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EVALUATED NEUTRON~-INDUCED GAMMA~-RAY PRODUCTION CROSS SECTIONS

For 23% anp 239y

by
L. Stewart and R. E. Hunter

ABSTRACT

The gamma-ray production cross sections produced by neutron
interactions from 10-5 eV to 20 MeV have been evaluated for 235y
and 239y, The data were prepared for input into the ENDF/B for-
mat. Below 1 MeV, the "prompt" fission and radiative-capture
spectra are included along with the gammas from inelastic scat-
tering. Above 1 MeV, the total germa-ray production cross sec-
tions from all nonelastic processes are input as a single reaction
since the experimental measurements did not discriminate between
the individual reaction channels. At all energies, all gamma rays

are assumed to be emitted isotropically.

I. INTRODUCTION

Gapma-ray production cross sections for vari-
ous nuclides are required as input data for radi-
ation shielding, heating, and gamma-ray-transport
calculations. The experimental data on 23511 and
2380 ere evaluated and combined with calculations
to produce a set of recommended cross sections.
This effort was to some extent the outgrowth of a
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more extensive effort on 2391’11 and Pu, the re-

sults of which are discussed in Ref. 1. The reader
1s referred to that report for the details of cer~
tain calculations that are only summarized here.
The authors will remark only that experimental data
are far from extensive and that considerable reli-
ance was necessarily placed on calculations and on
extrapolation of data from other nuclides.
Experimental data exlst in three forms: (1)

the gamma-ray spectrum associated with fission

events (for a gilven time after fission) has been
mea,:sv.lrede’3 for thermal neutrons incident on 235U;
{2) the radiative-capture spectrum has been meas-
u::-ed.u’5 for 238U at a number of incident neutron
energies between thermal and 101.9 keV; and (3) the
total gamma-ray production cross sections have been
mea,eureds’7 for 23% and for 2385 at several incident-
neutron energies between 1.09 and 14.8 MeV. These
measurements are presented as absolute cross sections
per MeV for EY above 250 or 500 keV for gamma-ray-
energy intervels of 250 or 500 keV. The extrapo-
lation of these data to EY = 0 to obtain integrated
total gé.unna-ray production cross sections adds sig-
nificantly to the uncertainty in the evaluated re-
sults.

The thermal-capture spectrum for 235U has not
been observed although Jurney and Shel:i.ne8 measured

the line spectra for EY > 3.3 MeV at thermal and



provided these data in terms of cross secti;ans.
These discrete lines could sometimes be ascribed
to the fission process and sometimes to radiative
capture, but few of the garma rays were uniquely
assigned. It is reasonable to assume that the dis-
crete lines above 3.3 MeV would account for a small
portion of the total gamma-ray production cross

section; therefore, these data provide only a check

on the total integral values.

II. URANIUM-235

As discussed in the Introduction, data on 2350
are sparse. In particular, no data exist on the
angular distributions of the gamma rays produced

235y, althougn

from particular neutron reactions on
Nellis and Morgan6 found the total gamma-ray produc-
tion cross sections to be isotropic within t 10% at
incident neutron energies of 1.09, 4.0, and 14.8
MeV. In the absence of data to the contrary, it is
assumed that all gamma-ray processes are isotropic.
Since the absolute cross sections at some
energies must be obteined by using multiplicities,
whereas measurements at other energies are reported
in ba.rns/MeV , it seemed desirable to separate the
neutron-energy range for discussion as follows:
(1) The thermal region up to the onset of ine
elastic scattering;
(2) The region from the inelastic threshold
up to 1.09 MeV;
(3) 1.09 to 20 Mev.

A. 1077 eV to 13 keV

1. Radiative Capture

In the absence of experimental data, the
radiative-capture gamma-rey spectrum was taken to
be the same as that for 239Pu in Ref. 1 which, in

turn, was based on measurements by Orphan et 8.1.9

on Hf. The probability distribution, normalized to

one photon per capture, is shown in Fig. 1.
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Fig. 1. Probability for production of pno&gns as a
function of E,, due to ceapture by 5u
(normalized to one gamma ray per capture)
for thermal neutrons, Values are obtalned
from data on hafnium® adjusted to the bind-
ing energy of 23%y.
2. Fission

Measurements have been reported recently by
Verbinski and Sund2 and by Peelle and Maienscheina
on the fission gamma-ray spectrum from 2350 for

thermal neutrons. Earlier measurements given by
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Maienschein et al.”” and )Em.u,']'1 were not used in

this evaluation. (Note, however, that the earlier
data of Ref, 10 form the basis for the reanalysis
given in Ref. 3.)

Since Verbinski and Sunr.l2 provided better dis-
crimi;:ation ageinst neutron events in their meas-
urements, it was decided to base this evaluation
primarily on their data. Hence, after making a
crude extrapolation of a smooth curve drawn through
their data, a value of 6.7 MeV/fission was chosen

‘for the totel gamma-ray energy, corresponding to




gammas emitted within about 100 nsec after fission.
Again, it should be noted that about 8 Mev/fission
is carried off by photons following p-decay of the
fission products; the emlssion times for these
photons are long compared to the times assoclated
here with “prompt" gammas.

The measurements on the fission gamma-ray spec-~
trum, in absolute numbers of gamma rays per MeV per
fission, are shown in Fig. 2. This spectrum, nor-
malized to one photon per fission, 1s assumed to
apply up to 1.09 MeV (that is, the spectrum is as-
sumed to be independent of incident neutron energy).

3. Summary -

To obtaln the gamma-ray production cross sec-
tions, the probability distributions for fission
and capture must be multiplied by the appropriate
neutron cross sections and the correct multiplic-
jties at each neutron energy.

