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ANALYSIS OF TRITIUM PRODUCTION IN CONCENTRIC SPHERES
OF ORALLOY AND SLiD IRRADIATED BY 14-MeV NEUTRONS

L. Raymond Fawcett, Jr., Roger R. Roberts II, and Raymond E. Hunter

ABSTRACT

Tritium production and activation of radiochemical detector foils in
a sphere of °LiD with an oralloy core irradiated by a central source of
14-MeV neutrons have been calculated and compared with experimen-
tal measurements. The experimental assembly consisted of an oralloy
sphere surrounded by three solid 6LiD concentric shells with ampules of
SLiH and "LiH and activation foils located in several positions through-
out the assembly. The Los Alamos Monte Carlo Neutron Photon Trans-
port Code (MCNP) was used to calculate neutron transport throughout
the system, tritium production in the ampules, and foil activation. The
overall experimentally observed-to-calculated ratios of tritium produc-
tion were 0.996 + 2.5% in ’Li ampules and 0.903 % 5.2% in 7Li ampules.
Observed-to-calculated ratios for foil activation are also presented.

I. INTRODUCTION

The objectives of this experiment were 1) to deter-
mine the integral of the¥Li and "Li tritium production
cross sections in a system composed of a 8LiD-reflected
enriched urnanium sphere with a central source of 14-
MeV neutrons and 2) to measure the transport of 14-
MeV neutrons through the reflected assembly.

The experimental system was composed of a 15.23-
cm-diam oralloy sphere (with channels to provide for
a central 14-MeV neutron source) centered in a 60.0-
em-diam SLiD sphere consisting of a series of nested
solid hemispherical shells (Figs. 1 a, b, and ¢). Inte-
gral determination of the neutron energy and flux as
a function of distance from the center of the assembly
was done by radiochemical detector foils placed inside
the oralloy and between the 6LiD shells at several dis-
tances from the source. Tritium production measure-
ments were made with 6LiH- and 7LiH- filled quartz
ampules placed in alcoves on and between the SLiD

shells. Comparison of reaction rates determined by ex-
periment and calculation tests the ability to calculate
the integral over energy of the product of evaluated
cross sections and calculated fluxes.

Although the experiment was performed in Septem-
ber 1977, measurements and calculation of the val-
ues of tritium production and radiochemical activation
have just been completed.

II. EXPERIMENT

The following description of the experiment is taken
predominately from three sources: an unpublished re-
port by those who performed the experiment,! the ex-
periment notebooks of A. Hemmendinger and C. E.
Ragan, and a memorandum from J. S. Gilmore.?




(a) (b)

(c)

Fig. 1. Bottom half of oralloy and 8LiD assemby of hemishells is shown in (a). The tritium target is inside the steel ball at the
center. Oralloy core and innermost 61iD shell completed are shown in (b). Top two outermost hemishells are missing. Almost
complete experimental assembly is shown in (c). Top outermost hemishell is yet to be put in place.




A. Source Neutrons

Neutrons of 14 MeV were produced by 300-keV
deuterons that were incident on a tritium target at
the center of the experimental assembly. The assem-
bly was exposed to 3.815 x 105 14-MeV source neu-
trons. The neutron source flux distribution for the
same target setup used in this experiment has already
been mapped over 4 « sr for an earlier experiment.3
That distribution was used in the analysis of this ex-
periment. A map of the flux distribution is in Fig. 3
of Ref. 3.

B. Enriched Uranium and SLiD Assembly

The enriched uranium consisted* of two solid hemi-
spherical shells of total mass 32.900 kg and isotopic
composition 93.18 at.% 233U, 5.82 at.% 238U, and 1.00
at.% 234U. The SLiD was composed?® of six solid hemi-
spherical shells of average density 0.7425 g/cm® and
isotopic composition 95.6 at.% 6Li and 4.4 at.% 7Li.
Both the uranium core and 6LiD shells were machined
so they could be fitted together to form a solid sphere,
except for a small cavity at the center and three chan-
nels to house and access the tritium target. The di-
mensions and masses of the hemishells are in Table I.
(The 6Li specifications in Table I were extracted from
Ref. 3, Part I, Table 1.) Figs. 1 a, b, and ¢ show the
partially completed assembly.

C. Tritium Production

1. Samples. Tritium was produced in exper-
imental samples through the reactions ®Li(n,a)3H
and "Li(n,n')§He, $H. The samples consisted of
quartz ampules—some containing 6LiH, others 7 LiH—
located in several positions throughout the SLiD
sphere. Those at 30.0 cm from the center of the assem-
bly had 0.032-in.-thick cadmium covers to absorb any
room-return thermal neutrons. Information on ampule
specifications and positions is in Table II. Although
Table III of Ref. 1 places the innermost ampules at 7.6
cm from the center of the assembly, they were actually
about 8.3 cm from the center. The oralloy sphere had
an external radius of 7.62 ecm. No alcoves were cut in
the oralloy to accommodate ampules. The alcoves in
the innermost SLiD shell were cut deeper and the am-
pules were taped below the surface of the 6LiD. The
radii of these inner ampules were 0.50 cm; therefore,
the distance from the assembly center to the ampule
center was 8.3 £ 0.1 cm. Angular orientation of the
ampules is shown in Fig. 2. The ampules were spher-
ical with 1.0-mm-thick walls and had small stems on
them for sealing after being loaded in a helium atmo-
sphere.* (See Fig. 1 of Ref. 3 for a drawing of an am-
pule.) The ampules were not loaded with LiD because
the tritium content in deuterium produced a dps back-
ground larger in most cases than that expected from
tritium production in the ampules.

*LiH samples were prepared at Y-12 plant, Oak Ridge, TN.

TABLE 1. Specifications for Hemispherical Shells

Diameter (mm)

Material Inside Outside Mass (kg)
Oralloy 44.4 152.3 16.410
16.339
0.150°
SLiD 154.3 252.0 2.465
2.330
6LiD 254.0 400.0 9.133
9.430
6LiD 402.0 600.0 30.000
29.200

2Screw and plugs.




TABLE II. LiH Sample Specifications

Li Sample  Ampule Outside  Distance From  Sample Mass®
Isotope No. Radius (cm) Source (cm) LiH (g)
6 411 0.9 29.95 0.8381
412 0.9 29.95 0.9681
414 0.9 29.95 0.9073
410 0.9 20.15 0.9489
344 0.9 12.55 0.8912
346 0.9 12.75 0.8711
347 0.9 12.75 0.8966
338 0.5 8.37 0.1188
7 348 0.9 29.95 1.0542
349 0.9 29.95 1.0200
340 0.9 19.95 0.9464
341 0.9 19.95 0.9502
342 | 0.9 20.15 1.0104
401 0.9 12.55 1.0398
407 0.9 12.75 0.9267
408 0.9 12.55 0.9454
355 0.5 8.22 0.1398
339 0.5 8.37 0.1210

@Taken from F. D. Bender, Document Transmittal Form, “Ampule Data,”
June 27, 1977. Available from L. R. Fawcett, Jr.

