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Abstract

In this report an evaluation for the neutron nuclear data types of U-235
above the resolved resonance region up to 15 MeV is described. In particular
the following data types were evaluated: the fission cross section, the
total cross section, the capture-to~fission ratio and the mean number of
secondary neutrons per fission. But also some of the other data types
changed due to their dependence upon the primarily evaluasted types.

The presently recommended nuclear data for U-235 are contained in version

3 of the KEDAK-library which will presumably be released in the second

half of 1973,

Auswertung von Neutronendaten filir U-235 oberhsld des aufgellsten

lescnanzbereichs fiir KEDAK

Zusammenfassung

Dieser Bericht beschreibt eine Auswertung der Neutronenkerndaten fiir
U-235 oberhalb des sufgeldsten Resonanzbereiches bis hersauf zu 15 MeV,
Im einzelnen wurden die folgenden Datentypen ausgewertet: Der Spalt-
querschnitt, der totasle Wirkungsquerschnitt, das Verhdltnis vom Einfang-
zu Spaltquerschnitt und die mittlere Anzahl der pro Spaltung frei wer-
denden Neutronen. Aber auch ein Teil der iibrigen Datentypen hat sich
geéndert wegen ihrer Abhéngigkeit von diesen primédr ausgewerteten Typen.
Die gegenwdrtig fiir U-235 empfohlenen Kerndaten sind in Version 3 der
KEDAK-Bibliothek, die voraussichtlich in der 2. H&l1fte von 1973 frei-

gegeben wird, enthalten,
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I. Introduction

This report describes a re—evaluation of the following nuclear

date types for U-235 on the German nuclear data file KEDAK:

the mean number of secondary neutrons per fission,

<t
w

, the fission cross section,

the total cross section,

a o
=
L4

the capture-to-fission ratio,

Q

in the energy region above the resolved resonance range in parti-
cular

V : thermal - 15 MeV

of, OT, o : 150 eV - 15 MeV

This evaluation has been started, since a number of precision measure-
ments for these data types have been carried out in the years after
1966, the year of J.J. Schmidt's KEDAK-evaluation for this isotope. [§E7
A precise knowledge of the neutron fission cross section of U-235 is

of obvious importance for its use as standard and for the calculation
of fast reactor properties. The v-data needed a revision since most
recent measurements for v (U-235) revealed considerable deviations from
the so long assumed linear energy dependence which should be taken into

account in fast reactor analysis.

Concerning V all experimental information available till September

£ til1l January 1971, cTtill June 1971 and o till

October 1971 has been considered here. The evaluation takes into

19To, concerning o

account the most recent recommendations by the IAEA éfrom 19627

for the V-value from spontaneous fission of 2520f

Besides, the upper energy limit of the data sets available for U-235
on KEDAK was extended for all data types up to 15 MeV.

version 3 of the KEDAK-library which will presumably be released in
1973.

Zum Druck eingereicht am 7.5.1973.




In order to avoid misunderstandings we would like to emphasize that the
U-235 data sets recommended here for KEDAK do not correspond to the
microscopic data basis of the KFK INR-set for U-235. The KFK INR-set
[116/was stablished on the basis of the MOXTOT-set /115/by modifying

the group constants for selected data types and energy groups for

some materials of paricular importance in reactor calculations,

mainly for the heavy isotopes U-235, U-238 and Pu-239. These group
constants sets were in general not derived from evaluated nuclear data
but were obtained as eye-guide averages of experimental data in specific
energy ranges selected in such a way that an improvement in the agreement
between calculated and measured results for integral quantities of fast
test reactors could be expected. This way of improving the nuclear data
basis for reactor calculations by modifying group constants is considered
in Kerlsruhe only as a first and preliminary step prior to a careful re-
evaluation of the data 17117 ., and this procedure was alsc applied in
the case of U-235. Whereas the KFK INR-set for U-235 was generated in
the beginning of 1971, the evaluation for U-235 was completed only in
the second half of 1972.

The only evaluated data set for U-235 on which the KFK INR-set is based repre-

sents that for the data type v which is recommended in this report.
The other data types: 0 have not yet been re—evaluated for the

Ops Oms
KEDAK file at the time when the KFK INR-set was generated. In the present
evaluation of these data types all experimental information has been
considered, eventually selected and afterwards fitted by a smooth curve
without direct relastionship to integral quantities of fast reactors. The
differences between the basic nuclear data of the KFK INR-set for

U-235 and the corresponding new data sets for KEDAK described here

are therefore mainly due to the fact that the KEDAK data sets represent
evaluated data whereas the group constants of the KFK INR-set, though
generally within the range of available experimental data, are biased

to some extent by the aim of getting an improved accordance between cal-
culated and measured integral quantities of fast zero power reactors. In
addition in particular cases preliminary experimental data were used in
generating the KFK INR group constants whereas the KEDAK evaluation could
profit by the corresponding final values due to the time delay in

establishing both data sets.



I1. The average number of secondary neutrons per fission

a) The energy dependence of ¥V (U~235)

The current concept of the energy dependence of the average number of
neutrons per fission V is based on the independence of the average
kinetic energy of the fission Iragmeuts upon the excitation energy of
the fissile nucleus éfl?. From this it follows directly the linear
increase of V with increasing incident neutron cnergy. Schuster and
Howerton 1—27 have modified this energy dependence by taking into

account the various fission modes.

For iancident n=utron energies below about 5 MeV there exists only one

chance for fission namely the fission of the formed compound nucleus
236U. At energies above about 5 MeV the excitatibn anergy becomes high
~nough to permit the evaporation of a neutron prior to fission of the
residual nucleus. In this range of incident neutron euergies the

(n, n'f) reaction occurs in addition to the (n, f) reaction and two

DY YA

types of nuclei are undergoing fission, namely the U compound

235

nucleus and the U compound nucleus. Above about 10 - 12 MeV also
234

fission of the U compound nucleus takes place due to the (n, 2n'f)
236

process in the U target nucleus. Thus all néutroans emitted by

o . 236 235 234
fission of the compound nuclei U, U, U formed by the three
reaction types will contribute to the total number of neutrous per

fission of thes target nucleus 235U.

The modification of the linear energy dspendence of V in the upper
energy range by the incidence of the (n, n'f) process and the

(n, 2n'fY process has been confirmed by most recent precision
measurenents. Furthermore, most recent measuremeuts have revealed
considerable structure inV in the energy region below about 1.5 MeV,
Previous measurements had in general not a sufficiently high resolution

0y » 3 : N "oy PG S I ) [ N o
were not spaced in energy dense enough to detect the variation of

84

¥ (%). Detailed studies of these observed effects have been given by
Blyumkina et al. / 3/; Kuznetsov, Smirenkin / 4/; Strutinskii, Pavlinchuk
/ 5/, Meadows and Whalen / 6/. According to Meadows and Whalen the average

kinetic energy of the fission fragments is not constant with iancreasing



neutron energy En’ i.e. the necessary assumption for a linear

variation of ¥ with En is not wvalid.

The Russian groups use the channel theory of the fission process
for an interpretation of the irregularities of V. In the opinion
of Blyumkina et al. these irregularities are connected with
irregularities in the average kinetic energy of the fission frag-
ments. They are based on the transition from s- to p-wave neutron
fission channels with different parity which takes place with
increasing incident neutron energy. At the present time, however,
there is no indication for a preference of any of the hypotheses
and additional studies are needed for the clarification of the

process in this energy region.

b) Evaluation of ¥V (E) for U-235

- 235
No evaluation has been carried out for the v -value for U at

thermal energy. We rely here on the comprehensive study of Hanna,

Westcott, Lemmel, Leonard, Story and Attree éfz7 on the 2200 m/sec
constants f&r fissile isotopes. They have considered all available
experimental information up to late 1969 and have obtained the
following figures:

f/,th (23%0y = 2.4229 + 0.0066

where ;; :Vﬁ + ii withi% as average number of prompt neutrons per
fission and Vd as average number of delayed neutrons per fission,
235

The available experimental information about \7d( ) is given in

Table I. All previous measurements indicate a considerable increase in

the yield of delayed neutrons with neutron energy increasing from

3 to 14 MeV. This is coantrary to theoretical predictions based on the
behaviour of fission mass and change distributions / 8, 9, 19/. Most

recent LA-measurements of Masters,Thorpe, Smith £i17 have confirmed
the theoretical expectations. They have developed a new technique for
the accurate determination of absolute delayed-neutron yields fully

utilizing the neutron intensities available from accelarator neutron

sources.
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Therefore small samples could be used so that multiplication
corrections were not necessary. Masters et al, have performed

an absolute measurement of Vd (2' U) at 14.9 MeV using the

T (d, n) He reaction as neutron source and a relative measure-
ment of the 3.1 - to 14.9 - MeV yield. Essentially all systematic
errors are eliminated in these relative measurements. No absolute
calibrations or mass determinations are necessary; only the
accelerator target is changed (from D to T). The absolute delayed-

neutron vield at 3.1 MeV has then been obtained as product of the

absolute yield at 14.9 MeV and the relative yvield.

We have adopted the experimental results of these LA-measurenments
for the calculation of the total number of neutrons per fission
from the measured number of prompt neutrons. We have assumed their
14.9 MeV-value to be valid in the energy range above 10 MeV and
their 3.1 MeV-value to be valid in the ensrgy range below 10 MeV
and above thermal energy. At thermal energy be have chosen the

result obtained in measurements of Keepin et al,. /—87 .