B. 13 keV to 1.09 MeV

1. Radiative Capture

At the lowest energy, the thermal capture spec-

trum is used. At 1.09 MeV, the capture spectrum
has been modified somewhat arbitrarily to give the
energy deposit required (Eo + E, or 7.52 MeV);

linear extrapolation is recommended between 13 keV

and 1.09 MeV. The normalized spectrum is shown in
Fig. 3.
2. Fission

A review by Jt:.mesl2
ray energy released per filssion does not change
significantly with incident neutron energy; there-

fore the gamma-ray energy distribution amd multi-

plicity obtained from thermal measurements were used

up to Eo = 1.09 MeV. This assumption is not quite
valid, however, since the increase in  with in-

creasing neutron energy does not completely account

shows that the total gamma-
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for the increased energy available to the total
system. In the absence of date t0 the contrary,
however, the fission gamma-ray spectrum has been
essumed 10 be energy-independent up to 1.09 MeV.

3. Inelastic Scattering

Gamma-ray spectrs produced by inelastic scat-
tering were calculated using the neutron cross
sections for the various inelastic levels and the
contimuum given in the evaluation of Berlijn et

a3

and the branching ratios given by Lederer

et a.l.lu (the 80-eV, 26.1-min isomeric state was
ignored). The gamma-ray spectra were calculated at
2 number of points between the inelastic threshold
at 13.055 keV and 1.09 MeV. From these, gamma-ray
multiplicities were calculated using the total in-
elastic cross sections given by Berlijn et =al.

Gamma-ray production ecrose sections can then

be chtained by multiplying these multiplicities by

the neutron inelastic-scattering cross sections.

At incident neutron energles between these points,

gamma-ray production cross sections should be ob-

tained by linear interpolation on the multiplicities.

c. 1.09 to 20 MeV

Nellis and Morgans and Drake7 have reported
measuraments of the total gamma-ray spectra from
1.09 to 14.8 MeV. Uncertainties in these data are
quoted as * 20 and * 10%, respectively, so that a
corresponding uncertainty is reflected in drawing
smooth curves to represent the gamma-ray spectra.
As noted in the Introduction, the extrapolation to
EY = 0 presents rather serious problems and addi-
tional uncertainties. For example, this extrapola-
tion (for O £ E £ 0.5 MeV) alone accounts for 33 to
70% for 238!] (see Tables VII and XIII at the end of
this report).

The uncertainty in the absclute magnitude of
the spectra is constrained by the energy conser-

vetion relation:

00

JO E, aprod(Ey) d'E-, = B oe” (B - En')"’n_,n'
* (B + Bloy , + (Bg + Qp - )0y o
* (Eo + Q5n = BEBB)UD, 3n ? (1)

where E
¥

figsion event, and ﬁn' , Ezn, and E3n are the average

is the average total gamma-ray energy per

energies of the neutrons from inelastic, (n,2n) and
(n,3n) processes. .

The gbsolute magnitudes of the gamma-ray dis-
trivutions were checked against Eq. (1). The
differences were always within the guoted experi-
nmental errors for the gamma-ray data and the neu-
tron cross sections except for the spectrum at 7.5-
MeV incident neutron energy.

T

At 7.5 MeV, Drake' reports 17.0 + 1.5 MeV-

barns for the integral:




E
lurf

Integrating his experimental points diz;ect],v by

E,,0 ,E) £E_ .
0 B, olB,9 E,) 48,

assuming that the E_, represent the midpoints‘of the

vi
energy intervals gives only 14 MeV-barns for EY >

250 keV, Drake's extrapolation below 250 keV would
be consistent with a cross section of 8 barns/sr
Mev~t

. In the next energy lnterval (EY = 250 to
500 keV), Drake reports a measurement six times
lower than this extrapolated value.

In an attempt to uncover the source of this
discrepancy, the above integral was again performed

while assuming that the E , represent the maximum

i
energy allowed within the interval AEY, but this
exercise accounted for only 1/3 of the difference.

It 1s concluded that Drake’s integral value is in-
consistent with his pointwlse data at 7.5 MeV. A
curve was drawn through Drake's data and then adjust-
ed upward to agree more closely with his quoted in-
tegral value; the resultant curve lies well within
the range of Eq. (1).

The gamma-ray cross sections and spectra were
extended to Eo = 20 MeV by extrapoleating the data at
each gamma-ray energy as a function of incident neu-
tron energy. Both the experimental data and evalu-
ated curves for the various incident neutron energies
are shown in Fig. 4; the ordinates are in barns/MeV
and the absclssas are the gamma-ray energy in MeV.

The total gamma-ray production cross sections given

here correspond to all nonelastic processes.

IIT. URANIUM-238

5

A. 1077 eV to 45 kev

Only radlative capture produces gamme rays in
the exit channel in this energy range. John and
Orphanh measured the radiative-capture spectrum for

15 neutron energy intervals between 5.6 eV and 101.9
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keV, These data are presented in Fig. 5 along with
the evaluated curves chosen here., Although a num-
per of references give some information on the re-
solved lines from radiative capture on 238b, both
the resolved and continuum spectra are needed for
a complete evaluation. Further, the experimental
measurements must be reduced to the absolute number
of photons per capture, or they must be given in
absolute units such as barns/MeV; therefore few of
the extant data could be used easily in this anal-
ysis. Therefore, the data* of John and Orphan
were chosen and were treated as follows.

The given experimental points were plotted in
units of photons per MeV per capture and "eye-ball"
curves were drawn through the data after adjust-
ments were made to obtain the total binding energy

(4.80 MeV), upon integration. These measurements

*The LASY, data of Jurney and Sheline5 were not
complete when this report was written. As soon as
they become available, the 23% thermal capture
spectrum will be modified accordingly.
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are presented for gamme rays above G900 keV in energy
intervals of ~ 220 keV. Perhaps two points should
be made: First, John and Orphan report energy-
balance errors that average about 6.5% and addi-
tional uncertainties of about 5.5%. Second, the
extrapoletion below EY = 900 keV contributes signif-
icant uncertainties to the integral cross sections,
spectra, and the evaluated multiplicities and energy
balance obtained. Thus, these adjustments were
typically about 7 - 10% but were well within the
range of the experimental measurements and certain-
1y within the calculationsl errors.