After irradiation, the LiH ampules were assayed for
tritium content by Teledyne Isotopes, Westwood, NJ
07675. The amount of tritium produced in each sample
was measured at Teledyne by proportional counter and
by liquid scintillator. All results were then corrected
for radioactive decay of tritium to September 20, 1977.
Finally, the Teledyne count rates were normalized to
thermal-neutron tritium-production results® based on
the ratio of the thermal capture cross section of ®Li
to that of *97Au. The result was that Teledyne’s net
counting rate was divided by 1.058 for large ampules
and by 1.103 for small ampules.

2. Background. Before normalization, both nat-
ural and induced backgrounds were subtracted from

Teledyne’s measured counting rates. The backgrounds
in unirradiated LiH samples are shown in Table III.*
The induced background was measured by irradiat-
ing helium-filled ampules along with the LiH samples
at the time of the experiment. Induced background
had a significant impact on the 7Li part of the experi-
ment because it was greater than 50% of the measured
counting rate for small ampules. The large induced

*The information in this table is similar to that in Table II of
Ref. 1, with one major exception. Ampule 349, an irradiated
sample, was mistakenly included in Table II of Ref. 1 as an
unirradiated sample. Ampule 349 is correctly excluded from
Table III of this work. Therefore, the ’Li average backgronund
is corrected from 3.88 s_lg_l to 2.69 s_lg_
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Fig. 2. Orientation of ampules with respect to 2t beam. In views A-A and B-B, top and bottom refer to the assembly at the
time of the experiment.
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TABLE III. Tritium Backgrounds in LiH Samples

Background

(Unirradiated)
Isotope Sample No.
6Li 417
418
"Li 343
413
416

s7'g™)

0.273 £ 0.11
0.247 £ 0.11

Av. 0.260 £ 0.07
2.93 £0.18
235 £ 0.15
2.78 £ 0.17

Av. 2.69 £+ 0.10

background is particularly worrisome since in the 14-
MeV experiment (Ref. 3) this same measurement was

small enough to be neglected. The experimenters sa%

“there must have been some contaminant in the
(loading atmosphere) whose reaction product was car-
ried through the chemical processing.”* The induced
background data are in Table IV.

3. Absolute Tritium Production. The abso-
lute tritium production for each ampule is presented
in Table V (Results section). Absolute tritium produc-
tion is calculated from the experimentally determined
normalized net counting rate by

N 1 dN
= — = — ¢ —— 1
where
N(obs) is the number of tritons produced per lithium
atom in the sample by the total number of
source neutrons; that is, the absolute tritium
production,
N is the number of tritium atoms present per
gram of LiH,
—%
T is the normalized net counting rate (s™*
at -
g ')
M is 8.520 x 1022 SLiH g~ and 7.506 x 1022
LiH g~ !,
A =1.7781 x 1079 s7!

Ampules 401, 407, and 408 were all at the same
distance from the central neutron source. However,
their experimental values of tritium production vary
by a factor of 2. The experimenters state! that there
is something wrong with the results from those three
samples.

D. Radiochemical Detector Foils

Six packets of radiochemical detector foils were
placed in a plane through the center of the assem-
bly at 90° to the incident deuteron beam. One packet
was on the exterior surface of the largest ®LiD shell at
30.0 cm from the center of the assembly; two packets
were between SLiD shell interfaces at 20.0 and 2.6 cin
from the center; one packet was at the oralloy/SLiD
interface at 7.5 cm from the center; and two packets
were within the oralloy core at 4.8 and 2.3 cm from the
center.? A 0.5-in.-diam radial channel in the lower oral-
loy heniisphere directly below and at 60° to the cooling
channel had been cut to house foil packets. This chan-
nel was completely backfilled with solid oralloy plugs
after the foils were inserted. The several foil locations
are shown in Fig. 3. The foil nuclides were 43Sc, 58Ni,
89y 907, 169 1917, 193, 1977y 235(] and 238U,
A complete description of the foils is in Ref. 2.




TABLE IV. Induced Background in He-Filled Ampules (Irradiated)

Distance
From Induced®
Isotope® Source Sample Ampule Background
Plane (em) No. Size @gs/sample
61, 30.0 423, 424 Large 0.233
20.0 404, 405 Large 4.38
126 160, 402 Large 17.98
8.3 331 Small 27.00
7Li 30.0 421, 422 Large 0.17
20.0 426 Large 4.97
12.6 403, 427 Large 14.5
8.3 333 Small 40.5

¢All SLiH ampules and corresponding He filled ampules were placed in one plane
in the experimental assembly; all 7LiH and corresponding He ampules were placed

in another.
bTaken from Ref. 1, Table III.

ITI. ANALYSIS

The Los Alamos Monte Carlo Neutron Photon
Transport Code (MCNP)® was used to calculate neu-
tron transport in the enriched uranium core and the
6LiD. MCNP also calculated tritium production in the
ampules and foil activation through

/ ¢:i(E)o,(E)dE , (2)
where

$: is the neutron fluence (in neutrons cm~2MeV—1)
at ampule or foil position i, and
€0, 1S the reaction cross section for reaction j.

The geometry of the oralloy hemispheres was mod-
eled according to the specifications contained on an
engineering drawing® of the core, and that of the SLiD
shells was modeled according to the information con-
tained in Table I. Three radial channels were cut into
the oralloy and 6LiD shells to accommodate an o« mon-
itor, the 2H* beam, and cooling tubes. These channels
were included in the MCNP model.

The neutron multiplication of the system exceeded
20. This made it difficult to keep MCNP running be-

cause some histories required more than 20 s to com-
plete. To make calculations, some artifical cutoffs were
required in the input files. Even then the problems ran
very slowly. Many runs required more than 20 h com-
puter time.

A. Tritium Production

All tritium production calculations were three di-
mensional, with each ampule modeled in the MCNP
input file at the position where it was located in the
experimental assembly. Track length per unit volume
tallies were used. A typical input file is attached as Ap-
pendix A. Although the spherical ampules had stems,
they were treated as spheres without stems to simplify
the model. The ampule radii used in the calculations
(0.50 cm for small and 0.90 c¢m for large ampules)
matched the outside rather than inside diameter to
make an approximate allowance for stem volume. Cad-
mium covers of 0.032 in. were modeled on all ampules
at 30.0 cm. The correct mass of LiH was modeled in
each ampule. The correct mass was particularly im-
portant to account properly for the “flux trap” effect
discussed on page 7 of Ref. 7.
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Fig. 3. Orientation of foils. Foils were located in a vertical plane through the center of the assembly and perpendicular to the

24t beam. The numbers 1 through 6 locate the foil packets.