0.0158 + 0.0005 thermal energy
= 235
Vg o oy = 0.018 + 0.002 below 10 MeV
0.0095 + 0.0008 above 10 MeV

[+

A1l recent and the majority of the earlier measurements for Vv for

fissile materials have been performed relative tb theée mean number

1252 : :
of prompt neutrons from spontaneous fission of Cf, A1l experimental
—- 235
vV ( U)~values have been renormalized if necessary to the value

recommended by the IAFA éfz7

= Sp 252 -
Vit v,( cf). = 3.765 + 0.012
- 2 [
with vs? (256f) = 0.009 /17/ it follows
- 252
oP (“%cp) = 3.756 + 0.012



In the evaluation of ;(E) for 227U

we have taken into account the
experimental information available up to September 1970. The expe-
riments going back to years earlier than 1961 have not been con-
sidered here because all these measurements do not cover a closed
energy range but have been performed only at single energy points.
Tn addition it is often not clear whether delayed neutrons are in-
cluded in the final results given by the authors or not, The
available experimental information is summarized in Table II. Tn

particular we have considered the following measurements:

Blyumkina et al. 3 1964 /3
Rutler et al. : 1961 /19/
Colvin, Sowerby ; 1965 /20/
Condé ; 1965 /21/
Hopkins, Diven ; 1963 [22/
Kuznetsov, Smirenkin ; 1966 Zig, 037
Mather et al. : 1964 /247
Meadows, Whalen 3 1962, 1967 g§§, §§7
Nesterov et al. ; 1970 /(277
Prokhorova, Smirenkin ; 1968 Z§§7
Savin et al. ;3 1970 /29/
Soleilhac et al. 3 1969, 1970 /30, 31/

The experimental results of these measurements were renormalized to

25QCf)—value as given above. The

the most recently recommended Q:p(
numerical results of the Savin measurement are not quoted in re-
ference ZEQ7 but could be extracted from the IAEA-review which had
Jjust become available 1327. Concerning the uncertainty of the
Q;—values we have taken over the values given by the authors them-
selves. No additional error analysis has been carried out by our-

selves.

The results of the above measurements have been fitted by a smooth curve
passing through the'g-value at thermal energy as recommended by the IAEA,
For this purpose the computer subroutine SM@@TH Z327 has been used. The
£it has been performed at once for the whole energy range from thermal
up to 15 MeV. The subroutine SM@@TH determines for the description of

a smooth curve through the data



2 3
f = b - - -
(x) a; + i (x xi) + ci (x xi) + di (x xi)

and that

rn —1 _ 2
S éﬁ (xl/ dx = Min
X

(xi, yi) are the data points with weights pi i=1,n.

The inverse squares of the errors of the individual measured

peints enter in this procedure as weights of the data points.

Since only one particular value for the parameter S can be

used for the smooth over the whole energy range'also relative
weights were assigned to the data in the various energy regioans

to obtain different degrees of smoothing which is necessary in order
to get best fits to the different energy regions. Thus the weights
pi of the data points are products of the relative weights which
are characteristic for a particular energy range and the individual

weights of the data points.

The most important measurement series in the energy range above
1.5 MeV up to 15 MeV is that of Soleilhac et al. /30/ because of
the good energy resolution of this measurement and the small
uncertainty of its results ( see Table II ). In addition this
measurement covers the whole energy range 1.5 MeV - 15 MeV in

steps of approximately 0.5 MeV. In this region also Mather and

'ieldhouse /24/ have performed measurements but only at several

*2

energy points and with a lesser accuracy in G’and with a coarse
energy resolution than Soleilhac. The uncertainty of the V ~data
measured by Savin et al. in this energy range is larger than that

of the Soleilhac-data.



This is taken into account in the fit of the data by the weighting
with the inverse error-squares of the data. Thus the resulis of
Soleilhac et al. get the greatest weight in the following procedure

as far as the above energy range is concerned.

The most extensive measurements in the energy range below 1.5 MeV are
those of Meadows and Whalen, of Savin et al. and of Soleilhac et al.
The uncertainty in V; (235U) is of comparable size in the measurements
of Meadows and Whalen and of Soleilhac et al. It is larger, however,
by a factor of about 2 in the experiment of Savin et al,.

_ 235
Fig. 1 shows the experimental data for V( U) together with the
associated errors in the energy range from thermal up to 1.4 MeV and
Fig. 2 the data in the energy range from 1.4 MeV up to 15 MeV,
Concerning the Soleilhac measurements the so-called maximum errors,
i.e. the statistical errdrs plus 0,5 % due to corrections inaccuracy,
are plotted, As already mentioned the measured Gb—values were re-
normalized to V;p (2520f) = 3.,756. Also the recommended curve 325(}3)
is given in the figures 1 and 2. Fig. 1 compares in addition our
recommended V (E) -curve with the evalution of Mather and Bampton @1.7
In the energy region of Fig. 1, i.e., up to 1.5 MeV, our Qt—values
are below 1 MeV higher than those of Mather by up to 0.5 %. In the
upper energy range above 1.5 MeV deviations from the evaluated curve

of Mather are encountered in the regions 2.5 - 5.5 MeV, 7.5 MeV - 10 MeV,
11 MevV - 13 MeV and are there of the order of magnitude of 0.3 - 0.5 %.

owance is made for a maximum deviation of 0.1 % of the straight
line functions for ¥ from the recommended curve the following functions

reproduce V25 (E) :



1.5 - 2.4 MevV
2.4 - 3.3 MeV

»e

V(E) = 2.385 + 0.134E /MeV/
V(E) = 2.455 + 0.105E /MeV/
V(E) = 2.3555 + 0.1354E /MeV/

3.3 - 4.8 MevV :
4.8 - 5.2 MeV : V(E) = 2.196 + 0.169E /MeV/
5.2 =~ 6.2 MeV V(E) = 1.968 + 0.2124E /MeV/
6.0 - 7.7 MeV : V(E) = 2.1355 + 0.1848E /MeV/
7.7 - 10.0 MeV : V(E) = 2.509 + 0.136E /MeV/
10.0 - 11.0 MeV : V(E) = 2.771 + 0.110E /MeV/
11.0 - 11.8 MeV : V(E) = 2.601 + 0.1255E /MeV/
11.8 - 15.0 MeV :  V(E) = 2.372 + 0.1450E /MeV/

According to the various fission modes the (n,f)-, the

(n, n'f)—- and the (n, 2n'f)- reaction an only three-segment
linear fit of the evaluated smooth curve 725 (E) should be
appropriate with breakpoints at the threshold energies of the

(n, n'f)rocess at about 6 MeV and of the (n, 2n'f) process

at about 11 MeV. Then good linear fits were obtained if the energy

limits for'the linear fits are chosen in the following manner:

1.5 - 4.8 MeV : V(E) = 2.4003 + 0.1245E /MeV/
7.5 - 10.5 MeV : V(E) = 2.509 + 0.136E /MeV/
11.5 - 15 MeV : V(E) = 2.372 + 0.145E /MeV/

The deviations of the first two straight line functions from
the evaluated smooth curve do not exceed 0.3 % and those of

the last one 0.2 %.

Below 1.5 MeV 525 (E) is given by a smooth curve which shows

maximum deviations from the linear energy dependence (straight
line through thermal best value and q—values above 1.4 MeV
and below 1.6 MeV)
at about 0.4 MeV of about 1,05 %

and

at about 1.05 MeV of about 1.0 %.



The recommended curve Vés (E) shows good agreement with the
different data sets within the error bars of the experimental
values. The uncertainty of the recommended v-values is estimated
from the spread of the measurements around the recommended curve
to be on the average + 1 %. The deviations of the presently
recomnended vzs-data from the previously recommended V-values
/35/ on KEDAK amount in the energy range below 2 MeV to maximal
0.7 % around 0.3 MeV, O.4 MeV. In the energy range above 2 MeV

maximal deviations of 2 % are encountered around 5 MeV,

A summary of the st—evaluation is given below:

Energy region ' Experimental basis
< 1,5 Mev Meadows, Whalen /25,26/;
Soleilhac et al. /30,31/;
Savin et al. 4227;
1.5 MeV - 7 MeV Soleilhac et al. /30,31/;
Mather, Fieldhouse 4257;
Savin et al. 1227;
7 MeV -~ 15 MeV Soleilhac et al, /30,317




I1I. The fission cross section

The fission cross section was evaluated in the energy range
above the resolved resonance region, i.e. from 150 eV up to
15 MeV, since there considerable changes are to be expected

from new measurements.

In Table III the available experimental information in this
energy range is summarized together with the measurement
uncertainties and the standards used for normalization of

the measured data. Furthermore comments are given to the
individual measurement series in order to make clear why

they have nét or why they have been taken into account in

the final data fit of experimental gi;fesults. Measurements
carried out earlier than 1950 were not tabulated in Table III
and were also not considered in the evaluation since at that
time no extensive measurements for gf(zssU) existed. The
experimental information available later than January 1971
could no more be taken into account. In general only absolute
measurements and measurementé made relative to the scattering
cross section of hydrogen were coﬁsidered in the data fit

since this cross section is known very precisely. Preference
was given to measurements with a careful and accurate deter-
mination of the neutron flux, and in particular to measure-
ments which additionally cover a wide energy range. Only in
some cases which were described in more detail further below

a measurement series which does not fulfil these counditions was
necessary for the determination of the shape of %f for example
between widely spaced data points of the selected data and then

the above selection criteria had to be left out of consideration.