Multiplicities were obtained by integrating
each curve over EY and then normalizing the curves
to one photon per capture. The normalized curves
should be used at the midpoint of each incident
neutron energy interval with linear interpolation
on the spectra and multiplicities between the ener-
gy ranges given. The lowest-energy distribution
and multiplicity should be used for all incident
neutron energles below that midpoint energy (EO =
6.7 ev).

B. 45 keV to 1.09 MeV

1. Radiative Capture

The midpoint energy for the highest-energy in-
terval from the data of John and Orphanh is 53.5
keV; the curve and data for that energy are given
in Fig. 5.
ened (somewhat arbitrarily) to balance the total

This normalized spectrum was then hard-

energy available from capture (Eo + E’b , or 5.89
MeV). This seemed & more reasonable step than
simply raising the multiplicity. The calculated

distribution is shown in the last part of Fig. 5 as
photons/MeV per capture from which the multiplicity

was obtained by integration.

12

2. Fission
It was assumed that the fission gamma-ray dis-

238U is essentially the same as that

tribution for
for 23%. Tme curve for 23% is shown in Fig. 1.

The normalized distribution, multiplicity, and total
gamma-ray energy are thus assumed to be independent

of incident neutron energy.

3. Inelastic Scattering

Gamma rays emitted from lnelestic scattering
were calculated in the same manner as those for
235U, teking inelastic neutron cross sections from
the evaluation of Berlijn et &1.13 Gamma-ray decay
schemes were obtained from the compilation given by
Elis. 15
C. 1.09 to 20 MeV

Nellis and Morga.n6 have reported measurements
of the total gamma-ray spectra at Eo = 1.09, 2.1,
3.0, 4.0, 5.0, and 14.8 MeV. The smooth curves
drawn through these data were checked against Eq. (1)
and found to agree within the experimental errors
involved. The shape of the curve for Eo = 1.09 MeV
wvas adjusted at low gamma-ray energies to agree
roughly with the total cross-section distributions
calculated on the basis of the fission, capture,
and inelastic scattering spectra discussed above.

The gamma-ray cross sections and spectra for
238!1 were extended to Eo = 20 MeV by extrapolating
the data from lower energies. The experimental data

and evaluated curves in barns/MeV are shown in Fig.

6.
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IV. RESULTS

The final results are given in tabula.z; form to
facilitate input into a library file and to allow
changes to be incorporated readily at a later date.
The totel gemma-ray production cross sections in
barns, integrated over EY, are plotted as a function

235

of incident neutron energy above 1 MeV for U and

238U in Fig. 7, the tabular results are listed sepa-
rately.

Linear interpolation is recommended for the
tabular date which follow, but it is recognized
that some users may find it necessary to employ
other interpolation schemes if required by their
particular processing codes. In such cases, addi-
tional datum points (from the microscopic curves)
and for renormelization of probabilities may be nec-
essary to ensure proper representation of the data.
Note also that the energy mesh used for oyprod (EY)
and P(EY) does not necessarily coincide with the
fine structure for the gamma-ray probability dis-
tribution for radiative capture for either 23 5U or

2380’ at thermal.

The errors involved in falling to
represent those peaks precisely are considerably
less than the uncertainty in the gross distribution,
because that curve was based on the radiative-
capture process for hafnium and therefore may be

systematically different from measurements on 235 .

238U

Further, preliminary thermsl-capture data on
indicate that the major contributions come from
line spectra.

Agein the reader should note that all distri-
butions except those on inelastic scattering (Tables
IV and X) are given in units of probability per MeV
or barns/MeV. The latter are presented as proba-

bilities for the production of gammas rays of dis-

crete epergies, E i’ a.nd/or total number of gamma

T T L T LIS T T T T T T vV 17T
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L]
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g zo+- a .
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. . °
t :
.
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Fig. 7.

Total gamma-rag production cross sections
in barns for 235U and 23%U as a function
of incident neutron energy from 1 to 20
MeV.

reys in energy intervals, AEY. Quoting probability
per MeV for a dilscrete level is physically meaning-
less unless some specification of line width and
shape is given. The tabular results for both 2350
and 238U are presented in Tables I through XIII

at the end of this report.

V. DISCUSSION

The question of time dependence of gamma-ray
spectra and total energy was discussed in some de-
teil in Ref. 1. It should be repeated here that
the gamma rays treated in this report are assumed
to be emitted within 100 nsec after scission; that
is, all capture, prompt fission, and inelastic pro-
cesses are short-lived. This choice of time inter-
val separates (approximately) direct and cascade
gemma, decays from those which follow beta decays
from fission and whose decé.y times, on the average,
are much longer. No account has been taken of the
isomeric gammas.

Note that the totel gamma-ray energies for the
two time intervals (< 100 nsec and > 100 nsec) are

approximately equal. For some reactor problems,

15



these processes could be of equal importance. At
some later date, the time dependence of the fis-
sion gamma-ray spectra may be considered f.or input
calculations.