The cross sections used for both neutron trans-

port and tritium production were from the ENDF/B-V
evaluation.*

Since all ampules contained a mixture of 8LiH and
"LiH, tritium production in an ampule had to be cal-
culated as the sum of two integrals as follows:

t prod. Li = 0.9590 / ¢i(E)éric (E)dE + 0.0410
- &

[ ¢ (ByoraiEIaE 3

*ENDF/B-V cross sections were used for transport and tritium
production, except for 2H and 7Li, for which the 1982 Los
Alamos Group T-2 evaluations were employed. The Group T-2
evaluation for ' Li is the same as ENDF/B-V Revision 2. The
2H evaluation is the same as ENDF /B-V except the library used
here has been updated with correlated energy angular distribu-
tion for the (n,2n) reaction.

t prod. "Li = 0.001 / ¢; (E)¢ris (E)dE + 0.999

/ 6: (E)orir (E)E , (4)

where
#:(E) is the average neutron fluence over the volume
of ampule i,

éLis  is the reaction cross section for 6Li(n,a), and
éri7  is the reaction cross section for “Li(n,n'a).

The observed (experimental) values of absolute tri-
tium production were derived from the Net Counting
Rate Normalized column of Table III, Ref. 1, using
Eq.(1). The values of the normalized net counting rate
for 7Li were adjusted for a natural background of 2.69
+.095 s~ !g~! from the original, incorrect 3.88 £ 1.13
s~lgl.




Irf:T_ébleWorfe finds that although the observed-to-
calculated (O/C) ratios for tritium generation in 7Li
are generally not very good, for ampules 335 and 339
the ratios are totally unacceptable in that the experi-
mental values are about half as large as the calculated
values.

Since the 7Li tritium-production cross section has
a threshold of about 2.8 MeV, and ampules 335 and
339 are directly exposed to the fission neutrons from
the oralloy ball, it was thought that possibly the high-
energy end of the ENDF/B-V 2357J fission spectrum is
too hard. To test the effect of a softer fission tail, R.
C. Little and R. E. Seamon® modified the ENDF/B-
V 233U cross section file so that it contained a fission
spectruni whose high-energy tail at E' = 5.0 MeV was
reduced to 50% of that of ENDF/B-IV and at E/ =
12 MeV was reduced to 10% of that of ENDF/B-1V.
This modified fission spectrum greatly improved the
observed-to-calculated ratios for ampules 335 and 339
but also produced lower calculated values in the other
"Li ampules. The results are presented in Appendix
B.

As mentioned in Section I1.C.2 on background, the
experimenters felt there must have been an contami-
nant that could be activated in the helium atmosphere
in which the ampules were loaded. If it is assumed
that the induced background count rate in Table IV
is produced totally by a reaction product in contami-
nated helium, the observed values of tritium produc-
tion can be properly adjusted. First the free volume of
a loaded ampule is calculated by subtracting the LiH
volume from the ampule volume. Assume the free vol-
ume to be completely filled with helium (since loading
occurred in a helium atmosphere). Then the fraction
of volume occupied by helium will be equal to the frac-
tion of the induced background measurement (in the
corresponding helium-filled ampule) that must be sub-
tracted from the measured counting rate (less natural
background). For example, the induced background
for 7Li at 8.3 cm in a helium-filled ampule was mea-

sured to be 40.5 QSLS_ In ampule 339 the volume of
helium is 58.4%. Therefore, the induced background

in 339 is (40.5 418)(0.584) = 23.7 dis,
The measured counting rate (less natural back-

ground) was 540.6 dis/s — g. Therefore, the net count-
ing rate is given by

(540.6 dis s~1¢~1)(0.121 g) — 23.7dis s~}
0.121 ¢

=345 dis s ¢!

)

;

|
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rather than 205 dis s~'g~!, as is the case when the in-
duced background is assumed to originate in the glass
of the ampule.

Based on this helium contamination assumption,
the O/C ratios for ampules 335 and 339 are substan-
tially improved without much detriment to the other
"Li O/C ratios. The results are presented in Appendix
C.

B. Radiochemical Detector Foils

The radiochemical activation calculations were
three dimensional (using point detectors) for foil posi-
tions 1, 2, and 3 inside the oralloy, and one dimensional
(using surface tallies) for foil positions 4, 5, and 6 in
and on the 8LiD. Of course, one would prefer to use the
three-dimensional model for all foil positions. How-
ever, the point detectors require prohibitive amounts
of computer time to produce good statistics in a low-
flux environment.

The one-dimensional calculation is thought to be
justified on the premise that outside the oralloy the
neutron fluence approaches isotropy.

Point detectors, which were modeled in the input
file at the experimental coordinates of the foils, tally
the neutron fluence at the detector location. A surface
tally produces an integrated fluence over an entire sur-
face.

Evaluated dosimetry/activation cross sections for
some foil nuclides were available from several sources.?
In such cases the choice of dosimetry cross section was
based on the advice of the authors of Ref. 9. The cross
sections used for each nuclide and reaction are identi-
fied in Tables VII and VIII in the Results section. The
cross sections used for neutron transport were taken
from the ENDF/B-V evaluation.

Because the observed-to-calculated ratios for the ra-
diochemical detector foils are in some cases unaccept-
able, the calculated values were redone using a 235U
transport cross section with modified fission spectrum,
as described in Section III.A and Ref. 8. This modifi-
cation was expected to decrease calculated activation
in (n,2n) reactions which would produce observed-to-
calculated ratios closer to unity. Although the mod-
ified 235U transport cross section did in fact improve

O/C ratios for (n,2n) reactions, it caused significant
deterioration in the ratios for (n,y) and (n,f) reactions.




C. Perturbations

The effects of several undesirable physical phenom-
ena are inextricably woven into the experimental re-
sults. Although two of these phenomena will be men-
tioned, their influences on the experiment are thought
to be small enough not to warrant further investiga-
tion.

One of these phenomena is room return. The ex-
periment was performed in a large steel and concrete
room. In the SLiD core experiment (Ref. 7), which
took place in the same room, the influence of room re-
turn on radiochemical activation foils was investigated
in some detail. In all cases room return contributed
less than 1% of induced foil activity. Since in this ex-
periment the outer ampules had cadmium covers, it is
expected that tritium production caused by room re-
turn was negligible. Another phenomenon during the
experiment was self- and cross-activation of the foils.
Inside the oralloy core the foils were packaged on top
of one another. Thus not only would there be self-
activation of a foil from neutrons born within it, but
also cross-activation from neutrons born in the super-
imposed foils penetrating the first foil. Self- and cross-
activation were investigated in Ref. 7. The largest
combined effect found there was 1.9% of the total ac-
tivation from all other neutrons. This was for the
238(J(n,v) reaction. For all other reactions the effect
was much smaller. Therefore, the calculated activa-
tion values in this experiment are not corrected for
self- and cross-activation.