Between 150 eV and 30 keV there exist several extensive, high

resolution measurement series which are listed below together
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with their time resolution

1. Patrick et al. égé? 2 nsec/m

2. Blons et al. /43/ 1 nsec/m

3. de Saussure et al, é;é? 100 nsec/m - 5 nsec/m
4. Michaudon et al. /37 - 417 10 nsec/m

5. Van - Shi - di et al, /477 40 nsec/m - 10 nsec/m
6. Wilbur K. Brown et al. _fgf 20 nsec/m and 1 psec/m
7. J. R. Lemley et al. /100/ 1 nsec/m

The measurements of Cao et al. £f3£7 cover only the energy range from
6 eV to 3 keV, Structure in‘Zf, however, is observed also in the
higher keV-range so that this measurement was rejected in favour of
the other more extensive ones. Bowmann et al, £3§7 have measured with
a resolution of 1 nsec/m and have detected structure in.3f at neutron
energies as high as 200 keV, but they have only determined the shape

of’bf.

We have taken into account the structure in the fission cross section

of 235U up to 30 keV as given by the above experiments and have selected
the measurements of Blons et al. for incorporation into the KEDAK-file,
cince these measurements have been carried out with the best resolution
and a good accuracy of the order of magnitude of 4.5 - 7 %. The experi-
mental results of Blons et al. are based on the 10B (n,d¥) cross section
for which the authors have assumed the following energy dependence

3 (0,0 = 610.3 - 0.28

VE /ev/

More recent measurements for;the 10B (n, &%) cross section by Sowerby

et al. 1327 have shown deviations from the so far assumed EQE behaviour
of this cross section. The differences between the more recently re-
commended 10B (n,eds) cross sections and the values assumed by Blons

et al. amount at 10 keV to 1 % (below 10 k€V they are less than 1 %),

at 15 keV to 1.6 %, at 20 keV to 2.5 %, at
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25 keV to 3 % and at 30keV, which is the upper energy limit
of the Blons experiment, to 4 %. In 1971 the criginal Blons
deta were corrected for this effect by Blons himself

and we have included in the KEDAK - file these corrected

o) - val .
£ ues

For comparison purposes the results of the above measurement
series in the region 1key - 30 keVv are plotted in Fig. 3 as
averages over lkey intervals between 10keV and over 10 keV
intervals above 1l0keV up to 30ke&/. These averages are also
quoted in Table IV. Their numerical values were taken from
the report of Blons et al. /43/ and Lemley et al. /100/ with
the exception of the measurements of Patrick et al. é;é? for
which we ourselves have calculated the averages. The interval
values of the Blons results which we presently recommend on
KEDAK are systematically lower than the averages of the
Michaudon data which have been recommended previously.

The same tendency show the LA-results 456: 1§§7 and the
Harwell-measurements éEé? . They are in general also lower
than the ORWL/RPI /48/- and the Russian /47/ measurements.
This discrepancy is not yet resolved, but we presently
recommend the Blons results since the more recent measure-—
ments tend to lower values and in addition the energy reso-
lution was improved in this experiment in comparison to the
measurements of Michaudon. The deviations between the Michaudon
and the Blons results amount in the maximum to 15 % in the
interval 8keV - 9 keV, They are by far not so large in the
energy range below 1 k&V (in general they do not exceed there
4 %). This can be seen in the Blons report, since these
authors give for this energy range a comparison of %f-averages

of these measurements over o.l1l keV intervals.
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We have taken over on KEDAK the Blons data in the whole energy
range from 150 eV up to 30 keV,

The results of the Lemley et al. /100/ measurements were not
available at the time of this evaluation. The resolution of
this measurement 1ls comparable with that of the Blons experi-
ment, but for the Blons data a higher accuracy is quoted.
Furthermore the Lemley-data are in the region 1 - 5 KeV

extremely low in comparison to all other existing measurements
(s. Fig. 3).

The fluctuations observed in high-resolution fission cross
section measurements are comnected with similar fluctuations
in the total cross section. This implies that they are due to
the entrance channel rather than to the phenomenon of inter-

mediate structure in the fission channels

Above 30 KeV the scattering experimental data points have been
fitted by a smooth curve using the computer subroutine SM@@TH
Z327 (see also section II b) ). The fit has been carried out at
once for the whole energy range upwards from 30 keV up to 15 MeV,

The measurements of the following authors have been taken into
account either as complete data sets or partly and with reserva-
tions (see also Table III):

Melkonian et al. /347
Diven /587
Dorofeev, Dobrynin 1327
Kalinin, Pankratov /667
Adams et al. [79/
White [127

Knoll, Ponitz [75/
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Hansen, McGuire, Smith L78/
Szabo et al. Z§§7
Kidppeler /81/

The inverse squares of the errors of the individual measured data
points were used as individual weights of the data in the following
procedure. Concerning the measurements of Diven and those of Doro-
feev and Dobrynin only the absolutely measured fission cross sections
at 1.27 MeV and 30 keV respectively were included in the data fit.

In the energy range from 1 MeV to 3 MeV there exist only very few

data points of the selected measurement series (see Fig. 6). In

order to obtain here a reasonable G}-shape we have accepted the re-
sults of the Los Alamos bomb shot measurements by Cramer /52/ in

this region. These data would otherwise be left out of consideration
since they are normalized to the already evaluatedrﬁfas-data of Davey
1537 in this range. Furthermore the uncertainties of these measurements

are for a number of data points very large.

In the energy range above 3 MeV the White data are in good agreement with
the revisedcyf-values of Hansen, McGuire, Smith corrected for errors in
the efficiency of the long counter used for flux measurements. These
corrections lead to reductions 1ln the origina1<5f-values of Smith, Henkel
Nobles 1727 of the order of 10 %. Highest preference was given to this
data set because of its normalization to the well-known (n,P) standard.
The experimental results of Kalinin and Pankratov in this energy range
were also taken into account in the data fit’but with less welght than
the other measurement series since this dates set is not in accordance
with the low White value at 5.4 MeV. This discrepancy is probably due

to difficulties in the accurate determination of the neutron flux.

The measurements of White are characterized by a particular careful
determination of the neutron flux whereas in the Russian measurements
the flux determination is based on a yield curve for the p-T-reaction

measured in parts 1953 and 1958.
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In the upper MeV-range above about 13 MeV we have used in
addition to the Hansen, McGuire, Smith results the experi-
mental data of Adams, Batchelor, Green 1327 in order to
determine the shape of the fission cross section in this
range. In particular we have drawn above 14 MeV an eye-guide
curve through the data of these two measurement series. We
have postulated for the 3f-curve that it passes at 14.1 MeV
through the White value at this energy, although the LA-re-
sults 1727 show a tendency to lowem'af-values around 14 MeV.
But the White result at 14.1 MeV is confirmed by a measure-
ment of Uttley and Phillips /83/ relative to %f28 (see Table
I11) at the same energy and is also in good agreement with
the measurement at Aldermaston of Adams, Batchelor, Green

at 14 MeV. Thus it can be considered as very reliable. Above
17 MeV the two measurement series of Adams, Batchelor, Green
and of Hansen, McGuire, Smith show strong discrepancies, but
no attention was given to it since we counfirm ourselves in

this evaluation to an upper energy limit of 15 MeV.

In the Figs. 4, 5,6 the experimental results of the selected

measurement series as well as the recommendmdgf(E)—curve are
represented together with the measurement uncertainties if
assigned by the authors. The energy range from 30 keV to 270

keV is considered in Fig. 4, from 200 keV to 1.5 MeV in Fig. 5
and from 1 MeV to 15 MeV in Fig. 6. The largest diviations of

the presently recommended Ef—data from the previously recommended
fission cross section values on KEDAK to the amount of 10 % are
encountered in the MeV-range above about 2 MeV, where the'zf—data
from the measurements of Smith, Henkel, Nobles have been replaced

£ A Llemeom S oty VR e
f these measurements. The dev

by corrected v
energy range from 30 keV to 2 MeV amount to maximal 3 %. A compari-
son with these breviously.recommended KEDAK-values is only given
in Fig. 7, whereas a comparison with the Dewey-evaluation 1327 is

given over the
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energy region of Fig.4, Fig. 5, Fig. 6.

The recommended 3f(E)—curve is in accordance with theoretical

expectations 4337 in so far as at about 6 MeV a new rise of

the fission cross section occurs due to the incidence of the

(n, n'f)process and of about 11 MeV an increase in 2% attri-

butable to the (n, 2n'f) reaction.