The time dependence of the fission gemma-ray
spectrum on incident neutron energy over all times
has not been established, although Sund and Ver-
binsk116 have recently reported isomeric data cov-
ering times up to 1 psec following thermal fission
of 2350. As the incident neutron energy changes,
the spectrum may change considerably owing to var-

Their data ,16 for

ilation of the fission products.
example, indicate much softer spectra than assumed

here for the prompt gammas.
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TABIE I TABIE II

PROBABILITY FOR FISSION GAMMA RAYS PROBABILITY FOR RADIATIVE-CAPTURE GAMMA RAYS
ror 25y ap 4 For 2%y
(Normalized to One Photon per Fission) {Normalized to One Photon per Capture)
E, = 107 eV to 1.09 Mev Ey = 107 eV to 13 kev
E7 P(Ey) E P(Ey) E P(E ) E P(E ) E P(Ey) E7 P(E")
(MeV) Prob/MeV  (MeV) Prob/MeV  (MeV) Prob/MeV (MeV) Prob/MeV  (MeV) Prob/MeV  (MeV) prrob/MeV
0.0 0.1416 0.575 0.8750 3,25 0.0248 0.0 0.106 1.0 0.345 3.5 0.0796
0,05 0.2365 0.605 0,9529 3.5 0.0197 0.1 0.549 1.25 0.k2s 3.75 0.0669
0.10 0, 3950 0.625 0,8623 3.75 0.0156 0.2 0,510 1.5 0.374 4,0 0.0488
0.15 0. 6669 0.65 0.7278 k.0 0.0127 0.3 0.343 1.75 0,310 4,25 0.0446
0.163  0,70%9% 0.67 0. 7745 4,25 0.00934 0.b 0.271 2,0 0.254 k.5 0.0308
0.178 0.6117 0.683 0.7986 k.5 0,00657 0.5 0,229 2,25 0.234 4,75 0,024k
0.20 0.8623 0.70 0.7179 4,75 0.00507 0.6 0.209 2.5 0.195 5.0 0.0212
0.212  1.104k 0.75 0.6966 5.0 0.00k21 0.7 0.213 2.79 0.154 5.5 0.039%
0.225 0.8425 0.80 0.6626 5.25 0.00355 0.8 0.231 3.0 0.125 6.0 0,0117
0.245 0,6088 0.90 0.5097 5.5 0.00302 0.9 0.270 3.25 0.0945 6.5 0.0011
0.265 0.4106 1,00 0.4205 5.75 0,00258
0.30 0.6839 1.10 0.3582 6.0 0.00217 TABLE III
0.325 0.8170 1.20 0.3412 6.25 0.00176
0.% 1.029% 1.25 0.3271 6.5 0.00142 PROBABILITY FOR RADIATIVE-CAPTURE GAMMA RAYS
0.365 1.0648 1.3 0.2818 6.75 0,00110 for 25y
g:ﬁg g:gz% i:?[g g:zlgéls ;:25 g:%ggﬁ (Normalized to One Photon per Capture)
0.45 0.8835 2,0 0.0934 Te5 0.00042 Ey = 1,09 MeV
0.485 0.9954 2.25 0.073%6 7.75 0.00012
0.50 0.9586 2.5 0.0586 8.0 0,00001 E7 P(E) E7 P(Ey) E P(E)
0.525 0,8241 2.75 0.0450 8.1 0.0 (MeV) Prob/MeV  (MeV) rrob/MeV (MeV) Prob/MeV
0.545 0.7320 3.0  0.0343 0.0  0.098% 1.0  0.307 3,5 0,102
0.1 0.488 1.25 0.376 3.75 0.0892
0.2 0.453 1.5 0.331 L.0 0.0737
0.3 0.305 1.75 0.262 k,25 0,0662
0.4 0.241 2.0 0.223 4.5 0.0540
0.5 0.204 2.25 0,208 4,75  0.0471
0.6 0.186 2.5 0.190 5.0 0.0420
0.7 0.190 2.75 0.166 5.5 0.0727
0.8 0.206 3.0 0.1k 6.0 0.0223
0.9 0.240 3.25 0,122 6.5 0.0135
7.0 0.00L5
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TABLE 1V