D. Errors

Tallies calculated by the MCNP transport code are
accompanied by a statistical error of one fractional
standard deviation of the mean. No estimates of cross-
section uncertainties are included. The precisions of
the experimental values for the foils were taken from
Table 1 of Ref. 2. The precisions of the experimen-
tal values for tritium production are given in Ref. 1.
These are the uncertainties assigned to the observed
and calculated values found in Tables V, VII, and VIII
(Results section). In addition, for tritium production
the experimenters estimated a systematic error of less
than 6%. Generally the errors quoted on observed-
to-calculated ratios are for one fractional standard de-
viation and consist of the square root of the sum of
the squared experimental and calculated fractional er-
rors. When uncertainties were derived by other for-
mulations, the method is explained by footnotes to
the tables.

10

IV. RESULTS
A. Tritium Production

Table V lists the tritium production for each ampule
and the corresponding observed-to-calculated ratios.
Whereas specific tritium production, f(r), is reported
in Ref. 1, Table III, the absolute tritium production,
N(obs), is reported here. Absolute tritium produc-
tion is defined as the number of tritons produced per
lithium atom in an ampule for the total number of
source neutrons. Specific and absolute tritium pro-
duction are related by

N(obs) = % ) (5)

where

tritons produced - mm?

L1 atom - source neutron

J(r) is in units of

where
n is the number of source neutrons, and
r is the distance from the neutron source to

the center of an ampule in millimeters.

The calculated tritium production in SLi ampules
matches the experimentally measured values quite
well. Experimentally observed-to-calculated ratios lie
between 0.87 to 1.09, with several ratios very near
unity. Observed-to-calculated ratios are unity within
the limits of the quoted uncertainties for six of eight
ampules.

The observed-to-calculated ratios of tritium pro-
duction in several of the 7Li ampules are unaccept-
able. For ampules in the 20.0-cm and 30.0-cm radial
positions, the results, although not good, are at least
marginally acceptable. Only observed and calculated
values are presented at the 12.6-cm radial position.
Here the large discrepancy between observed values
(approximately 100% from smallest to largest) appears
to be due to some unknown experimental problem. As
mentioned earlier, the experimenters comment in their
report’ that there is obviously something wrong with
the measured values from ampules 401, 407, and 408.
It should be noted that in the tritium assay, the am-
pules were destroyed, so the source of the discrepancy
cannot be determined. The results from ampules 335
and 339 in the 8.3-cm position are totally unaccept-
able. Here the experimentally observed values are only
approximately 50% of the calculated values.

The experimenters’ comment in Ref. 1 about in-
duced activity in contaminated helium prompted cal-
culation of the influence contaminated helium may



TABLE V. Tritium Production—Observed and Calculated®

(Obs)¢ x 103

N(Calc)? x 1013

Experiment Calculated
Li Sample Location Tritons Produced Tritons Produced Observed®
Isotope No. r (mm) w b (deg) Li Atom Li Atom Calculated
6 411 299.5 20 8.495 + 6% 7.763 + 6% 1.094 + 9%
412 299.5 -20 9.104 + 6% 9.003 + 9% 1.011 + 10%
414 299.5 135 9.375 + 6% 8.820 + 7% 1.063 + 9%
410 201.5 —145 96.16 + 6% 97.20 + 3% 0.989 + 7%
344 125.5 30 453.0 £+ 6% 481.7 £ 2% 0.940 + 6%
346 127.5 -30 468.7 + 6% 453.6 + 2% 1.033 + 6%
347 127.5 —135 451.1 + 6% 467.0 + 2% 0.966 + 6%
338 83.7 40 1004 + 6% 1153 + 2% 0.872 + 6%
7 348 299.5 -20 0.336 + 18% 0.378 + 12% 0.889 + 22%
349 299.5 120 0.328 + 20% 0.240 £+ 13% 1.367 + 24%
340 199.5 35 1.618 + 8% 1.49 + 7% 1.086 £+ 11%
341 199.5 15 1.551 £ 9% 1.84 + 7% 0.843 + 11%
342 201.5 —125 1.618 + 9% 1.42 + 8% 1.139 £ 12%
401 125.5 30 9.613 + 5% 7.42 + 3%
407 127.5 -30 1471 + 5% 7.09 + 3%
408 125.5 135 7.410 £ 7% 7.13 £ 3%
335 82.2 —40 14.21 £+ 14% 30.1 + 3% 0.472 £+ 14%
339 83.7 55 14.01 + 16% 26.7 + 3% 0.525 + 16%

2The quoted uncertainities on both observed and calculated values are for one fractional standard deviation.
In addition, there is an estimated <6% systematic error in the observed values which is not included in the
errors quoted here.

®Angles above the parting plane in the experimental configuration are positive; angles below the parting plane
are negative.

°Observed tritium production extracted from Ref. 1, Table III. (Tritons produced per Li atom in an ampule
from 3.815 x 103 source neutrons.)

4Tritium production calculated in this work using ENDF /B-V cross section data for both transport and tritium
production. (Tritons produced per lithium atom in an ampule from 3.815 x 10! source neutrons.)

¢The quoted errors were determined from a square root of the sum of the squares combination of the observed
and calculated uncertainties.

11




have had on the observed count rate - hence, tritium
production. These results are presented in Appendix
C. Clearly, if the induced background (which was, for
ampules 335 and 339, greater than 50% of the mea-
sured counting rate) did result from contaminated he-
lium, the observed-to-calculated ratios in ampules 335
and 339 are dramatically improved without substantial
negative effect on the other 7Li ratios. Induced activ-
ity by contaminated helium would have a negligible ef-
fect on the observed tritium production in 6Li because
the measured counting rate is hundreds of times larger
than tlie fraction of induced background that could be
attributed to activation of contaminated helium.

The overall observed-to-calculated tritium produe-
tion ratio was obtained by equal-weight averaging of
ratios for each isotope. The average ratio for ®Li (in-
cluding all ampules) is

(obs/Calc) =0.996 +£ 2.5 %*

t prod. in SLi
The average ratio for 7Li (excluding ampules 401,
407, and 408) is

(Obs/Calc) =0.903 £ 5.2 %*

t prod. in 7Li

The information in Table V is summarized in Table
VI by presenting the average tritium production at
each radius. The observed- to-calculated ratios for 6Li
range between 0.871 and 1.05. For 7Li they lie between
0.497 and 1.07. The O/C ratios are unity within the
limits of the quoted uncertainties in four of seven cases
for the two nuclides.

B. Radiochemical Detector Foils

Table VII contains the experimentally observed and
calculated values of radiochemical activation. Table
VIII is more interesting because the experimental re-
sults are compared with calculated values through
observed-to-calculated ratios. It appears that, except
for six or seven commonly well-known dosimetry cross
sections such as '97Au(n,v) and 233U(n,f), a number of
less well-known cross-section evaluations are in error.
The dosimetry cross sections were taken from several
sources, as described in footnote ¢ of Tables VII and

*This uncertainty does not include any estimate of systematic
crror.
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VIII. Approximately 2/3 of the observed-to-calculated
ratios differ from unity by more than 10%, and a few
differ by a factor of 3. It is believed that this informa-
tion will be useful to those who participate in deter-
mining recommended cross sections.

Figures 4a through 4q are graphs of the ratios in
Table VIII. Specific comments on comparisons of the
various evaluations from Ref. 7 and this paper are
given in Appendix D.

