectrum with

fitted cross-sections
(Integrated between O and
20 MeV)

Bresesati et al, 63(56) 1312, Calculation

Durham et al, 62(55) 310, Assumed value

21 jp 63(57) 301, Calculation

Grundl 63 (58) 313, Assumed value

Grundl 63 (58) 300. Calc, Maxwell-Spectr,

Grundl 63 (58) 309, Calc, Watt-Spectrum

Riohmond 57 (59) 304, 7.  Measured  _

312, - 5. Mjusted to v = 2,42

leachman and .

Sohmitt 57 (60) 310. - 4.0 Measured

Nikolaev et al. 58 (61) 310. ¥ 10.0 Measured

Fabry and - )

De Coster 68 (62) 353. = 30,0 MNeasured

MoElroy 69 (64) 315. Calc, SAND-1I

Bresesti et al, 7C (3) 269,0 Calc, Watt-Spectrum

Bresesati et al. 70 (3) 294.0 Cale, Frye-Spectrum

Bresesti et al, 70 (3) 283.0 Calc, Maxwell-Spec,

Bresesti et al, 70 (3)

Grundl 68 (63,4)
Fabry et al, 70 (4)

108,0 ¥ 15.0

325.
374,

t+

"+

19,
30.

Renormalization of experie
mental data,

Calc, Watt-Speo,

Measured

Heasured

~ continued
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TABI¥ 3, (continued}

Reaction

——— o o—

¥p-237 (n,f)

Th-232 (n,f)

Authors (Hefercnces) Ef (mb) Pemarksn

Present work »1289, * 87. Calc, Frye-Spectirum with
fitted croes sections (inte-
grated between 0 and 20 MeV)

Bresesti et al, 63 (%“5) 1174. Calculation

Zijp 63 (57) | 13213, Calculation

Grundl 63 (58) 1345, U-238 (n,f) = 313 mbd

Crundl 63 (58) 1370, Calc, Maxwell-Spec,

OGrundl 63 (58) 1391, Cale, Watt-Spec,

Grundl 68 (63,4) 1365, % 95, Measured

McElroy 69 (64) 1368, Calc, SAND-II

Hivkelmann 70 (65) *1570. Cale, Frye-Spec,, integrated

Present work 10.2 ha 13.9

Bresesti et al, 63 (56) 71.9

+

Fabry et al, 70 (4) 87.5 ~ 3.5

betwren 0.8 and 10, MeV
Cile, Frye-3vec, with
f'itted cross sections
{integrated between O and
20 MeV)

Calculation

Measured

* Results of integreting th~ data obtained in this work between
0.8 and 10 NeV yields a flux weighted average crogs section of
1536.0 mbo ’
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TABLE 4, Percent Response of Threahold Detectors in Frye Spectrum

Eneraege)mse U-238 (n,f) Np-237 (n,f)  Th-232 (n,f) |

0- 1 0.43 17.20 (0.10)
1~ 2 26,50 35.00 24,60
2- 3 33,60 23.40 30,50
3- 4 17.92 12,00 19,60
4 - 5 9.44 5.79 10,70
5 - 6 5.07 2,97 5.12
6 - 1 3.38 1.78 4.31
7- 8 1.95 0,96 2.92
8- 9 0.93 0.48 1.23
9 ~ 10 0.43 0.24 0.50
10 - 15 0.34 0,18 0.40
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