25

The evaluation for 5f,(E) could be summarized as follows:

30 kev- 15 MeV

Blons et al, /43/

White 4727; Szabo et al. 1307;
Hansen, McGuire, Smith £?§7;
Kdippeler 1517;

235

The estimated accuracy of the recommemﬂuid£jvalues for U is

tabulated below:

« A%y
Energy range Z:f éz/ Comnments
150 eV - 1 kev + 10 Corresponds to the uncertainty of
1 - 30 kev | + 6 the majority of the Blons et al. /43/
results in these regions
30keV - 1 Mev + 3 Uncertainty of the white- and the
Szabo et al., - results which are
predominant in this range
1 MeV - 3 MeV + 95 Average uncertainty of the results of
Cramer 1327 which mainly determine the
%f—curve in this range
3 MeV - 15 MeV Corresponds to the average error of theg

revised 3f-va1ues of Hansen, McGuire,

Smith
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IV. The total cross section

The total cross section was evaluated in the energy range
above the resolved resonance region i.e, above 150 eV.
Since the evaluation of J. J. Schmidt in 1966 /34/ in the
lower energy rangebprecision measurements with high energy
resolution have been performed which show considerable

structure iné .. The BT-values recommended on KEDAK in

1966 had been ibtained in this energy range as the sum
of the partial cross sections 53; éf and én' Therefore
errors in this cross sectidn type arose from wrong fluc-
tuations in gx- (see section V ) and-a revision of
these data was of great importance. Furthermore in the

higher energy range recently a high precision measure-

/
ment of Cabe et al. has become available,
In the middle of 1971, when this evaluation was started,
the existing measurements and the energy range covered

in these measurements were

in the lower energy range, i.e. below 30 keV, those of

Michaudon, 1964; 150 eV - 720 eV ; /407
Yeater et al. 1957; 210 eV - 7.9 keV; /85/
Melkonian et al.1958; 1.2 E-2 eV - 48keV; /86/
Derrien 1966; 720 eV - 10 keV; £§Z7
Uttley et al. 1966; 150 eV - 950 kéV; /88/
Uttley 1964; 270 eV - 76 kd/; /897
Hibdon,Langsdorf1954; 650 eV = 150 keV; 4597
Bockhoff et al. 1971; 10 keV - 100keV; /917

and in the higher energy range, i.e. above 30 keV, those of

Bratenahl et al. 1958; 7 MeV - 14 MeV;
Cabe et al. 1970; 100 keV - 6 MeV;
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Foster et al. 1967; 2.3 MeV - 15 MeV; /947
Galloway 1960; 500 kev - 950 keV; [557
Henkel 1952; 40 keV - 7.5 MeV; /967
Smith et al. 1965; 810 kev - 1.5 MeV; /977

In this survey about available measurements the measure-
ments of Averchenko, Veretennikov £§§7 and those of
Langsford do not appear. Both were rejected in advance
because of their large uncertainty (up to 16 % and 13 %

respectively).

From the above measurement series we have selected the

following ones:

Michaudon /40/ in the region 150 eV - 720 eV
Derrien /877 " " " 220 eV - 10 kev
Bockhoff et al. /91/ " " " 10 k&¥ - 30 kev

and in the region 30 k& - 15 MeV

Cabe et al. 4337
Foster et al. 1527
Galloway £§§7
Bratenahl 1527
Uttley /88, 89/

All these measurements have a total uncertainty of their

results of about 3 %,

The measurements of Michaudon, those of Derrien and those
of Bockhoff et al. are not only the most extensive measure-
ments in the respective energy region but they have also
the best resolution in comparison with other experiments

done in this range, namely

t = 5 asec/m in the Michaudon experiment,
t = 0.8 nsec/m in the Derr ien experiment,
t = 0.3 nsec/m in the Béckhoff experiment.
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Whereas the measurements of Michaudon and of Derrien are ab-
solute measurements, that of Bockhoff et al. is a relative one
aiming only to investigate the structure of the total cross
section and does not give absolute cross section values. Its
results were normalized by Bockhoff to theﬁﬁj-values evaluated
by J.J. Schmidt ZEE, j§7 which are based on experimental re-
sults of Uttley 1537 in this range. Since no new measurements
are available in this range the above normalization still holds.
But the results of the Bockhoff experiment are therefore only
in that energy region of use for us, where we take fluctuations

in the cross section types into account, i.e. up to 30 keV.

The experimental results of these high-resolution measure-
ments in the lower energy range are represented in Fig. 7 a)

= g). The plotted points correspond in the energy region

150 eV - 720 eV (Fig. 7 a) - h)) to the Michaudon points,

in the region 720 eV - 10 keV (Fig. 7 h) - p)) to the Derrien
points and in the range 10 keV - 30 keV (Fig. 7 q)) to the
BSckhoff results. The experimental data of Derrien 1527 have

a gap between 5.43 keV and 5.97 keV.

In the higher energy range, i.e. above 30 keV, the measure-
ment series of Smith et al. /97/, of Henkel /96/ and of
Hibdon et al. Z§§7 were discarded because of the reasons
outlined below.

The experimental results of the Smith measurements /97/ and
also of the Henkel measurements Z§§7 in the upper energy range
are too low (see Fig. 8 b)) in comparison to the very extensive
and accurate measurements of Cabé et al. recently performed in
this range up to 6 MeV. A comparison of the accuracy of the
three data sets cannot be made, since for the Henkel and also
the Smith results no uncertainties are quoted in the corres-

ponding references /96, 97/ .
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The uncertainty of the Cabe results is given in reference
1527'as less than 3 %. Higher&T:values are also claimed
by Foster et al. /94/, although his results are lower
than those of Cabe and of Bratenahl et al. 4527 who has
measured only one value in this range, namely at 7.05 MeV.

The measurement series of Hibdon, Langsdorf 1597 can in

any case only play a role in the energy range from 30 keV

- 150 keV. This measurement goes back to 1953. Furthermore
no uncertainty is quoted for the experimental results and
since the experimental data are considerably lower by about
5 % than the Uttley results in this range 458, 827 and also
than the Cabé results in the small overlapping region of

both measurements, from 30 keV up to 150 keV preference has

been given to the two measurement series of Uttley. The
experimental results of the twokmeasurement series were
fitted in this energy range by a smooth curve. For the
data points of the measurement of Uttley from 1964 1527
no errors were quoted. We have here taken over the un-
certainty of the data points in the corresponding energy
region of the measurement from 1966 £§§7 which varies
between 1 and 2 %'since both measurement series cover the

same energy range.

Above 150 keV up to 6 MeV the Cabe data /93/ play the

predominant role because these measurements were carried
out at véry densely spaced energy points. In smoothing
out the experimental data the results of the Uttley
measurement, however, were also taken into account, at
least up to 950 keV, the upper energy limit'of this
measurement. In the region 2.3 MeV - 6 MeV the Cabé;data
and those of Bratenahl et al. £§E7 were fitted by a

smooth curve.
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In this region also experimental data of a measurement

of Foster et al. 1527 exist, but the measurement series

of Foster et al. and of Cab€ et al, are discrepant. The
results of Foster are systematically lower than the results
of Cabe by about 3 to 5 %. The measurement of Foster is
neither a high precision nor a high resolution measure-
ment. It was performed over a large energy range only

to determine the energy dependence of 5&” The‘energy
resolution is 2.5 - 4.5 %, that means worse than that

of the Cab€ measurement by a factor of about 3. In the
region 6 MeV up to 15 MeV we had no other choice than

to take the values of Foster et al, 1527, since this is
the only existing measurement which covers the whole
region. Besides this measurement there are only a few data

points of Bratenahl et al. /527.

The experimental results of the measurement series foraST
in the upper energy range from 30 keV 15 MeV are shown

in Fig. 8 a) - h) together with the presently recommended

QT(E)-curve obtained by smoothing out the selected experimen-

tal data.

A comparison between the presently recommended G%—values
and the previously on KEDAK recommended curve is given in
Fig. 9 for the energy range 30 keV - 15 MeV. In this
region the previously recommended<5T(E)-curve is lower

than the presently recommended one by about 5 %. A

maximum deviatioh of néarly é % is éncounﬁered atrabout

4 MeV. These higherG{r—values are’due to the recent experi-
mental results of Cab€ et al, 1527 which are higher than
the results of Henkel £§§7'on which the previous evaluation
[54, H§7 is based. Concerning the lower energy range in

the region 10 - 30 keV essentially no differences in
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comparison to the previous KEDAK(!T—values exist, since the
Bockhoff results are normalized to the(S&-values recommended
by J. J. Schmidt 134, H§7. In the range 150 eV - 10 keV
maximum deviations of about 10 % are encountered in the
region 1 keV - 10 keV where the previously recommended

<§T-values are lower than the presently recommended ones.