1. (n,2n) Activation.  Except for 89Y(n,2n),
the calculated induced activity is greater than that
observed. The lack of a consistent pattern of increasing
or decreasing ratio magnitudes with increasing radius
does not suggest a code transport difficulty but implies
uncertainty in the dosimetry cross sectious.

2. (n,f) Activation.  Both the 233U(n,f) and
the 238U (n,f) cross sections are well knowii. Yet at all
radii for both reactions the calculated activity is an av-
erage of ahout 12% greater than that observed. Again
the ratio magnitude shows no pattern of increasing or
decreasing with increasing distance from the souice,
implying reliable neutron transport calculations.

3. (n,y) Activation. Here only %9Y(n,y),
1931r(n,y), and 7 Au(n,y) results are acceptable. One
would also have expected the 238U(n,y) ratios to be
close to unity because the 238U (n,7) capture cross sec-
tion should be reasonably well known up to 2 MeV
in any dosimetry evaluation. Such apparently is not
the case. In the 20.0- and 30.0-cm radius positions,
experimentally determined activities exceeded calcu-
lated values by almost two to one. The #3Sc(n,v) and
169Tm(n,v) ratios are unacceptable. It is thought that
this is because their (n,v) cross sections are not as gen-
erally well known as are those of 89Y, 193Ir, and 197 Au.

V. CONCLUSIONS

Experimentally observed and calculated values for
tritium production in 6Li match quite well. As noted
earlier, the observed-to-calculated ratios for tritiuin
production in 7Li were marginally acceptable only in
the two regions of deepest penetration and unaccept-
able elsewhere. The results from the radiochemical
activation part of this experiment will most profitably
be used as feedback for those who recommend dosime-
try cross sections.



*x=

It is believed that the cause of poor tritium produc;

_—

ﬂion in_7Li is that most of the 7Li experimental values

have significant problems associated with them. Those
we know about are listed below.

1. An irradiated ampule was included in a group

of unirradiated ampules from which natural back-
ground was determined. (It is believed that this
problem has been corrected by removal of the ir-
radiated ampule from the natural background data
base.)

. The irradiated ampules used to measure induced

background may have contained contaminated he-
lium whose reaction product produced a count rate
greater than that due to tritium produced in am-
pules 335 and 339. There appears to be no way

at this point to determine what portion of induced
background came from helium and what portion
was due to activated impurities in ampule quartz.
Without this knowledge the experimental value of
net counting rate cannot be determined correctly.

. The experimenters contend that there is obviously

something wrong with the measured results from
ampules 401, 407, and 408 in that the net count rate
per gram of "Li from 407 was twice that of 408 and
these ampules were all 12.6 ¢cm from the neutron
source, where the neutron fluences to which they
were exposed should have been comparable.

. The experimental error associated with ampules 348

and 349 is unacceptably large.

TABLE V1. Average Tritium Production at Each Radius Observed and Calculated®
N(Obs)b¢ x 10'®  N(Cale)*? x 10'3

Experiment Calculated
Li Distance from (’l‘ritons Produced) (Tritons Produced) Observed®
Isotope  Source (mm) Li Atom Li Atom Calculated
6 300 8.991 + 3% 8.529 £+ 4% 1.054 £ 5%
200 96.16 £+ 6% 97.20 £+ 3% 0.989 + 7%
127 457.6 + 3% 467.4 £ 1% 0.979 £+ 3%
83 1004. + 6% 1153. £ 2% 0.871 £ 6%
7 300 0.332 + 13% 0.309 £+ 9% 1.074 £ 16%
200 1.596 + 5% 1.583 + 4% 1.008 £+ 6%
127 10.58 7.213 £ 2%
83 14.11 £ 11% 28.40 £+ 2% 0.497 £+ 11%

%The quoted uncertainties on both observed and calculated values are for one frac-
tional standard deviation. In addition, there is a less than 6% systematic error in
the observed values.

®Observed tritium production (tritons produced per lithium atom from 3.81 x 105
source neutrons).

“The errors assigned to the observed and calculated averages were determined by:

1/2
s = 1 /
= 2?12.

dTritium production calculated in this work using ENDF/B-V cross-section data
for both transport and tritium production. (Tritons produced per lithium atom
from 3.18 x 10'5 source neutrons.)

¢The quoted errors were determined from a square root of the sum of the squares
combination of the observed and calculated uncertainties.
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TABLE VII. Experimental® and Calculated Values (x 10'3) for Activation of Detector Foils (ENDF/B-V Transport Sections)

Activation®€

Distance from Source (cm)

Reaction Cross Section Notes 2.3 4.8 7.5 12.6 20.0 30.0
89Y(n,7) Experiment? 35.647 29.70 19.83 7.995 1.914 0.1628
39089.71Y Calculated® 32.63 £ 1% 28.31 + 1% 19.02 + 1% 7.960 + 1% 1.948 + 1% 0.1628 + 1%
89y (n,2n) 39089.71Y Experiment 398.4 75.69 22.10 5.004 1.054 0.1885
Calculated 304.6 + 0.5% 58.59 + 3% 20.92 + 22% 4.024 + 8% 0.9039 £ 7% 0.1846 + 1%
187 Au(n,7) 79197.56C Experiment 704.7 581.9 455.1 241.6 64.23 5.142
Calculated 688.5 + 1% 6134 + 1% 485.2 + 3% 253.1 + 3% 69.24 + 1% 5.456 + 3%
197 Au(n,2n) 79197.56C Experiment 1019 193.1 57.70 14.74 3.883 0.898
Calculated 1165 + 0.2% 249.8 + 9% 67.60 + 5% 17.13 + 6% 4.356 £ 1% 1.024 + 1%
2387 (n,) 92238.30Y Experiment 572.1 470.6 320.0 133.9 73.49 5.747
Calculated 621.9 + 3% 531.8 + 3% 365.7 + 4% 163.2 + 3% 38.75 + 3% 3.063 + 4%
238(J(n,2n) 92238.30Y Experiment 455.5 123.1 41.22 10.90 2.850 0.570
Calculated 530.2 + 2% 125.2 & 5% 58.02 + 17% 12.14 + 1% 3.311 + 2% 0.836 + 2%
238y(n,f) 92238.30Y Experiment 1794 1053 424.2 67.43 11.47 1.625
Calculated 1946 + 2% 1256 + 4% 497.5 + 6% 72.93 £ 2% 12.31 + 2% 1.786 + 2%
235((n,f) 92235.30Y Experiment 6087 3226 886.0 190.0 18.47
Calculated 6769 + 1% 3566 + 1% 1003 + 1% 2135+ 1% 18.65 + 1%
169Tm(n,7) 69169.70Y Experiment 785.6 542.2 309.8 80.70 7.690
Calculated 968.5 + 1% 915.1 + 1% 549.0 + 1% 145.1 £ 1% 11.49 +£ 1%
169Tm(n,2n) 69169.70Y Experiment 165.0 47.80 13.95 3.966 0.687
Calculated 203.8 + 4% 92.22 + 33% 16.84 + 0.4% 4.315 + 1% 1.025 + 1%
90Zr(n,2n) 40090.26Y Experiment 48.74 14.47 3.454 0.670 0.120
Calculated 57.91 + 5% 18.23 + 6% 3.964 + 5% 0.798 + 3% 0.181 + 1%
458c(n ) 21045.26Y Experiment 43.53 34.65 16.31 3.970 0.371
Calculated 47.03 + 3% 39.06 + 3% 20.86 + 1% 5.110 £ 1% 0.430 + 2%
1911 (n,y)+ 77191.70Y Experiment 1192 1029 539.8 153.6 12.94
1931¢(n,2n) 77193.71Y Calculated 653.2 + 4% 463.9 + 29% 231.5 £ 6% 61.00 + 1% 5.009 + 4%
1911r(n,2n) 77191.70Y Experiment 160.2 50.96 12.59 3.420 0.787
Calculated 212.5 + 4% 65.06 + 6% 16.61 + 0.4% 4.219 + 1% 1.000 + 1%
1931r(n.v) 77193.71Y Experiment 756.8 696.5 385.3 109.7 7.688
Calculated 769.8 + 1% 672.6 + 1% 398.9 + 2% 1079 + 1% 8.311 + 1%
1931r(n,n’) 77193.71Y Experiment 999.0 454 + 5% 66.10 + 10% 7.700 £ 10%
Calculated 3236 £ 1% 1399 + 1% 185.7 £ 1% 28.61 + 1%
58Ni(n,p) 28058.30Y Experiment 348.9 138.1 21.17 3.783 0.616
Calculated 394.2 + 2% 152.3 £ 3% 22.94 + 1% 4.151 £ 1% 0.713 £ 1%
58Ni(n,2n) 28058.24Y Experiment 1.505 0.475 + 6% 0.110 + 6% 0.0200 + 10% 0.00590 + 33%
Calculated 2.398 + 7% 0.689 + 5% 0.159 + 0.5% 0.0320 + 1% 0.00613 + 1%
58Ni(n,d) 28058.24Y Experiment 47.24 14.37 3.660 0.810 0.160
Calculated 50.13 + 6% 14.43 £ 5% 3.800 £ 0.4% 0.882 + 1% 0.191 +£ 1%