MULTIPLICITIES FOR GAMMA-RAY PRODUCTION FROM INELASTIC SCATTERING ON 23511

E, = 13 keV to 1.09 MeV.
E_(kev) Total .
\ Multi-
E,(keV) plicities 13 39 52 69 98 103 15 19
13.055 1.000 1.000
52.218 1.000 1.000 0.0 0.0
82.344 1.1921 0.4778 0.1917 0.5226 0.0
103.433 1.2819 0.41k46 0.2039 0.5553 0.0781 0.0
150.630 1.4kt 0.4670 0.2132 0.5668 0.1709 0.0 0.0068
171.718 1.4378 0.4579 0.1976 0.5649 0.1927 0.0181 0.0066 0.0
197.827 1.4635 0.4633 0.19h40 0.5578 0.2132 0.0240 0.0080 0.0 .0016
225.945 1.4912 0.4666 0.1860 0.539% 0.2325 0.0279 0.0078 0.0170 0.0078
296.239 1.5701 0.4167 0.1944 0.5599 0.2193 0.0322 0.0073 0.0307 .0kgT
334.400 1.5773 0.4349 0.1836 0.5351L 0.2160 0.0565 0.0085 0.0k2h4 0.0607
368.541 1.7381 0.4373 0.1984 0.5309 0.2082 0.0852 0.0070 0.0433 0.0685
395.655 1.7979 0.4080 0.1756 0.5269 0.2047 0.1065 0.0111 0.0581 0.0802
415,739 1.791k 0.3999 0.1751 0.514k 0.19kk 0.121h4 0.0083 0.0593 0.0731
428.793 1.8768 0.4090 0.1778 0.5185 0.1874 0.1094 0.0082 0.0616 0.0848
475.991 1.8753 0.3991 0.1691 0.4938 0.1732 0.1137 0.0081 0.0636 0.07TT7L
500.0 1.954%9 0.3896 0.1848 0.5061 0.1687 0.1285 0.009k% 0.0603 0.0763
535.239 1.9348 0.3937 0.1696 0.4986 0.1606 0.1217 0.0091 0.0596 0.0699
600.0 2.1312 o.hokh 0.1812 0.4992 0.1704 0.1824 0.0072 0.0636 0.0660
654.738 2.2333 0.3980 0.1698 0.hg21 0.1801 0.2042 0.0057 0.0688 .0631
T700.0 2.2346 0.4136 0.1555 0.4478 0.1721 0.2052 0.0055 0.0596 0.0563
T74.238 2.2456 0.4306 0.1435 0.4092 0.1741 0.1965 0.0061 0.0641 0.0489
800.0 2.2510 0.4367 0.1365 0.3986 0.1667 0.1998 0.0050 0.0602 0.0482
900.0 2.1684 0.4200 0.1237 0.3535 0.1412 0.1791 0.0055 0.0545 0.0378
1000.0 2.0k11 0.383% 0.1080 0.3128 0.1198 0.1572 0.0051 0.0484 0.0323
1090.0 2.1285 0.4106 0.1134 0.3295 0.1349 0.1656 0.0058 0.0563 0.0339
Excitation
Energy (kev) ALl 13 52 52 82 150 103 197 ket
Y
Eq( kev) ™~ 14k 162 1T 189 196 311 315 3oL 333
171.718 0.0
197.827 0.0016
225.945 0.0062
296.239 0.0 0.0599
334.400 0.0198 0.0 0.0918 0.0
368.541 0.0224 0.0056 0.1271 0.0 0.0 0.0042
395.655 0.0443 0.0194 0.1355 0.0055 0.0028 0.0138
415.739 0.0469 0.0193 0.1296 0.0 0.0083 0.0 0.0041 0.0152
428.793 0.0506 0.0192 0.1436 0.0055 0.0287 0.0014 0.0123 0.0150
475,001 0.0636 0.0311 0.1394 0.0122 0.0176 0.0041 0081 0.0 0.0230
500.0 0.0683 0.0375 0.1754 0.0134 0.0134 0.0040 0.0054 0.0054 0.0281
535.239 0.054% 0.0298 0.1709 0.0181 0.019% 0.0065 0.0091 0.0155 0.0220
.0 0.0732 0.04kk 0.1524 0.0180 0.01hlh 0.0060 0.0096 0.0300 0.0432
654,738 0.0734 0.0447 0.1548 0.0184 0.0172 0.0057 0.0069 0.0436 0.0516
T00 .0 0.0717 0.04k1 0.143% 0.0176 0.0165 0.0055 0.007T 0.0386 0.05Th
TT4.238 0.0662 0.0387 0.1272 0.0163 0.0153 0.0061 0.00T1 0.0387 0.05L40
800.0 0.0643 0.0392 0.1205 0.0151 0.0151 0.0050 0.0070 0.0382 0.0572
900.0 0.0554 0.0342 0.1043 0.0166 0.0157 0.0055 0.0065 0.0351 0.0517
1000.0 0.0476 0.0298 0.0926 0.0178 0.0162 0.0060 0.0068 0.0306 0.0468
1090.0 0.0464 0.0290 0.0960 0.017h 0.0166 0.0058 0.0075 0.0298 0.0488
Excitation
Energy (keV) 295 33 1 k36T b 367 btk 333
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TABLE IV (cont)

EY(keV)
W 342 367 375 381 39k 41k 422 451 639
368.541 0.0
395.655 0.0 0.0055 0.0 0.0
415.739 0.0014 0.0083 0.0041  0.0083
428.793 0.0027 0.0274 0.0 0.0041 0.0096 0.0
L75.991 0.0081 0.0257 0.0068 0.0108 0.0203 0.0068 0.0
500 .0 0.0107 0.0241 0.0080 0.0080 0.0161 0.0080 0.0054
535.239 0.0104 0.0220 0.0117 0.0117 0.0233 0.0117 0.0155 0.0
600.0 0.0096 0.0168 0.0132 0.0384 0.0216 0.0120 0.0312 0.0228
654.738 0.0115 0.0321 0.0138 0.0585 0.0229 0.0138 0.04k4T 0.0379 0.0
T700.0 0.0132 0.0309 0.0154 0.0717 0.0232 0.0154 0.0386 0.047h 0.0331
T74.238 0.0193 0.0285 0.0316 0.0702 0.0224 0.0305 0.0387 0.04T78 0.0631
800.0 0.0171 0.02T% 0.0321 0.0783 0.0221 0.0321 0.0382 0.0532 0.0673
900.0 0.0166 0.0286 0.0277 0.0748 0.0212 0.0277 0.0342 0.0508 0.0748
1000.0 0.0110 0.0298 0.0255 0.0706 0.0230 0.0255 0.0306 0.0468 0.0T40
1090.0 0.0116 0.0298 0.0166 0.0762 0.0232 0.0166 0.0306 0.0513 0.07T45
Excitation
Energy (keV) 394 361 het 394 394 ket 4Th 533 652

w

E,(keV) 652 719 758 T

654,738 0.0

T00.0 0.0276

TT%.238 0.0509 0.0 0.0 0.0

800.0 0.0552 0.0020 0.0030 0.0100

900.0 0.0618 0.0157 0.0231 0.0711

1000.0 0.0604 0.0255 0.0382 0.1190

1090.0 0.0613 0.0265 0.0397 0.1233

Excitation

Energy (keV) 652 e e m

TABLE V

GAMMA-RAY MULTIPLICTTIES FOR 257U, 1077 eV to 1.09 MeV

Eo(kev)

Thermal

13,055

52.2

82.3
103.4

150.6
197.8
225.9
296.2
334.4
368.5
395.7T
428.8
500.0
600.0
700.0
800.0
1090.0%

Fission

T.17
7.17
T.17
T.17
T.17

7.17
T.17
T.17
T.17
T.27

7.17
7.17
T.17
T.17
T.17

T.17
T.17
T.17

Radiative Inelastic
Capture

3.73 0.0
3.73 1.0
3.73 1.0
3.73 1.192
3.73 1.282
3.73 1.425
3.73 1.464
3.73 1.401
3.73 1.570
3.73 1.649
3.73 1.738
3.73 1.798
3.73 1.877
3.73 1.955
3.73 2.131
3.73 2.235
3.73 2.251
3.73

% por E > 1.09 MeV, use the gamra-ray production cross
ns in barns/MeV provided in Table VI.