A survey about the measurements considered in theG?T—

evaluation is given below

Energy range Experimental basis
150 eV - 720 eV Michaudon /40/
720 eV - 10 keV Derrien /87/
10 keV - 30 kevV Bockhoff et al. /91/
30 keV - 150 keV Uttley /88, 89/
150 keV - 6 MeV Cabe /937, Uttley /88/,

Galloway £§§7
6 MeV - 15 MeV Foster et al. /94/, Bratenahl /82/

25
The accuracy of the recommended GT -values is estimated to be:

Energy range ;:r ~or7] Comments
150 eV - 720 eV + 3 due to the uncertainty of the Michaudon
results
720 eV - 10 keV + 7 due to uncertainty of the DerXien re-
sults
10 keV - 30 keV | + 4 due to the spread of experimental data
in this range
30 keV ~ 150 keV + 2 due to the spread of experimental data
-5 in this range and to the uncertainty of}
the Uttley results
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AG T
Energy range {——/ %/ | Comments
Gy -
150 kevV - 2.3 MeV + 3 due to the uncertainty of the Cabe
and Uttley results
2.3 MeV - 6 MeV + 3 due to discrepancy between Foster angl
-5 Cab€ and to the uncertainty of the
Cabé results
6 MeV-~ 15 MeV + 5 due to uncertainty of the Foster
-3 results and its discrepancy with the
Cabe results

Li
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V. The capture-to-fission ratio

A revision of the KEDAK-value for o was performed in the
energy region above the resolved resonance region, i.e.
above 150 eV, In the eV-region the results of a high
resolution measurement of de Saussure et al. £Z§7 has be-
come available since the evaluation of J. J. Schmidt 1337.
This necessitated an incorporation of these values into
KEDAK, since due to the lack of an ol -measurement of a
resolution comparable with that of the Michaudon &f—measure—
ments, incorporated 1966 into KEDAK, we had since that time
wrong fluctuations in the capture cross sections. The
highest resolution reached in the de Saussure experiment
from 1966 is 5 nsec/m and so comparable with the resolution
of the Michaudon.C5T-experiment, from which we have taken

over the energy values for KEDAK.

Up to October 1971 when this evaluation was started no other
measurements were available with such a good resolution. Silver,
de Saussure et al. éibg7 have performed a new o -measurement

over the same energy range and even extended up te 100 kev,
whereas the high-resolution measurement of de Saussure from

1966 has an upper limit of 3 KevV. At Knoxville preliminary results
of these recent measurements were reported but up to now no final
results are available. We have not taken into account them ther-—
fore /114/ in our evaluation and have taken over on KEDAK in the
lower energy range the data of de Saussure from 1966.

The de Saussure data were normalized concerning the fission cross
section by making the fission resonance integral from 0.45 to

10 MeV equal to 127.45b and concerning the capture cross sections
by making the absorption resonance integral from 0.45 to 1.0 eV
equal to 58.12 b. From a comparison of 100 eV interval values it
follows that on the average the de Saussure data show deviations
of about 15 % with regard to the previous KEDAK -values.
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In the lower keV-range, i.e. above 3 keV up to some ten of keV s

number of measurements are availsble:

Energy region Accuracy Ref.
Bandl et al. 1971; 8 - 60 keV; (12-17) %; /1037
Czirr, Lindsey, 19703 2.6 - 30 keV; T-8%; 17057
Muradjen et al.  1970o; 0.3 eV-5 keV; 4 =16 %; /1057
Kurov, Rysabov, 19703 1ooeV-30 keV; 9.5 =13 %; [To§7
Van-Shi-di et al. 1965; 1o0eV-30 keV; below 1 keV T % -
sbove 1 keV 7.5-12% [ b7/

Silver,
de Saussure et al. 1971, foo eV-iockeV; - Z?og7

In the higher keV-range except of some very old inaccurate measurements

(see reference Lgh, H1§7) the following measurements were performed:

Energy range Accuracy Ref.
de Saussure et al., 1966 17 keV-60o keV; 8-16% Ry
Weston et al., 1964 12 keV-690 keV; 9-20% 17017
Diven et al., 1958 100 keV- 1 MeV; 6 % [To§7
Hopkins, Diven 1962 30 keV- 1 MeV; T-11% /1097

Since in the lower keV-range all authors have quoted interval-averaged
values, even if unfortunstely not over the same intervals, we give in

Fig. 1o &) and b) a comparison of the different measurements in the region

up to loo keV. For KEDAK we have taken over in this range from 3 keV - 11 keV
the three values of Czirr and Lindsey over the intervals 3 keV - L.,29 keV-
7.34 keV - 10.9 keV., It is difficult to decide for one of the measure-

ments in this range. First the data of the several suthors are not averaged
over the same energy intervals as already mentioned. But furthermore

the different sets of interval values show a different tendency with in-
creasing energy, some data sets increase,some decrease in the same energy
range.Concerning the Van-Shi~di measurements we have thought that it is a
too 0ld meassurement. The o, ~values of this measurement show very strong

fluctuations in the energy range considered here. The same it true for
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the measurements of Kurov, Ryesbov. The experiment of Muradjan et al. covers
only the energy range up to 5 keV. The results of Silver, de Saussure

are only preliminary, not yet corrected for multiple scattering e.g. 17157.

Then remain the Bandl et al. measurement and the Czirr, Lindsey measurement
up to 1o keV (above 1o keV they have quoted only one value for the interval
23 keV - 28 keV, for the interval 11 - 23 keV no value is given) mainly
because of the fact that it goes down to such low energies as 3 keV which
is the upper energy limit of the high resolution de Saussure measurement
from 1966 adopted for KEDAK. From the Bandl measurement results are availa-
ble only above 8 keV and for joining the last de Saussure value at about
3 keV one has anyway to take the Czirr data between 3 and 8 keV. Above
10 keV one has the choice either to fit the results from the measurements
a8t selected energies of de Saussure et al. and of Weston et al. by a émooth
curveor to take over the interval values of Bandl et al. The b (E)-curve
evaluated 1966 gives in this range a good mean between the Bandl results
and the higher results of the point measurements if one excludes the deep
minimum’in the =L —curve of Bandl around 25 keV. This minimum in the

o (E)-curve, however, is up to now not confirmed by other experimental
final results. We have therefore kept on KEDAK up to about Lo keV the

o (E)-curve evaluated by J.J. Schmidt in 1966,

Between 11 keV and 15 keV we have adopted a smooth connection to the
X -vglue recommended by J.J. Schmidt [5#; H1.§7s In the region above Lo keV

we have taken over higher o ~values than J.J. Schmidt ones so following
the evaluation of Alter and Dunford /11o/. Alter and Dunford took by 5 to
7 % higher oL ~ values, but only in the region 6o - 200 keV. According
to our opinion the range with higher ob- values should be extended up to
450 keV. The main reason for recommending higher oL -values are the
experimental data of de Seussure et al. /L8/ which had not been aveilable
to J.J. Schmidt. This measurement series covers the region from 17 keV-
6oo keV, however. Wé have drawn an eye-giude curve through the there
available measurements of Divén, Weston, Hopkins and Diven and de Saussure
and have joined it to the previous KEDAK-evaluation of J.J. Schmidt /3k,H15/
at Too keV. The presently recommended ot -values are by about 5 - 7 %
higher in the region 6o keV - 450 keV. The experimental dats in the range

up to 1 MeV as well as the recommended curve for o((E) are given in Fig. 11.



- 26 -

Above Too keV up to 1o MeV the ou(E)-curve of J.J. Schmidt from 1966
[5&7 is still recommended, that means a rather close 1/E -dependence
of Gfx-, since no measurements at all exist above 1 MeV and no new

measurements are available between Too keV and 1 MeV.

Above 1o MeV up to 15 MeV we have taken over the O -values recommended
by Alter and Dunford who have obtained their values by extending smoothly
the X(E)-curve of J.J. Schmidt. The presently recommended gu(E)-curve

in the region 30 keV - 15 MeV is given in Fig. 12. A summary of the olreve-

luation is given below:

Energy region Comments
150 eV - 3 keV de Saussure /L8/- data
3 keV - 11 keV interval values of Czirr, Lindsey [To&7
11 keV - 15 keV smooth connection between Czirr, Lindsey
and the o (E) - curve recommended above
15 keV
15 keV - 6o keV mean between Bandl interval values and
de Saussure and Weston data
60 keV - LS50 keV eye~guide curve through data of Diven,
Weston, Hopkins and Diven, de Saussure;
5 = 7 % higher ob-values than previous
KEDAK-evaluation
bS50 keV - Too keV smooth joining of present and previous
KEDAK-evaluation for oi
Too keV - 1o MeV previous KEDAK-evaluation for o,
lo MeV - 15 MeV Alter , Duford evaluation: smooth con-

tinuation of previous KEDAK-eveluation
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The accuracy of the recommended € 9

lined below:

5-values is estimated as out-

Energy region Ak v P Comments
o, L 2L
150 ev - 3 keV + 1o estimated uncertainty of the de
- 20 Saussure data
3 kev - 15 keV + 25 due to discrepancies between experi-
- 10 mental el -data in comparison to the
Czirr, Lindsey values
15 kevV - 50 keV + 10 due to the spread of experimental
- 15 data in this range
50 kev - 1 MeV + 10 due to the scattering of the experi-
- 15 mental data around the recommended
curve in particular due to the dis-
crepancy between the high de
Saussure values and the low Weston
results

No accuracy estimate can be made above 1 MeV since there exist no

experimental data at all.
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data changes

The re-evaluation for the data types G’f, GJT, 00,3 causes changes

in the other cross section types, the so-called secondary data

changes, since they are mutually dependent. The energy range in

which data changes for the different cfoss section types of

U;235 are encountered, are summarized in the table below:

KEDAK cross

Energy range of the

section type data type changes
name /ev/
ALPHA T o = Q‘x'/G’f 150. - 15.E+6
E = 1 = 1.,E-3 -~ 15,
TA qb —— 3 3 E+6
CHIF 2 = energy distribution of unchanged
the prompt neutrons
MUEL E%:average of the cosine of the]10.E+6 - 15.E+6
elastic scattering angle in the
laboratory system
NUE * V.—average nunber of neutrons 1.E-3 - 15.E+46
per fission
SGA G»a—absorption cross section 150. - 15.E+6
SGALP Gib—(n,da cross section unchanged
sGr @ ,-tission cross section 150, - 15.E+6
SGG @y -capture cross section 150, - 15.E+6
SGI @ ,- inelastic scattering 2.4E+6 - 15,E+6
cross section
SGN 6{1-elastic scattering cross {150, - 15.E+6
section
SGP Gp- (n, p) cross section unchanged
sGT * 8§ - total cross section 150. - 15.E+6
SGTR 611~- transport cross section {150, - 15.E4+6
SGZN &on (n, 2n) cross section 10.E4+6 - 15.E46
SG3N G an (n, 3n) cross section 12.58+6 - 15.E+6
SGX sx— non-elastic cross section 1150, - 2.4E+6;

10.E+6 - 15.E+6
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+
- these data types were re-evaluated.