eExperimental values taken from Ref. 1.

The number to the left of the decimal is the MCNP nuclide identification number (

is the neutron cross section set identifier.

< Activation cross sections identified by .nnY are described in Ref. 9. Those described by .56C ar

evaluations. Those described by .70Y and .71Y are Los Alamos group T-2 evaluations.
dExperimentally observed foil activation (activations produced per foil nucleus by 3.815 x 105 source neutrons).
eStatistical uncertainties in the calculated values are for one standard deviation.
fUnless otherwise stated, uncertainties in precision of experimental values are 3%. (See Ref. 1.)

atomic number followed by mass number). The number to the right of the decimal

e ENDF/B-V cross sections updated by Los Alamos group T-2
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TABLE VIIIL Ratio of Observed to Calculated® Values for Activation of Detector Foils (ENDF/B-V Transport Cross Sections)

Activation®©

Distance from Source (cm)

Reaction Cross Section 2.3 4.8 7.5 12.6 20.0 30.0
89Y(n,y) 39089.30Y 1.092 + 3%? 1.048 £3% 1.040+3%  1.004 £3%  0.982 + 3% 0.999 + 3%
89Y (n,2n) 39089.30Y 1.307 £ 6%  1.292 5% 0.946 £ 22% 1244 £ 9%  1.166 = 7% 1.021 £ 10%
197 Au(n,7) 79197.56C 1.024 £3% 0948 £3% 0937 £ 4%  0.954 £5%  0.927 + 3% 0.942 % 4%
197Au(n,2n) 79197.56C 0874+3% 0770 £9% 0853 £6%  0.860 £ 6%  0.891 + 3% 0.870 + 3%
238U(n,y) 92238.30Y 0920 + 4% 0884 +4% 0.870 £5%  0.820 £ 4%  1.890 £ 5% 1.870 + 5%
2381 (n,2n) 92238.30Y 0859+ 3% 0980 +6% 0.710+18% 0.890+3%  0.860 + 3% 0.682 + 4%
238U (n,f) 92238.30Y 0922+4%  0830+5% 0850+7%  0932+3%  0.920 + 3% 0.910 + 4%
235U (n,f) 92235.30Y 0.899 £3% 0.900+3%  0.880 £ 3%  0.890 £ 3% 0.880 % 3%
169Tm(n,y) 69169.70Y 0811 +3% 0592+3%  0.564 £3%  0.550 £ 3% 0.660 + 3%
169Tm(n,2n)  69169.70Y 0.809 £5% 0518 £33% 0.828+3% 0919+ 3% 0.670 £ 3%
90Zr(n,2n) 40090.26Y 0.841 £ 6% 0.794 £ 6%  0.871 £ 6%  0.839 £ 5% 0.660 + 3%
453¢(n,) 21045.26Y 0.925 £+ 4% 0.887+4%  0.780 £ 3%  0.770 £ 3% 0.862 £ 3%
1919 (n, )+ 77191.70Y 1.824 £5% 2218 £29% 2330+ 7%  2.518 £ 3% 2.583 + 5%
1931r(n,2n) 77193.71Y

1911r(n,2n) 77191.70Y 0.754 £5% 0780 £ 6%  0.758 £3%  0.811 + 3% 0.787 £ 3%
19311 (n,) 77193.71Y 0.983 £ 3%  1.035 + 3% 1.035 + 4% 1.016 + 3% 0.925 + 3%
19311 (n,n/) 77193.71Y 0.308 +3% 0.320+5%  0.356 +£ 10%  0.269 + 10%

%8Ni(n,p) 28058.24Y 0.880 £4% 1.102+4%  0922+3% 0911 +3% 0.864 + 3%
%8Ni(n,2n) 28058.24Y 0627+ 7% 0690 £8% 0733 £6%  0.625 10%  0.962 + 33%
%8Ni(n,np) 28058.30Y 0942+ 7% 0990 +6% 0963+ 3%  0.910 + 3% 0.830 + 3%

¢The neutron transport cross sections used to obtain calculated values are those of ENDF/B-V, as described in the footnote in

Section IIL.A.

*The number to the left of the decimal is the MCNP nuclide identification number (atomic number followed by mass number).

The number to the right of the decimal is the neutron cross section set identifier.

Activation cross sections identified by .nnY are described in Ref. 9. Those described by .56C are ENDF/B-V cross sections
updated by Los Alamos group T-2 evaluations, Those described by .70Y and .71Y are Los Alamos group T-2 evaluations.
9The quoted errors were determined from a square root of the sum of the squares combination of the observed and calculated

fractional uncertainties. (No estimates of cross section uncertainties are included.)




