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U"'(n, 2n)U"' Cross Section from 6 to 10 Mev*
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The cross section for the U"'(n, 2n)U'" reaction has been measured with incident neutron energies from
6 to 10 Mev and at 16 Mev. The (n, 2n) cross section at each neutron energy was obtained by multiplying
the ratio of U' atoms to fission events, measured radiochemically, by the appropriate U'3 fission cross
section. These data, together with the data of other investigators for the 13—15 Mev region, are used to
outline an (n, 2n) cross-section curve from threshold to 16 Mev.

INTRODUCTION in thin U"8 foils exposed back-to-back with thick
samples which were subsequently analyzed for this
6ssion product. The (tt, 2rt) cross sections were then
obtained by multiplying the observed (rt, 2rt)/fission
ratios by the fission cross sections previously measured
at this Laboratory. '

' 'N the past few years a number of measurements have
~ ~ been made of the cross sections for the nonelastic
reactions of intermediate-energy neutrons with U~'.
The total nonelastic cross section has been measured
over the energy range 0.15—7.0 Mev' ' and at 14 Mev.
The neutron radiative capture cross section has been
measured at energies up to 4 Mev, ' and the fission cross
section at energies up to 21 Mev. ' '

From these data, it is possible to account for the
contributions of the various types of nonelastic re-
actions at neutron energies up to about 6 Mev. Above
this region, the (n 12tt) reaction begins to constitute a
significant part of the nonelastic events. To date, it has
not been possible to determine the (rt, 2rt) events satis-
factorily by purely physical techniques. The neutrons
emitted are obscured by those from fission and the
scattering process, and the end-product, U"', is dificult
to detect in the presence of the radiations from the
fission products and UX1—UX2 also present in the
target material.

The present work consists of a measurement of the
U"s(tt, 2rt)U"' cross section over the neutron energy
range from threshold to 10 Mev and at 16 Mev by
radiochemical isolation and absolute beta counting of
the U"' produced. The procedure employed was essen-
tially the following: small samples of U"' were exposed
to neutrons from the D(d, rt) He' reaction (or in the case
of the 16-Mev irradiation, from the T(d,rt)He' reaction)
and analyzed radiochemically for fission-product Mo"
and for U" . The Mo" production per fission was deter-
mined in separate experiments at representative neutron
energies by measuring directly the number of fissions

EXPERIMENTAL METHODS

Neutron Sources and Irradiations

The neutrons were produced by deuteron bombard-
ment of deuterium or tritium gas at the large electro-
static accelerator at Los Alamos. The gas target' and
uranium sample arrangement are shown in Fig. 1. The
deuterium gas targets were 9 mm in diameter and either
10 mm or 30 mm long, and were filled to absolute
pressures of 160—300 cm Hg. The tritium gas target
was 10 mm long and was filled to 257 cm pressure. The
bombarding deuteron beam, magnetically analyzed and
collimated to 0.1-inch diameter, entered the target gas
through a pair of hydrogen-cooled end windows made
of 0.1-mil nickel or 0.3-mil molybdenum.

The uranium samples consisted of metal with a
U"'/U" atom ratio approximately 3000/1, fabricated
in the form of disks 0.125 inch in diameter and 0.040
inch thick. For each run, two of the disks were stacked
together with their axis that of the deuteron beam and
with their mid-plane 12 mm from the end of the gas
target. In order that the required neutron Quxes might
be obtained without excessive energy spread, the
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FrG. i. Gas target and uranium sample arrangement.

The gas targets, intended for high-current use, were designed
and built by R. A. Nobles, and are described in Rev. Sci. Instr.
28, 962 (1957).
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uranium samples were exposed only at the position
described, and a separate run was carried out for each
neutron energy. The deuteron beam current at the
target was adjusted to 4—8 microamperes, at which
rate about 2—4 hours of machine time were required
per run.

Radiochemical Analysis and Calibration

The irradiated uranium disks were dissolved sepa-
rately and analyzed for U"7 and Mo". The aliquots
taken for uranium analysis were of a size such that the
final purified sample contained 4-8 mg of uranium; the
purified uranium was mounted as U30~ on platinum
plates and beta counted.

Inasmuch as the uranium was free of the U"' decay
products UX~ and UX& at the conclusion of the chemical
analysis, the U"~ counts had to be corrected for these
beta-emitters as they grew back in. In practice, the
U"7 numbers were usually based on counting data
taken during the first two days after preparation of
the sample. UX counts were taken several months
later, after disappearance of the U23~; these latter
counts gave a more reliable measure of the quantities
of uranium than were obtained by weighing, and were
used to determine the eGective weights of the counting
samples.

The calibration of the U"~ beta counts in terms of
atoms was established by two different methods. The
first involved a comparison of counting rate under the
adopted standard conditions with counting rate at 4x
geometry; the second was derived by allowing a large
sample of U"' to decay to Np" and alpha counting
the Np ' at known geometry. The U" and Np" half-
lives were taken as 6.75 days and 2.20X10' years,
respectively.

The calibration of Mo" beta counts in terms of
number of U"' fissions was conducted at 7.0- and 9.0-
Mev neutron energies with the aid of a comparison
fission counter. The uranium for radiochemical analysis
consisted of a disk 1 inch in diameter and 0.040 inch
thick, placed back-to-back with a second disk from
which the fissions were measured directly; the second
"disk" consisted of 2.955 g of U ' deposited as U308
over a 1-inch diameter circular area on a platinum foil.
The fission counter was positioned so that the foils were
normal to the axis of the deuteron beam and at a dis-
tance of 6 inches from the end of the gas target.

The final calibration factor, fissions per count/min
Mo", was taken to be a linear function of neutron
energy over the range 6—10 Mev; it varied from
2.26' 10' at 6.0 Mev to 2.34)& 10~ at 10.0 Mev.