For the data types SG2N, SG3N, MUEL the changes consist only in
an extension of the curves recommended‘ by J. J. Schmidt 1547 up

to an envergy of 15 MeV,

For the non-elastic cross section, data type name SGX, no nsw
measurements exist. In the range 10 MeV - 15 MeV we have taken
over the values read from the extended dx(E) -curve previously

/34/. In the range below 2.4 MeV SGX was

recommended on KEDAK

changed as obtained by the relation
= ]
64 By+ @ + 8 ,+8, +&;,

=0 below 2.4 MeV

In the range 2.4 MeV - 10 MeV the previously recommended SGX-
values remained. The changes in Gf and 6z~in this range and
also in the range 10 Mev - 15 Me}/ were shifted on the inelastic
scattering cross section, data type name SGI. We relied here

on J. J. Schmidt's KEDAK-evaluation for U-235 from 1966 /34/ and
adopted the same procedure for the determination of the SGX~- and

SGI~-values.

The changes for the other cross section types were obtained

throughout from the following relations:

SGA -~ absorption cross section 6a=éx+3f since §p=o
; , 7 & -o -

SGG - capture cross section = ©;

SGN - elastic scattering cross section dn =6’T - éx

SGTR ~— . transport cross section Gtr =6T "' P-L 'Gn
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In the higher energy range above 400 keV the presently and pre-
viously on KEDAK recommended Gn(E) —-curve and €§X(E) ~curve
respectively are given in Fig. 13 and Fig. 14 respectively to-
gether with the experimental data points. For both cross

section types no new measurements exist. The enelastic scattering
Cross section@’ni in the same energy range is represented in Fig.
lé. For this data type some new measurements are available, namely
that of Drake et al. /I11/, that of Armitage et al. /112/ and that
of Batchelor and Wyld _/_—fl_:_i_7. The calculated curves for Gn,éx,gn,

lie fairly well between the experimental measurements.

Concerning the energy scale of the KEDAK—poiﬁts all data types
for U-235 except CHIF are stored at the same energy points since
our program for the calculation of the mutually dependent cross
sections presupposes this. Above 30 keV up to 10 MeV we have used
the same energy points as stored in the previous version, only
very few additional points were inserted in this scale in order
to reproduce well the energy dependence of \.i and df. Below 30 keV
we have taken over the energy points of the high resolution
(ST-measurements of Michaudon (4t = 5 nsec/m) in the range

150 eV ~ 723 eV, of Derrien (At = 0.8 nsec/m) in the range

724 eV - 10 keV and of Bockhoff (&t = 0.3 nsec/m) in the

range 10 keV - 30 keV and have interpolated the other cross
section types at these energies or calculated the mutually de-
pendent cross sections at these energies. Since the high
resolution Gf—measurements of Blons et al. (&t = 1 nsec/m)

and the & -measurements of de Saussure (A t = 5 nsec/m) show
sometimes a shift in the energy of their peaks and valleys in
comparison to the peaks‘and valleys ofth, the above selection

of the energies by taking the points of the<§&—measurements

has sometimes led t

e}

negative @ -values. Very probably some of
n

these negative Gn-values are also due to the difference in the

resolution of the 6T-measurements on one side and the 6{' and

ds —measurements on the other side.
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Since the number of these points, however, was very small in

comparison to the total number of energy points in this range
we have re-calculated the cross section values at these points
deciding from case to case whetherd_,f orG £ ordsas basic cross

section type should be changed by a small amount.

In the KEDAK-evaluation from 1966 for U-235 the energy dependence
of the average fission width o ¢ Was determined by fitting the

-—

evaluated du(E)-curve. A spin dependence of r'f was not considered.
Since also nowadays better information about the spin- and energy-
dependence not yet exists we have only repeated the fitting proce-
dure with our changed dy~-values. The quantity ds is best suited for
this purpose because it depends only weakly on a correct value for

the strength function,

. “.,,J n?
1J 29 1 nl >
T8 . . 1
> - 1ir<dz"> ) ot K 150 9 Ty ™7
=<8 > 25 1 M M
8 . g— A L2
=J
M W
b 5 Ty
1.0 83 “u
=J J
5 & M . MMy 1J
1,7 I 5 =7 Tt
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where TlJ = _:—-——E;— r‘il rJXl >
* ﬁfxl r.xi r
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with
=3 5 (E4E) e
nl _ 1J B . 5 ) r,(O)J v
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The energy dependence of D is predicted by the Fermi gas model. By

using this relat

ion one obtains that

- ; 2
D,lJ (EBﬁE) (EBﬁE)
5iJ (EB) EB

is independent o

f 1 and J. Then we have

z ' mid

<y =
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The used symbols have the following meaning:’

rin: Fx’: l;‘: P -

< 0 b 4
'

- - ,exp( -2 a(E, 48) + 2\/;? |

elastic scattering and capture and fission and

total widths, respectivley
spin of the compound nucleus

angular momentum of the incident neutron

level spacing

strength function
barrier penetration factor
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- statistical spin factor

eo B
1

incident neutron energy

effective binding energy corrected for the
pairing energy, of the last neutron in the
compound nucleus

level density parameter

We make now the following simplifying assumptions (for reasons of
Justification see also KFK 120 p. D 99 - D 117):

—d=3 ==l —
[’ - T -
fl=0 fl=0 f

b TR
f;J _ f; since nothing definitive is known about the
¥ Y
J-dependernice of

g2 - g s

o o )
SJ 2 - 1 g = 1 SJ 4 - SJ 5 _ s

o 3 1 5 1 1 1

of any other evidence

That means that the statistical distributions of r} and rﬁ were
assumed to be the same for the two spin states J = 3 and J = 4,
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With these assumptions it follows

= ° 1 1 1 1

<w> _ F'x« S OTX' +51V1(g2TfJ=2 +2g3TYJ=3+2g4T83’=4+g5 TITI:S )
T ) 1 1 1 1

£ STe + 81"1(32TfJ-2+2g3TfJ=3 +2g4TfJ=4+g5 TfJ_s )

f‘f (E) was determined from this expression by fitting the evaluated

& (E)-curve. The new values were incorporated into the KEDAK-file
under the data type STGF.
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Available experimental information on the absolute

235

delayed neutron yield per fission of U .

,235

<\
~~

U)

Reference

—~ 238
Vd( U) thermal

e (235U) = 1.017 + 11 %
d fast

{(fission spectrum)

Brunson et al., 1955

/127

0.01741

fissi . :
ission spectrum neutrons: 0.0014

Rose, Smith, 1957
/137

0.0158 + 0.0005

fission spectrum:0.0165 + 0.0005

thermal:

Keepin et al., 1958
/5 9, 17

14 MeV neutrons: 0.022 + 0.005

McGarry et al., 1960
/147

V(2.4 Mev)/ Vjthermal = 1.03 + 0.04
V(3.3 Mev)/ ¥ th - = 0.99 + 0.04
V,( 15 Mev)/ ¥ th = 1.86 + 0,06

|
{

Maksyutenko, 1960 -
/157

séveral measurements in the range
250 keV - 1.5 MeV
Vd varies between 0.015 and 0,017;

no numerical values given

Cox et al., 1967/68
/167

14.9 MeV neutrons: 0.0095 + 0.0008

Va (3.1 MeV)

= 1.89 + 0.11
05(14.9 MeV)

Masters et al., 1969




Table I1: Available experimental information on'\725 from 1961 up to late 1970

Reference Energy region A;;ﬁracy Standard Comments
0,
- — -p 235 . .
Blyumkina et al.; 1964172/ 0.08 MeV - 0.99 MevV| 0.7-1.2 Vth( ) Scintillator measurements
0.08 MeV - 0.64 MeV| 0.7-1.6 2.43 Thorium fission detector
measured quantity Qp(En)
<o
. Vp( n)
E p = 0.39 MeV
— - P 235
Butler et ai.; 1961 élg/ 0.21 MeV - 1.58 MeVi 0.6-1 \/th( U)=2.47
Colvin, Sowerby; 1965 @97 0.101 MeV - 2.57 MeV| 0.8-1.9 | gP (252Cf) in reference _/_?2?97
S
P data for the ratio
- 235 -p 25%3
Vp(E) ( U)/Vsp( Jgiven
Condé et al.; 1965 /217 0.06 MeV - 14.8 MeV 1. VP (25205 3767
— (3.energy points) sP
Hopkins, Diven; 1963 /327 0.280 MeV - 14.5 Mev [0.9-1.6 | VP (Fr)=3.771
Kuznetsov, Smirenkin; 1966 0.08 MeV - 0,70 MeV {0.7-1 {?Eh(zssU)xz.43 measured quantity V (En)
z )
5.5 RCR
O
E n = 0.4 MeV
. -p 252 .
Mather, Fieldhouse, Moat; 0.04 MeV - 7.96 MeV |0.6-1.7 v ( 0H=3.782
— — Sp
1964 /24/
Meadows, Whalen; 1962 /25/ 0.03 MeV - 1.76 Mev (0.7-1.0 \’/zp(zsch)=3.782
; 1967 /267 0.039 MeV - 1.0 MeV |0.6-0.9

—9-'-(...