The induced background for ampules 340, 341, and
342 was less than 20% of the measured counting rate.
Also, the experimental errors were 8-9%. Thus it was
possible to obtain acceptable ratios for these three am-
pules. In Ref. 7, our reanalysis of the 6LiD core ex-
periment, we demonstrated a match between observed
and calculated values of tritium production in 7Li to
within 6% of unity at all radial experimental positions.
If there is any lingering concern over our ability to han-
dle the 7Li(n,t) reaction, the 7Li part of the oralloy
core experiment needs to be redone.
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Except for the 7Li experimental problems men-
tioned above, tritium production from ¢Li and 7Li has
been wrung out. This should provide stronger confi-
dence in our ability to handle these processes than we
have had previously.
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APPENDIX A

VERSIIIN 8828 07/14/81

OYT7CH.

1P1T1UM PROOUCTION 1IN L1
1

9450CP20N? 1} 07/24/86 11:34.31

T8 - 0OY CORE (CIIANNELS MOOELED)

[¢] 1
2 o 1 .2 -5 22
k<] ] 1 -3 -G 23
4 (] 1 -4 *G *22 23
L] 1 -18.6315 1 -5 2 k<] 4
G 1 -18.6315 S -6 3 4 7
7 (] 6 -7 -8 22
A 4 -0.7300 6 -8 as a9 401 407 408 7
9 (] 6 -8 -9 23
10 4 -0.7396 8 -10 340 aa 342 401 407 408
1" (] 6 *10 -1 -22 23
12 4 -0.7512 10 -12 340 aa 342 348 349 13
13 (] 8 <12 -13 22
14 o a -10 -14 23
15 (] 10 -12 =15 23
16 (] 10 -12 -16 -22 23
17 o S 6 -7 22
21 (] 12 48 49
as o 6 «35 a3as
a9 (] 6 -39 339
48 2 -8.642 -48 348 12
49 2 -8.642 -49 349 12
92 1 -18.6315 1 *S -2 -22
53 1 -18.6315 1 6 *3 -23
L4 1 -18.6315 1 -€ -4 22 -23
57 4 -0.7300 6 -7 -8 -22
59 4 -0.7300 6 -8 -9 -23
61 4 -0.7396 6 -10 -1 22 +23
63 4 +0.7512 8 -12 *13 *22
64 4 -0.7396 L] -10 14 «23
65 4 -0.7512 10 -12 -15 -23
GG 4 -0.7512 10 -12 -16 22 -23
G7 1 -18.6315 S -6 7 -22
ass 9 -0.267 -33%
339 9 -0.2301 -339
3400 9 «0.310 -140
41 9 -0.312 -341
342 9 -0.331 -342
348 9 +0.346 -348
49 9 +0.334 -349
401 9 -0.341 -401
40/ 9 <0.304 + 407
40% 9 -0.310 -408
1 S0 2.2225
2 Ccx 0.8500
3 c2 0.5842
4 1 €x 0.8500
S SO 4.5860
6 SO 7.61619
7 cx 1.270
L] S0 12.G65
9 c2 0.940
10 so 20.05
1" 1 CX 1.250
12 so 30.00
13 Cx 2.190
14 cz 1.250
15 c2 2.830
16 1 Cx 2.420
22 Px 0.5
23 [ 24 «0.5
as S -5.575 -5.162 2.600 0.7
a9 S -4.252 6.701 1.983 0.7
48 S -25.51 -10.24 11.89 0.981
49 S 13.57 25.94 -6.33 ©.981
315 S -5.703 +5.281 2.65% 0.5
339 S -4.348 6.853 2.027 O.5
340 S -14.81 11,44 6.91 0.9
341 S -17.46 S.16 8.14 0.4
342 S 10.47 -16.51 -4.89 0.9
348 S -25.51 «10.24 11.89 0.9
349 S 13.57 25.94 -6.33 0.9
401 S -9.8% 6.28 4.59 0.9
407 S -10.01 -6.38 4.67 0.9
408 S 8.04 8.87 -2.75 0.9
1IN 11I0R2 1001101 1441GROOC13R22RB88 1 11
MUDE O
SRC .2 1 .4889 14.13 0 0 O O .5201 14.13 .5105 14.13 O
FI1LES 14 BBSRC
(1] 1-3 1-2 1-3 2-1 5-1 1.0 2.0 .0 10.0 13.0 15.5 20.0
F4 348 349 340 341 342 407 407 408 335 339
FM4 O0.3B1SE-8 7 205
F24 348 349 340 341 342 401 407 408 335 339
M1 92235.50 0.9318 92238.50 0.0582 92234.51 0.0100
M2 48000.51 1.0
M 1002.55 0.5 3006.50 0.4782 3007.55 0.0218
M6 3006.50 1.0
M7 3007.55 1.0
M8 1001.50 0.5 3006.50 0©.479S 3007.55 0.0205
M9 1001.50 0.5 3007.55 0.5
NPS  S0000
CIME 400
TOING
ERGN O 20.0
CUTN 1.0ES 0.007 -.8 -.4
PRDMP 25000 25000
FCN O99R 1 10 12R 11 11 1000

*JR1 O O O 45 90 135 90 O 90 45 90 45
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APPENDIX B. Comparison of Tritium Production® in 7Li Samples with Cross Sections from ENDF/B-V vs. ENDF/B-V with
235U Softened Fission Spectrum at High Energy

N(Cale) x 103

ENDF/B-V ENDF/B-V
N(Obs)¢ x 10!3 N(Calc) x 10'3 (Modified?35U (Modified
Experiment ENDF/B-V Spectrum?) ENDF/B-V  Spectrum)
Sample Location Tritons Produced Tritons Produced Tritons Produced Observed Observed
No. r (mm) w’(deg) "Li Atom "Li Atom "Li Atom Calculated  Calculated
348 299.5 -20 0.336 + 18% 0.378 £ 12% 0.299 + 13% 0.899 + 22% 1.12 + 22%
349 299.5 120 0.328 + 20% 0.240 + 13% 0.197 + 14% 1.367 £ 24% 1.66 + 24%
340 199.5 35 1.618 + 8% 149 £ 7% 1.17 + 8% 1.086 + 11% 1.38 £ 11%
341 199.5 15 1.551 £+ 9% 184 + 7% 1.38 + 8% 0843 £ 11% 1.12 + 12%
342 201.5 -125 1.618 + 9% 142 + 8% 1.06 + 9% 1.139 +£ 12% 1.53 + 13%
401 125.5 30 9.613 + 7% 7.42 £ 3% 5.01 + 4%
407 127.5 -30 14.71 £ 5% 7.00 £ 3% 4.70 + 4%
408 125.5 135 741 £ 7% 7.13 £ 3% 4.78 + 4%
335 82.2 -40 14.21 £ 14% 30.1 + 3% 17.1 + 4% 0.472 + 14% 0.831 + 15%
339 83.7 a5 14.01 £ 16% 26.7 £ 3% 15.9 + 4% 0.525 + 16% 0.881 + 16%

?The quoted uncertainties on both observed and calculated values are for one fractional standard deviation. In addition, there is
an estimated <6% systematic error in the observed values which is not included in the errors quoted here.
®Angles above the parting plane in the experimental configuration are positive; angles below the parting plane are negative.