secti

8
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TABLE VI

GAMMA-RAY PRODUCTION CROSS SECTIONS FOR 23°U in Barns/Mev

Eo(MeV)
W 1.09 2.1

3.0 L.0 5.0 6.0 (] 1%.8 20.0
0.0 9.77 8.1k 8.02 5.89 9.36 7.04 10.09 11.86 1k.75
0.1 15.26 10.13 9.73 8.18 11.02 8.92 12.68 1%.38 17.50
0.2 15.56 11.57 11.09 10.28 12.39 10.80 15.39 16.90 20.28
0.3 14,26 13.06 12.20 11.62 13.85 12.98 18.09 19.8% 23.57
0.k 12.66 13.82 12.88 12.27 1%.73 14.57 19.9k 21.73 25.61
0.5 11.07 13.44 12.80 12.07 1k.2h4 15.16 20.80 21.9% 25.55
0.6 9.37 12.21 11.60 11.67 12.78 1k.27 19.57 21.10 2%.79
0.7 7.78 10.32 9.64 9.98 10.44 11.89 16.12 19.00 22.91
0.8 6.46 8.46 8.11 8.18 8.53 9.91 13.05 15.33 18.35
0.9 5.33 7T.19 6.67 6.93 7T.12 8.23 10.71 11.86 13.61
1.0 4.39 6.22 5.78 5.94 6.1k 7.07 8.90 9.80 11.00
1.25 2.87 k.07 4. ok L2 k.60 5.13 5.88 6.72 T.32
1.50 1.97 2.73 3.15 3.23 3.68 4.03 4.25 5.13 5.50
1.75 1.42 1.85 2.48 2.57 3.01 3.35 2.68 3.78 3.69
2.00 1.09 1.26 1.92 2.06 2.48 2.82 1.83 2.82 2.43
2.25 0.828 0.866 1.42 1.58 1.94 2,18 1.32 2.0k 1.63
2.50 0.658 0.641 0.853 1.15 1.38 1.63 0.981 1.5 1.18
2.75 0.509 - 0.479 0.538 0.724 0.878 1.12 0.729 1.09 0.916
3.00 0.395 0.366 0.360 0.486 0.556 0.751 0.551 0.800 0.743
3.25 0.307 0.27h4 0.266 0.334 0.371 0.50h4 0.416 0.586 0.587
3.50 0.238 0.209 0.204 0.238 0.276 0.34%7 0.321 0.436 0.459
3.75 0.184 0.158 0.152 0.196 0.204 0.252 0.246 0.324 0.343
4,00 0.1k 0.122 0.115 0.123 0.154 0.196 0.190 0.245 0.258
4,25 0.11h4 0.093 0.088 0.094 0.113 0.146 0.149 0.185 0.196
4 .50 0.091 0.072 0.067 0.071 0.086 0.115 0.116 0.1%40 0.147
4,75 0.072 0.055 0.051 0.054% 0.064 0.088 0.090 0.106 0.111
5.00 0.058 0.043 0.040 0.0k2 0.048 0.069 0.071 0.082 0.083
5.50 0.037 0.026 0.023 0.025 0.027 0.043 0.0k4%4 0.048 0.045
6.00 0.029 0.016 0.014 0.016 0.016 0.028 0.029 0.028 0.025
6.50 0.015 0.009 0.008 0.010 0.009 0.018 0.018 0.017 0.014
7.0 0.010 0.007 0.006 0.0 0.005 0.011 0.012 0.010 0.007
8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

TABLE VIT

TOTAL GAMMA-RAY PRODUCTION CROSS SECTIONS FOR 23°U

/8.0 MeV /0.5 MeV
dE E )4E
oyprod.(E\) Y (Q Y

0 0 Oyprod.
EO(MeV) (barns) (barns)
1.09 13.82 6.83
2.1 14.82 5.94
3.0 14.82 : 5.6
k.0 1k .77 5.16
5.0 17.00 : 6.38
6.0 18.00 5.86
T.5 21.63 8.17
14.8 25.02 8.99
20.0 28.21 10.70
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TABLE VIII
238

PROBABILITY/MeV FOR RADIATIVE-CAPTURE GAMMA RAYS FOR U
{Normalized to One Photon per Capture)
E, = 10~5 eV to 45 kev.
E
0

E (MeV) 6.7 21.5 37.1 65.1 80.9 101.8 118.2 156.0 198.9 235.0 273.2 400.6 T50.8

Y ev av eV ev ev ev ev ev eV av ev ev eV

0.0 0.09%1 0.0873 0.105 0.120 0.117 0.147 0.133 0.12k 0.139 0.189 0.185 0.176 0.130

0.1 0.113 0.103 0.118 0.1¥ 0.137 0.168 0,153 0.142 0.159 0.210 0.208 0.195 0.147

0.2 0.13% 0.120 0.135 0.166 0.162 0.192 0.176 0.162 0.188 0.232 0.229 0.215 0.162

0.3 0.161 0.1%2 0.152 0.198 0.196 0.219 0.202 0.180 0.213 0.260 0.259 0.238 0.179

0.4 0.188 0.166 0.169 0.230 0.227 0.245 0.231 0.21% 0.2%2 0.291 0.283 0.263 0.195