Table I1 : Continued

i ,
Reference i Energy region Accuracy Standard | Comments
| /97 i
) | ~p 252 ) |

Nesterov, Nurpeisov; 1970 0. - 1.5 MeV 0.6 - 1.1 ( £)=3.782

f sp c
/217

. . i ) -p 235 -
1] ] s ! o - . . - . =2, v ;
Prokhorova, Smirenkin; ! 0.37 MeV - 3.25 MeV 0.7 1.7 \/th( U)=2.414 measured quantity p(En)
- o— i
1968 /28/ v p(E"n)
E® = 0.37 MevV;
n
. —_— . -p ,252_
Savin et al.,; 1970 égQ,ﬁg/ 0.65 MeV- 6.60 MeV 1.2 - 3 \/Sp( Cf)=3.772
Soleilhac et al.; 1970 /31/ | 0.21 MeV -1.36 MeV | 0.5 - 2.2
1969 /30/ 1.36 MeV -14.79 MeV| 0.3 - 0.5
(st istical)
only

values used for renormalization:

5P (252 ~ g
\; Sp( Ccfy = 3.756
VP (®Py = 2.40m1

th

"}-‘!I"




235
Table III:  Available Zf~measurements for U in the energy range 1 keV - 15 MeV 1later than 1950

+
ef 2 Ene ange A
Reference nergy range ;curagyﬁ | data fit
AGy / %/ Standard Comments
6f
Yeater et al.; 1954 0.7 - 43 keV +4 -6 Columbia not congidered be-
£§§7 1956 5 eV - 2 kev absolute Gg?s cause no absolute -
measurements measurements and
between 0.3 and reference values
0.7 ev 4327 are based on
earlier measure-
ments
Michaudon et al.; 1958 —| <1 keV - 20 keV +5 -6 10 ev£ 25(E)dE
:f
1964 8 eV

/% - 47

from measure-~
ments of Shore,
sailor /42/
normalized to
@&(0.025 ev) =
582b




Table 1I1I: Continued

Accuracy .
Reference Energy range é Standard Comments data
AG, fit
s 4
bi
Michaudon, Ribon et al.; | 2.5 eV~ 20 kev | +5 -6 1j3g, is(E) dE previously re-
4217 1965 0’4 cgféefied on KEDAK -
' with data of /34,35/;presently
Shore;Sailorézg7' replaced by the
Blons measurements
/Zg7zresolution:
10 nsec/m
Melkonian et al.; 1957 0.01 eV - 40 keV +4 -6 gfzs = 580b/ relative measure-
[Zé? » 0.0253 3V ments,but norma-
1ized to the well-
known 2200 m/sec
value for G and X

£25
therefore taken

into account

6% -



ggble III: Continued

/477 1965

S, 55=(582+6)b/

0.025 eV

a (10-40 nsec/m) reso-
iution worse than the
Blons experiment /43/]
and since the results|
are avail. only as

energy averages,used

for comparison pur-

. Accuracy
Reference Energy range 43 Standard Comments i?ta
f —_ it
g L%
i
Gorlov et al,; 1959 3.5 - 800 keV + 7 @;25 = 1.,30b/270 rejected since re-
/457 keV lative measure-
menté and norma- -
lized to the ab-
solutely measured
standard value
Perkin et al.; 1965 24 keV G§f25 =(2.36 absolute neutrons from a
/46/ + 0.06)b measurement Sb~-Be-source,
calibrated in
three indepen-— *
dent ways
Van-Shi-di et al.; 0.1 kev - 30 kev + 1 - 4 rejected because of

poses




?able III: Continued

Accuracy
Reference Energy range Asf . Standard Comments Data
;L ¥ fit
de Saussure et al, 1966 0.4 eV - 30 keV 5 10 e%?_(E)dE _ measurements with
/487 1967 45y £ 127.90 | a resolution of
obtained from the 100 nsec/m -
measured data of 2 nsec/m;worse -
Bowmann é;é?Which resolution than
are normalized to the Blons experi-
G =577 .1b/0.025 ment; used for
£25 eVi comparison pur-
poses
Wilbur K. Brown, Bergen, 20 eV - 2 MeV - Li(n,dT up to relative measure-
Cramer; 1966 100 keV;Q!’f25 ments; Petrel
/507 10 keV-2 MeV underground ex-—
o (BNL325) plosion; used for -
comparison pur-
poses
Cramer, Bergen; 1969 20 eV - 1 keV + 5.5-90 Li(n,00)T; underground nucl,
/517 He(n,p)T detonation Persim~ | -

mon

- 16 -



‘Table IIT: Continued

Reference

Energy range

Accuracy

ASt 5

Standard

Comments

Data
fit

Cramer; 1970

527

10 eV - 2.84 MeV

below 1 keV Li
(H,W)T;
above @ -datal

£25
evaluated by

Davey 1527 at

several energy
points in the

range 0.672 -

3.01 MeV

Pommard under-
ground detona-~
tion; because

of the large
uncertainty of
this measurement
only used in the
range 0.9 - 3 MeV,
where not suffi-
cient experimen-
tal data points
from other authors
are avallable for
the determination
of the shape of P
and where the un-
certainty of the
measured data 1s
satisfactory and

partly

..3g_



Table III: Continuation
Reference Energy range Accuracy Standard Comments Data
AG, _ _ fit
LW
f
ranges from
4.4 - 6,6 %
Cao et al.; 1968 6 eV - 3 keV - (1)? oY (&) dE two different
1527 .45ev f detector systems:
from measure- ionization cham-
ments of Shore, ber, liquid
sailor /42/ re- scintillator.Re-
lative to jected since the -
ﬁgf25=582b/0.025ev measurements do
not cover the
whole energy
range 1 keV -
30 keV, where
structure was
found
Patrick et al.; 1970 50 eV - 30 keV + 5 1OB(n,q»; with a resolu-
/557 M = 1.64 at the tion of 2 nsec/m
56.3 eV reso~ worse than the
nance é;é? Blons experi- an

ment; only used
for: comparison

purposes

-¢c -



Table III: Continued

Reference Energy range Accuracy Standard Comments Data
AGp fit
3 L&
f
Bowman et al.; 1970 1.5 keV ~ 500 keV - - no absolute cross
/567 section determina-
tion; considerable -
structure observed
up to 200 keV
Blons et al.; 1970 17 eV -« 30 keV +4.5-7 lQB(n,GJ: measurement with
/437 300 eV the best energy
§ Sr(E)E
80 ev resolution amongh x
S . -
over the measu- the f measure
red data of ments which show
Michaudon [Eg7 | Structure in S,
in the keV-range
Lemley et al.; 1971 20 eV - 100 keV average: 8 6Li (n, o) data not available

[iod/

at the time of this
evaluation; only
used for comparison
purposes;under=
ground nuclear

explosion

—.’(g -



Table IIT: Continued

Uttley, Phillips;1956

B3/

14,1 MeV

®’f25=(2.2oio.0'{)b

8 g=(1.1440.03)b/
14,1 Mev

relative measure-
ment, confirms
the White result
at 14.1 MeV

Reference Energy range Accuracy Standard ‘Comments Data
%‘f_ £ g7 f£it
f
Nzef_; 1950 14 Mev 61125-(2.1610.09)10 0;.28=(1.131-_0.03)b/ single data point
.51/ 14 MeV measured relative -
to the standard
‘Diven; 1953, 1957 0.403~1.62 MeV +3-6 G§25=(1.27¢p.04)q/ absolute measure-
/58/ 1.27 MeV | ment only at
measured rela~ 1.27 MeV;
tive to(n, p) this result has X
been considered - #artly

Allen, Ferguson; 1957

|59

30 keV - 3 MeV

i+

1.3~3

(n, p)

flux determina-
tion by propor-
tional counters
filled with
hydrogen.