€Observed tritium production values were generated from Ref. 1, Table III. (Tritons produced per 7Li atom in an ampule from

3.815 x 10'° source neutrons.)

4R. C. Little and R. E. Seamon modified the ENDF/B-V 235U cross section file so that it contained a fission spectrum whose
high energy tail at E' = 5.0 MeV was reduced to 50% of that of ENDF/B-IV and at E’ = 12 MeV was reduced to 10% of that of

ENDF/B-1V. (See Ref. 8.)
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APPENDIX C. Comparison of Tritium Production® in 7Li Samples for Induced Background Originating from Ampule Quartz vs.
Contaminated Helium

N(Obs) x 1013

N(Obs)¢ x 103 (He Assumed N(Calc)? x 103 (He Assumed
Experiment Contaminated) Calculated Contaminated)
Sample Location (’l‘ritons Produced) Tritons Produced) (’l‘ritons Produced) Observed® Observed
No. r (mm) wb(deg) "Li Atom "Li Atom "Li Atom Calculated Calculated
348 299.5 -20 0.336 + 18% 0.343 + 18% 0.378 + 12% 0.889 + 22% 0.907 + 22%
349 299.5 120 0.328 + 20% 0.335 + 20% 0.240 + 13% 1.367 £ 24% 1.396 + 24%
340 199.5 35 1.618 + 8% 1.81 +8% 1.49 + 7% 1.086 £ 11% 1.215 + 11%
341 199.5 15 1.551 + 9% 1.74 £+ 9% 1.84 £ 7% 0.843 £ 11% 0.946 + 11%
342 201.5 -125 1.618 £ 9% 181 +£9% 1.42 £ 8% 1.139 &+ 12% 1.275 £ 12%
401 125.5 30 9.613 £+ 5% 10.22 £ 7% 742 £ 3%
407 127.5 -30 14.71 + 5% 15.27 £ 5% 7.09 £ 3%
408 125.5 135 741 £ 7% 798 £ 7% 7.13 + 3%
335 82.2 -40 14.21 + 14% 23.65 + 14% 30.1 + 3% 0.472 + 14% 0.786 £+ 14%
339 83.7 L) 14.01 + 16% 23.42 + 16% 26.7 £ 3% 0.525 + 16% 0.877 + 16%

2The quoted uncertainties on both observed and calculated values are for one fractional standard deviation. In addition, there is
an estimated <6% systematic error in the observed values which is not included in the errors quoted here.

bAngles above the parting plane in the experimental configuration are positive; angles below the parting plane are negative.
¢Observed tritium production extracted from Ref. 1, Table III, (Tritons produced per “Li atom in an ampule from 3.815 x 10'°
source neutrons.)

4Tyitium production calculated using ENDF/B-V - updated where available - cross sections for both transport and tritium
production. (Tritons produced per 7Li atom in an ampule from 3.815 x 10'% source neutrons.)

¢The quoted errors were determined from a square root of the sum of the squares combination of the observed and calculated
uncertainties.




Appendix D
Comparison of Cross-Section Evaluations

Comparing the foil activation results from Ref. 7
and this report elicits some remarks. It should be
noted that in Ref. 7, the principal source of cross-
section evaluations for activation reactions was the
Barr-Hendricks library based on integral data from ac-
tivation analysis by INC Division at Los Alamos. With
few exceptions, agreement between observed and cal-
culated values is good. Only for n,2n results on 90Zr
and '9'Ir, and n, v on *9Tm and *5Sc (a single point
only), do the O/C ratios deviate from unity by as much
as 20%.

In exaniining the n,2n results in this paper, we see
that except for 89Y all O/C ratios show calculated
values that are too high by 15-40%. Uniquely, for 89Y
the calculated values are too low by some 20%.

The n,2n evaluations investigated in the calcula-
tions in this paper were obtained from ENDF/B-V,
Los Alamos Group T-2, and the Lawrence Livermore
National Laboratory (LLNL) ACTL library. Those
evaluations appear to have been based on microscopic
(monoenergetic) cross-section measurements, which
can be subject to background problems. Failure to
remove all of the experimental background, especially
during the rise above the threshold, would result in
cross sections that are too large in magnitude; all of
the evaluated cross sections (except for 8°Y) appear,
from our results, too large.

A comparison of the evaluated n,2n cross section for
2387 for the Barr-Hendricks and ACTL evaluations is
shown in Fig. D-1. Note that the ACTL curve rises
more rapidly, to a higher peak, than does the Barr-
Hendricks curve. Review of extant microscopic data
from the compilation of Garber and Kinsey!® shows
that the ACTL curve indeed follows those measure-
ments. Because of the shape of the neutron spectrum,
the difference between the two evaluations between 7
and 10 MeV results in a measurable difference in O/C
ratios in these experiments.

The n,y results from Ref. 7, using Barr-Hendricks
evaluations, are generally quite good. Again, the T-
2 evaluation of !$9Tm and ENDF/B-V for 5S¢ gives
calculated values that are 20-40% too high. Compari-
son of the evaluated cross section for 45Sc is shown in
Fig. D-2.

It should be noted that in Ref. 7 the 238U n v evalu-
ation was modified to fit the measurements of Poenitz,

Fawcett, and Smith,!! which lowered the evaluated
curve at high energy. Although the O/C ratios for
that reaction in this paper are a bit low at inner foil
locations, results for the outer two locations are very
large. This appears to be a glitch, as the cross sec-
tion varies smoothly with neutron energy; the neutron
spectrum does not change with foil location sufficiently
to produce the observed results.

Of all neutron cross sections, 235U and 238U fission
should be well known. ENDF/B-V evaluations gave
very good results in Ref. 7; ACTL evaluations gave
an O/C ratio some 10% low in this paper for both
nuclides at all positions.

Finally, 9"Ir(n,y) + 93Ir(n,2n) was well repre-
sented by the Barr-Hendricks evaluations in Ref. 7.
The T-2 evaluations gave O/C ratios off by a factor
of 3 in this paper. The '3Ir(n,n’) results in Ref. 7
were in good agreement with calculations using the
Barr-Hendricks evaluation (with admittedly large un-
certainties placed on the evaluated curve). The T-2
evaluation gave O/C ratios off by a factor of 3 in this
paper.

In summary, evaluations of activation cross sections
based on integral radiochemical data give good results.
Evaluations that do not include such data are generally
poor.
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Fig. D-1. Comparison of the evaluated n,2n cross section
for 238U for the Barr-Hendricks and ACTL evaluations.
Note that the ACTL curve rises more rapidly, to a higher
peak, than does the Barr-Hendricks curve.
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Fig. D-2. Comparison of the evaluated cross section for 45g¢.
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