0.5 0.216 0.192 0.189 0.270 0.265 0.272 0.260 0.2%9 0.272 0.323 0.313 0.28% o0.21k .
0.6 0.251 0.220 0.209 0.312 0.303 0.297 0.292 0.279 0.303 0.321 0.346 0.308 0.237 0.
0.7 0.28% 0.252 0.236 0.352 0.352 0.327 0.327 0.321 0.335 0.383 0.372 0.330 0.262 0.
0.8 0.318 0.285 0.256 0.390 0.395 0.356 0.359 0.356 0.366 0.415 0.403 0.356 0.288 0.500
0.9 0.351 0.322 0.283 o.ukh o.bk1 0.38% 0.385 0.410 0.398 o0.447 o0.432 0.382 0.317 0.562
1.0 0.378 0.362 0.310 0.k28 o.u7h o0.410 o©.kOT 0.480 0.k29 o.462 o0.449 0.k06 0.353 0.604
1.25 0.k  0.455 0.381 0.439 0.451 0.470 O0.B49 0.609 0.4186 0.439 0.406 0.458 0.46k 0.488
1.50 0.401 0.621 0.55% 0.463 0.500 0.495 0.550 0.569 0.556 0.466 0.497 0.546 0.565 0.513
1.75 0.530 0.581 0.615 O0.47L 0.512 0.438 o0.kk9 0.510 0.461 0.324h 0.464 0.b2h  0.477 o.k27
2.00 0.487 o0.ho5 0.511 0.380 0.416 0,406 0.401 0.465 0.k33 0.360 0.406 0.488 0.470 0.333
2.25 0.378 0.%05 0.378 0.313 0.331 0.308 0.320 0.256 0.204 0.406 0.337 0.305 0.301 0.210
2.50 0.237 0.193 0.260 0.253 0.198 0.249 0.247 0.1h1 0.161 0.204 0.132 0.156 0.2h9

2.75 0.135 0.116 0,165 0.133 0.10k 0.146 0.208 0.056k 0.099% 0.103 0.0798 0.07T8 0.134

3.00 0.0815 0.056% 0.0956 0.0863 0.0605 0.0826 0.0897 0.0291 0.0657 0.0363 0.0602 0.039% 0.0883

3.25 0.0497 0.0186 0.0453 0.0537 0.038% 0.0429 0.0429 0.0180 0.0298 0.0469 0.0199 0.0290 ©.049T

3.5 0.0162 0.00T: 0.0211 0.0326 0.0373 0.0260 0.0226 0.01T4 0.0145 0.0262 0.0290 0.0262 0.346

3.75 0.0248 0.,02T9 0.0256 0.01%0 0.0086 0.0156 0.0288 0.0180 0.0255 0.020% 0.0181 0.0272 0.032%

4.00 0.037% 0.0286 0.0235 0.0175 0.0155 0.0044 0.0086 0.0082 0.0261 0.0385 0.0298 0.0519 0.0301

4,25 0.0005 0.0022 0.0030 0.0082 0.0045 0.0078 0.0160 0.0134 0.01kk 0.009% 0.0196 0.0143 0.0353

4.50 0.0005 0.0018 0.0023 0.004k 0.0057 0.0066 0.0058 0.0089 0.0066 0.0045 0.0096 0.0073 0.100

L,75 0.0009 0.0054 0.0012 0.0038 0.0048 0.0029 0.0048 0.0007 0.0098 0.0036 0.0030 0.001T 0.0030

4.80 0.0001 0.0005 0.0 0.0002 0.0 0.0001 0.0002 0.0 0.0001 0.0002 0.0 0.0 0.0

4.90 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




TABLE IX

PROBABILITY/MeV FOR RADTATIVE-CAPTURE GAMMA RAYS FOR 238U
(Normalized to One Photon per Capture)
E, = 45 keV to 1.09 MeV

0
&

E (MeV L5 kev 1.09 MeV
L AR —
0.0 0.206 0.186
0.1 0.253 0.226
0.2 0.291 0.265
0.3 0.342 0.316
0.4 0.391 0.365
0.5 0.hh2 0.41lk
0.6 0.488 0.456
0.7 0.533 0.496
0.8 0.573 0.533
0.9 0.616 0.562
1.0 0.637 0.580
1.25 0.488 0.460
1.50 0.522 0.482
1.75 0.k403 0.383
2.00 0.280 0.265
2.25 0.138 0.154
2.50 0.0558 0.0918
2.75 0.0316 0.0586
3.00 0.0195 0.0398
3.25 0.0082 0.0305
3.50 0.0108 0.0407
3.75 0.0043 0.0303
4,00 0.0039 0.0210
k.25 0.0028 0.0161
4.50 0.0017 0.0112
.75 0.0005 0.0076
5.00 0.0 0.0052
5.25 0.0 0.0035
5.50 0.0 0.0023
5.75 0.0 0.0013
5.80 0.0 0.0011
5.85 0.0 0.0008
5.90 0.0 0.0001
6.00 0.0 0.0



TABLE X

MULTIPLICITIES FOR GAMMA-RAY PRODUCTION FROM INELASTIC SCATTERING
Ey = 45,189 keV to 1,09 MeV

E (kev) Total
\ Multi-
Eo(kev) plicities 45 103 160 211 218 258 270 519
k5,189 1.0000 1.0000

148.622 1.0000 1.0000 0.0

200.0 1.043% 1.0000 0.0434

309.294 1.0880 1.0000 0.0880 0.0

400.0 1.1402 1.0000 0.1229 0.0173

521.180 1.2058 1.0000 0.1782 0.0276 0.0

600.0 1.2803 1..0000 0.2223 0.0464 0.0116

682.856 1.3524 1.0000 0.2632 0.0649 0.0243

735.0T4 1.%090 0.9944 0.2927 0.0775 0.0337

780.263 1.4719 0.9899 0.3194 0.0837 0.0376 0.0

830.473 1.5681 0.9871 0.3749 0.0936 0.0485 0.0089 0.0
934,910 1.7297 0.9828 0.4358 0.124k2 0.0717 0.0239 0.00L48
953.990 1.9067 0.9735 0.u48Lk 0.1651 0.0963 0.0 0.0370 0.0 0.0100
972.066 2.0338 0.9721 0.5141 0.1991 0.1165 0.001k 0.0455 0.0014 0.0139
997.171 2.1661 0.9692 0.5422 0.2339 0.1327 0.0027 0.0511 0.0027 0.0164
1039.347 2.2696 0.9663 0.5423 0.2756 0.1528 0.0036 0.0583 0.0045 0.0193
1064 .452 2.3446 0.9594 0.5u84 0.2970 0.1595 0.0053 0.0623 0.0057 0.0194
1090.0 2.4160 0.9476 0.5260 0.3121 0.1681 0.007Th 0.0690 0.0079 0.0227
Excitation
Energy (keV) ALl 45 148 308 519 9% 7 9% g1
Ey(kev)
m 581 635 660 680 687 886 905 912 ou8
682.856 0.0 0.0