The calibration factor at 14.1 Mev had been obtained
earlier at this Laboratory by comparison fission counter
measurements similar in principle though di6'erent in

experimental detail. From this third calibration factor,
which had a value of 2.56X10', it was evident that the
assumed linear relationship is no longer a good approxi-

mation in the 14-Mev range. The factor employed for
the 16-Mev point, 2.69&&10', was estimated by extra-
polation; relative to the others, it is probably accurate
to a3%.

Of the two different types of calibration described
above, that for U"' is considered to be the less accurate.
The combination of U" and Mo" calibrations which
enters into the ra, tio (n, 2n)/fission is estimated to be
uncertain to +10%.

Measurements

From the separate analyses and beta counts per-
formed on the two uranium disks irradiated in each
run, two (n, 2n)/fission ratios were obtained. Although
the more distant disk was shadowed slightly by the
one in front, the (n, 2n) and fission numbers were
assumed to be equally aGected; accordingly, the
(n, 2n)/fission ratios of front and rear disks were
averaged.

The neutron energy is a direct function of deuteron
energy and the angle between the incident deuteron
and the emitted neutron traversing the disks. The
deuteron beam had an energy spread due to straggling
in the entrance foils and to degradation in the target
gas; the latter was somewhat variable because of beam
current eGects. The angular spread of the neutrons
traversing the disks was determined by the finite
dimensions of both the disks and the deuteron beam,
as well as by the initial angular spread of the deuterons
due to Coulomb scattering in the target entrance foils.

Although an exact calculation of the effective neutron
spectra at the disks is rather involved, graphical ap-
proximations have shown that the distributions in
energy are approximately trapezoidal, with a skew
toward the high-energy side. The neutron energy
spectrum characteristic of each run was estimated
graphically in terms of three quantities: an average
energy, an exact upper energy, and effective lower
energy. At the higher neutron energies with deuterium
targets, it was necessary to take into account another
eGect: the production of additional fissions by a low-

energy neutron component from the D(d,np)D re-
action. This effect was canceled out in the computations
by the use of the "apparent" fission cross sections of
Smith et a/. , i.e., the preliminary cross sections before
correction for the low-energy neutrons.

RESULTS

The experiments, l data and the cross sections derived
from them are summarized in Table I. The neutron
energy spreads shown are those defined by the upper
and lower limits described in the previous paragraph.
The error limits assigned to the (n,2n)/fission and

(n, 2n) cross-section values are relative, and refer to the
analytical and counting data for each run; they are
presented in this form to provide an indication of the
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amount of error in individual determinations, as dis-
tinguished from the absolute error in the 6ssion cross
sections and the (n, 2n)/fission ratio calibration. Thus,
the over-all uncertainties in the (n,2n)/fission ratios
are represented by the sum of the errors shown and
the 10% uncertainty in the Uss'/Moss calibration.

The uncertainties in the fission cross-section values
are stated to be about 5%, of which about 3% is in
the neutron Qux determinations. r Since the Mo"/fission
calibrations vrere performed with the same U"8 foil
with which the 6ssion cross-section measurements were
made, a small part of the error in the latter has already
been taken into account. However, in view of the fact
that the redundant portion is small, the over-all
uncertainty in the (n, 2n) cross sections will be con-
sidered to be 15% plus the data uncertainties listed in
Table I.

The final (n,2n) cross-section data, together with
the smoothed-out fission cross-section curve from

I
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Fro. 2. U»s(e, 2n)Usa' cross section Mrstss neutron energy.
Bracketed vertical lines represent uncertainties in individual
analyses; over-all uncertainty in (N, 2n) cross-section calibration
is 15%. Horizontal lines represent total etiective neutron energy
spreads. Fission curve was obtained by smoothing out data of
Smith et al. 'I

TAnLE L Summary of U"' (n, 2n)/lesion and (n, 2n)
cross-section data.

Neutron energy
(Mev) (n, 2n)/fission

average spread ratiob

Apparent
fission

cross sectiono
(barns)

(n, 2~)
cross section

(barns)

5.98 o.1s
6 42 +0.23

6 49-0.17+0.11

6 80 +0.11

6 96-0.42~'7
7.00 o.24

720 041~"
7 25 +0.25

7 45-o 23~'+
7.58 0,40~'
7 82 p 4p+0 24

7 88 o14
8 49 +0.09

8.96-o.32m'0
9 48 +0.16

9 97-o 10
16.00 o.s ~''

(—0.02) &0.03
0.08 &0.04

&0.018
0.30 &0.02
0.56 &0.04
0.48s ~0.03
0.51 &0.04
0.79 &0.05
0.88 &0.05
0.97 &0.05
1.09 a0.05
1.05 &0.05
1.17 &0.05
1.30 &0.05
1.33 &0.05
1.30 %0.05
0.23 &0.02

0.63
0.79
0.83
0.92
0.96
0.97
1.00
1.00
1.01
1.01
1.02
1.02
1.03
1.07
1.10
1.15
1.38

&0.01
0.06&0.03

&0.02
0.27&0.02
0.54&0.04
0.47&0.03
0.51&0.04
0.79&0.05
0.89+0.05
0.98&0.05
1.11~0.05
1.07&0.05
1.21~0.05
1.39m 0.05
1.46~0.05
1.49m 0.05
0.32a0.03

T(d,n)He4 neutrons.
b Average of front and rear disks.
o Includes fissions produced by D(d, np)D neutrons.

reference 7, are plotted in I'ig. 2. In addition, there
have been included some data by other investigators'
for the 13—15 Mev region. These latter, as may be seen,
appear to be consistent with the present measurement
at 16 Mev.
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