-gg-



Table III:

Continued

Reference

Energy range

Accuracy

Ad -
7 A

Standard

Comments

Data
fit

The data below

100 keV show strong
deviations from the
majority of the
other measurements
in particular from
those of Perkin
and of White. Be-

cause of this

‘possibly systema-

tic error the data

set was excluded

Henkel; 1957

[ed/

10 keV - 3 MeV

G§25=1.27b/

1.27 MeV

rejected since
relative measure-
ments which are
normalized to an

absolute measure-

.ment by Diven ZEéZ

Corrections to the
long counter
efficiency have
been épplied 1957
to the 1954 results
[LA-1TL/




Table IIT: Continued

Reference Energy range Aécuracy Standard Comments Data
d':df Ve £it
Dorofeev, Dobrynin; 30 keV - 5 MeV * 5.5-6.5 c§f25a(2,21ip,12)b measurements using.
1957 /6 | 30 keV | known strength
sources; absolute
Gf-measurement only
at 30keV, therefore X
only this value has partly
been taken into
account
Moat; 1958 14 MeV 6f25=(2.13 + | @,g=(1.13+0.09/
| /62/ 0.09)b 14 Mev -
measured by Moat
/627 single data
point,
Berezin et al.; 1958 measured re-
/635 14,6 Mev 6f25=(2.30 t | Gpp(1.1340.05)b/ lative to me
0.15)b 14,6 MeV standard -

- JC -



Table III:

Continued

Reference Energy range gécuraey Standard Comments Data
/7 fit
f
Netter; 1961 50 keV -~ 3.8 MeV | + 4 - 9 6f49=(2.0410.12)b/ measurement of the
/6%, 65/ 1.6 MeV | ratio @ (Pu239)/
&, (U-235) s standard
measured relative
to natural uranium
and determined with
6f28=o.34b at 1.6 -
MeV. Since the
measurements were
not absolute, they
have been rejeéted.
Kalini-x_l-,—Pankratov; 3 - 8 MeV M+ T considered in the
1958 /66/ no error bars data fit, but less
for the indi- absolute measure-|weight was assigned
vidual data ment to these data than
points are to the resulis of
given Hansen, McGuire Z§§7
since the latter X
measurement support with
the White data in reser-
this range in con- vation

trary to Pankratov




Table IIT: Continued

14AMeV

Reference Energy range 'Z\écuracy Standard Comments Data
6f £ [2{/- fit
Pankratov, Vlasov, lo - 22 MeV £+ 5 ®f25=2025b/14 MeV I reJected‘sinee no -
Ryabov; 1961 /677 , Yy absolute measure-
Pankratov; 1963 6 =~ 26 MeV £+ 5 Gf.25=1.23b/3.4MeV J’ ments,normalized _
_[5_8_7 to earlier meas.
Smirenkin et al.; 0.3-2.6 MeV +5-10 G'f28=0.585b/ rejected, since the
[69/ 1962 2.5 MeV data are not of high }
accuracy and the
measurements are
not absolute
Adams et al.; 1961 13.2-19.4 MeV +4.5-5 _ <5’f28=(1.13 + relative measure-
‘_/_797 0.02)b/14 MeVv ment, only used for
measured by the determination X
Moat 1958 /62/ |of the shape of with re-
<5f25 passing through | serva-
the White result at tions

-6 -



Table II1: Continued

Reference Energy range ‘ﬁgcuraoy Standard Comments Data
Sr
g /. fit
Albert; 1965 0.1 - 2 MeV z2x5 - use of a nuclear
[1Y/ explosion as neutron
source; data were not _
taken into account,
for reasons see KFK
120 pp. H11/12 /347
White; 1965 40 keV - 14,1 MeV + 2.5 -3 (n, p) for flux measurements
1?37 use of a proton re-
coll counter up to
505 keV, of a solid X
hydrogenous radiator
at higher energies
Macklin, Gibbons; 0.15-0.3%5 MeV + 2.5=7.5 Gées—data of measurements carried
1966 /73/ White out for verification

of the structure in
=1 £25 found by Albert
/T1/; results com-

patible with White




Table III: Continued

1970 /717

130 keV -~ 1.5 MeV

measured by
Knoll, Ponitz

fis7

tector; data not
compatible with the
White measurements
relative to the
hydrogen scattering
cross section, de-
viations of up to
about 15 %. Rejected
because of these un-

resolved discrepancies.

Reference Energy range Accuracy Standard Comments Data
AGy £it
®f
Gilboy, Knoll; 1966 0.38 - 0.62 MeV + 2 6Li (n, o) rejected, since rela-
Zi£7 statistical tive measurements
aiming to the in- -
vestigation of struc-
ture in G% as de-
tected by Albert /71/;
Knoll, Ponitz; 1967 30 keV G§25=(2.1930.06)h absolute two independent
[/ 64 keV @}25=(1578:9-J3)b measurements methods for the de-
termination of the x
neutron flux
Ponitz; 1968 /76/ 0 keV - 15NV |, 5 5 IBp5=2-190/30 keV| "grey" neutron de-

- 19 -



Table I1l: Continued

Reference

Energy range

Accuracy
Ad,

o (¥

Standard

Comments

Data
fit

|Hansen, McGuire, Smith;
1968 /787

C 2.2 - 10,5 MeV

+5-17

(n, p)

neutron flux measure-
ments with a proton
recoll telescope;

data originally mea-
sured by Smith,Henkel,
Nobles /79/; corrected
by Hansen et al. for

inscattering effects.

Szabo, Leroy et al.;

1970 B/

17.5 keV - 1,01 MeV|

i+
ol

absolute

measurements

three different
methods for deter-
mination of the-
neutron flux; use

of the fission cham~
ber constructed by
White; deviations
between the White-
and Szabo-results
<14,

- 29 -



Table III: Continued
Reference Energy range Accuracy Standard Comments Data
AS,
fit
b S
£
Kdppeler; 1970 440 kev e%zsa(l.ljip,ohl)b The measurements were
/817 530 keV 6f25=(1.1719.041)b (n, p) extended over the ener-
‘ gy range 0.1 MeV up to
1 MeV, but no final re- X

sults are available.

+ The sign "x" means, that the results of this measurement were taken into account in the data £it,

the sign

n_n

means, that they have not been considered.

-g9 -



Table IV: Gfgs--averages of high resolution measurements over the energy range 1 keV - 30 keV
| Energy Michaudon Van-Shi~di vde Saussure | Wilbur K.Brown | Blons et al. Patrick et al.] Lemley et al.
internal et al. et al. et al. et al.
[xey/ [31-417 27/ /%7 57 vz 55/ [Tog/
Saclay Dubra ORMNL~RPI . Los Alamos Saclay Harwell Los Alamos
30 - 20 - 3.115 - - 2.106 2,093 2.101
20 - 10 2.801 3.271 - 2.768 2.467 - 2.468 2.338
10 - 9 3.418 3.340 3.101 3.248 3.074 3.188
9- 8 3.505 3.227 3.122 3.030 - 2.984 ' 3.102
8- 7 3.551 3.430 3.931 3.034 3.193 3.296 . 5.105
7T~ 6 3,791 3.457 3.612 3.149 3.469 3.291 ‘
6- 5 o714 3.831 3.910 3.459 3.948 4.273
5 - 4 4,502 4.499 4728 4,013 4.43 4,371 4,010
b - 3 © 4,887 4,907 5.117 721 4,854 4,805 4,511
3 - 2 5.761 5.620 5.680 5. 464 5.404 5.388 5.057
2~ 1 7545 7.619 7.601 7.653 7445 7.483 6.741




Fig. 2 s

High-resolution LA

- 65

Figure captions

The experimental information and recommended curve for
v 25(_E‘) in the energy range from thermal up to 1.4 MeV

The experimental information and recommended curve for
VQB(E) in the energy range from 1.4 MeV up to 15 MeV

(&) f25—averages of high resolution measurements in the
energy range 1 keV - 30 keV

A

Selected measurement series and recommended O £25™
curve in the energy range from 30 keV to 270 keV.

Selected measurement series and recommended 6f25-

~curve in the energy range from 200 keV to 1.5 MeV.

Selected measurement series and recommended 61"25-
curve in the energy range from 1 MeV to 15 MeV,

25

Qmeasuréments récommended on
KEDAK in the energy range 150 eV - 30 keV.



Fig. 9 : Comparison between the previously and presently on
KEDAK recommended ST(E)-curve

Fig. 10: Experimental data and recommended curve for 0025 in
&) the energy range 3 keV - 50 keV
b) the energy range L5 keV - 100 keV

Fig. 11: Experimental data and recommended curve for d/25 in the
region 50 keV - 1 MeV

Fig. 12: Presently recommended &(E )-curve in the energy region
30 keV - 15 MeV.

Fig, 13: Experimental data and recommended curve for & 315 in
the energy range 400 keV - 15 MeV,.

Fig. 14: Experimental data and recommended curve for the non-
elastic cross section GiS in the region 400 keV -
15 MeV,

Fig. 15: Experimental data and recommended curve for the total

inelastic scattering cross section 61215 in the energy
range 15 keV - 15 MeV.
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Key to the symbols used in Fig. 1

Blyumkina et al.

Butler et al.

Colvin, Sowerby

Condé

Hopkins, Diven

Kuznetsov, Smirenkin

Mather et al.

Meadows, Whalen

Nesterov et al.

Prokhorova, Smirenkin

Savin et al.

Soleilhac et al.

presently recommended

Mather -~ evaluation

-

1964 /18/
1961 /197
1965 /20/
1965 /217
1963 /22/
1966  /23/
1964 /24/

1970 /27/

1968 /28/

1970 /297



Key to the symbols used in Fig. 2

Butler et al.

N

O Colvin, Sowerby

Condé

O B

Hopkins, Diven

@ Mather et al.

Meadows, Whalen

Nesterov et al.

Prokhorova, Smirenkin

> O +

A Savin et al,

@ Soleilhac et al.

- presently recommended

1961

1965

1965

1963

1964

1962

1970

1968

1970

1969
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Key to the symbols used in Fig. 8
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Key to the symbols used in Fig. 10 and 11
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