T35.0Th 0.0 0.0051 0.0056 0.0

780.263 0.0102 0.0102 0.0102 0.0107

830.473 0.01h4h 0.0129 0.0129 0.01k9

934.910 0.0215 0.0167 0.0268 0.0215 0.0

953.990 0.0256 0.0218 0.0503 0.0285 0.0142 0.0

972 .066 0.0283 0.0237 0.0 0.0534 0.0292 0.0329 0.0023

997.17T1 0.0292 0.0319 0.0064 0.0638 0.0333 0.0451 0.0055 0.0
1039.347 0.0332 0.0305 0.0139 0.0672 0.0354 0.0542 0.0081 0.0022
1064 . 452 0.0336 0.0309 0.0208 0.0760 0.0360 0.0641 0.0110 0.0 0.00kY
1090.0 0.0384 0.0345 0.0262 0.0781 0.0397 0.0T760 0.0131 0.007h 0.0087
Excitation
Energy (keV) 732 680 968 680 732 931 950 1060 93

EY( keV)
%\ 990 1015 1035

997.17L 0.0

1039.347 0.0022 0.0
1064.452 0.0066 0.0 0.0022
1090.0 0.0179 0.0087 0.0065
Excitation

Energy (kevV) 993 1060 1035

23
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Ey

GAMYA-RAY MULTTPLICITIES FOR
= 107 eV to 1.09 MeV

Eo

Fission

107° ev
6.7 ev
21.5 eV
37.1 eV
65.1 eV

80.9 eV

101.8 eV
118.2 ev
156.0 eV
108.9 ev

235.0 eV
273.2 ev
400.6 ev
750.8 eV
3.0 keVv

45,189 keV
200.0 keV
400.0 keV
600.0 keV
735.07Th keV

830.473 kev
234.910 keV
953.990 kev
99T7.1T1 keV

T.17h4

T.174
T.1Th
T.17Th
T.174

1064.452 kev  T.1T4

1090.0 kevé®

T.174

TABLE XI

Radiative
Capture
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238

U

Inelastic

1.0000
1.0434
1.1402
1.2803
1.40%0

1.5681
1.7297
1.9067
2.1661
2.3446

2.4160

a For Fy > 1.09 MeV, use the gamma-ray production cross

sections in barns/MeV provided in Table XII.



TABLE XII

8U, IN BARNS/MeV

W)
' 14.8

GAMMA-RAY PRODUCTION CROSS SECTIONS FOR 23

EJMW) ~ 1.09 2.0 3.0 4.0 5.0 20.0
0.0 1.09 5.49 5.88 T.02 8.54 10.19 10.53
0.1 4,93 6.47 7T.06 8.84 10.65 12.43 12.37
0.2 8.0k 7.50 8.01 9.99 12.21 14.16 14.35
0.3 8.30 8.58 8.91 11.24 13.68 15.59 16.37
0.k 6.22 9.23 9.39 11.72 14.51 16.20 17.95
0.5 4.4 9.18 9.36 11..53 14.51 15.69 18.02
0.6 3.00 8.79 8.90 9.90 12.95 14.06 17.53
0.7 1.85 T.76 7.54 7.98 10.47 11.51 16.11
0.8 1.17 6.73 5.88 6.34 8.13 9.24 13.22
0.9 0.770 5.68 4.65 5.22 6.27 T.54 9.82
1.0 0.493 4,79 3.77 k.56 5.22 6.19 7.85
1.25 0.245 3.09 2.86 3.38 3.63 4.36 5.05
1.50 0.213 2.04 2.4 2.76 2.84 3.4k 3.89
1.75 0.192 1.27 1.99 2.23 2.30 2.63 2.62
2.00 0.171 0.7h0 1.53 1.82 1.88 1.95 1.75
2.25 0.133 0.4k4o 1.12 1.38 1.45 1.42 1.16
2.50 0.0937 0.29k 0.749 1.01 1.10 1.04 0.833
2.75 0.0622 0.209 0.493 0.663 0.7680 0.756 0.653
3.00 0.0424 0.154 0.334 0.416 0.551 0.547 0.523
3.25 0.0296 0.113 0.229 0.292 0.384 0.379 0.417
3.50 0.0206 0.087 0.164 0.216 0.284 0.282 0.322
3.75 0.0140 0.067 0.117 0.160 0.212 0.215 0.2k
4.00 0.0098 0.052 0.085 0.123 0.163 0.167 0.182
4.25 0.0066 0.040 0.063 0.092 0.122 0.131 0.138
4.50 0.0045 0.032 0.046 0.071 0.095 0.105 0.10k
4,75 0.0032 0.025 0.033 0.054 0.073 0.084 0.079
5.00 0.0022 0.020 0.025 0.042 0.056 0.067 0.058
5.5 0.0017 0.012 0.01% 0.025 0.033 0.044 0.032
6.0 0.0005 0.007 0.008 0.015 0.020 0.029 0.018
6.5 0.0003 0.0 0.002 0.009 0.012 0.019 0.0098
7.0 0.0001 0.0 0.0 0.002 0.007 0.013 0.006
8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

TABLE XTIIT
TOTAL GAMMA-RAY PRODUCTION CROSS SECTIONS FOR 23811
/‘8.0 MeV /o.s MeV
b 9 prod (E\}dEV 5 O prod (E\)dEY

E'0 (Mev) (barns) (barns)
1.09 4.32 3.03
2.1 10.24 3.92
3.0 10.99 k.11
k.0 13.11 : 5.12
5.0 15.66 6.26
14.8 17.65 T.1k4
20.0 20.03 8.25

KT/la: 425 (150)



