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MEASUREMENTS OF (n,3n) CROSS SECTIONS FOR U AND u

L. R. Veeser and E. D. Arthur

University of California, los Alamos Scientific Laboratory
Los Alamos, NM 87545 (USA)

ABSTRACT

We have measured cross sections for the 2"’U(n,Sn) reaction from 14.8
to 21 Mcv, for 2%%U(n,2n) from 14.7 to 19 MeV, and for 2*°U(n,3n) from 14.7
to 22 MeV with *H(d,n) neutrons and a large liquid scintillator tank, and
we have calculated (n,xn) and fission cross sections from 4 to 22 MeV for
both nuclei using a statistical, preequilibrium model. We have also cal-
culated the individual spectra of the two (n,2n) and three (n,3n) neutrons.



1. INTRODUCTION

In this paper we report (n,3n) measurements as well as calculations
f the fission and (n,xn) cross sections for 3%y and %% samples at incident
sutron energies up to 22 MeV. We also calculated the spectra of the individual
autrons in the (n,xn) reactions. Except for the need to correct for fission
vents emitting three neutrons, the experimental method is similar to that
.esc.ibed previously for measurcments of other (n,2n) cross sections [1}, and the
calculations are also similar to those of [1].

2. MEASUREMENTS

Two series of runs, one with a large sample (31 g of 238U or 18 g of
U) and the other with a fission chamber, were necessary for each measurement.
We placed the sample or fission chaumber in the center of a 75-cm-diam, gadolinium-
loaded liquid scintillator tank whc. e it was struck by a pulsed beam of mono-
encrgetic neutrons made by deuterons striking a tritium gas target, and we
recorded the number of neutrons detected in the tank following each pulse.
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A5 x 5 cm liquid scintillator (in the neutron beam behind the tank)
monitored the neutron flux. We measurad the recoil protons in the upper 30% of
the plateau and normalized the data using the absolute differential efficiency
measurements of Verbinski, et al. [2]. The accuracy of the flux measurcment is
estimated to be + 5% or better._ _As a check on the flux nonitor we deduced
fission cross sections for the ??%U runs and compared them with the known
23%,(n,f) measured cross section [3]; we found agreement to within + 5% or better
for all points except 22 MeV where the measurements were about 10% too high,
presumably because the 5.5-MeV deuteron beam from the accelerator madz some
neutrons which were too low in energy to be monitored but high enough to cause
fissions. For the 2*3U runs, the measured cross sections were 5-10% too high
at all energies, suggesting the presence of a small lower-energy component in
the neutron beam.

We measured the detector efficiency with a #32Cf spontanecus fission
source and corrected the efficiency for the difference in energy spectra between
the (n,3n) neutrons and those frow *52Cf, based on our calculations of (n,3n)
spectra. The efficiency was ~0.70 and the energy correction was < 0.035,
relative to a value of U = 3,733 prompt ncutrons per fission for 2%52Cf [4],

We measured the multiplicity of neutrons per beam pulse fc- a
6-cm-diam disk of the material of interest in the center of the tank., 7o
measure the backgrounds we placed the sample on the bottom of the hole in the
tank, out of the neutron beam, and repeated the run, being careful not to change
the beam focal c~nditions and intensity. Then we replaced the sanple with a
fission chamber in the beam, this time recording multiplicitics oniy for beam
pulses accompanied by a signal from the fission chamber, and we determined the
fission chamber backgrounds from a run in which the multiplicities were recorded
for all beam pulses.

To find the (n,3n) cross section we made a small correction to all
of the runs to account for dead times and then subtracted the eppropriate back-
grounds. For the sample run we also made corrcctions to the individual
multiplicity probabilities of up to 0.5% for events where a fission neutron
induced another fission in the sample. Next, we normalized the fission chamber
run to the sample run by suaming the numbers of events of multiplicity four or
more [> 5 at encrgics where the (n,d4n) cross szction was not zcro], and then we
subtract~l the number of three nentren fission evoent: {(normilized by the ratio
Of Fone or onore noutnan events o for s pue rans Sren the three pentron saeple
van events to il the onteber o {n, ) event o Eiaai e Wl taind o
section values by correcting fur the taak etticiensy, the target mass, and the
incident neutron flux. At the highest energies, we used the sume proccdure to
deduce (n,4n) cross sections. In principle it should be possible to obtain
(n,2n) cross scctions from our data, but unfortunately the backgrounds from
scattered noutrons were high. We were able to obtain accurate (n,2n) results
for 2°% only where the deuteron energics were low, whercas for 23%U we were
completely unsuccessful in measuring (n,2n).
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The results of the measurements are given in Table I. The cnergy
uncertainties arise mainly from the spread in decuteron cnergies in the tritium
cell, while the uncertainties in the ncasurements include the statistical un-
certainty (standard deviation), the uncertainties in the corrections, and an
uncertainty of + 0.01 in the efficiency. Not included is the estimated + 5%
uncertainty in the ncutron flux.

TABLE I
Cross Sections for the (n,xn) Reactions on 235U and 238U
En B9, BPum,a PBua,m Bum,sm BSum,an
(Mev) (mb) (mb) (mb) (mb) (mb)
14,7 + 0.15 673 + 41 468 + 40
14.8 + 0.20 87 + 24
16.0 + 0.20 451 + 82 597 + 62
17.0 + 0.20 206 * 29 366 + 75 824 + 62
18.0 + 0.15 234 + 85 835 + 62
19.0 + 0.15 258 + 27 273 + 88 806 + 61
20.0 + 0.22 265 + 40 26 + 28 625 + 39
21.0 + 0.12 277 * 46 91 + 32 607 + 62 30 + 39
22.0 + 0.12 363 + 80 135 + 55
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3. CALCULATIONS

We calculated (n,xn) cross sections u.iing multistep Hiwuser-Feshbach
statistical model techniques [5] with precquilibrium effects included using the
exciton model formalism of Kalbach [6]. The equations employed in the statistical
portion of the calculations are given in our earlier paper on (r,2n) and (n,3n)
measurcments [1]. To gencrate ncutron penetrabilities, we used spherical optical
paramecers derived by Madland [7] from a fit to a large quantity of data (total
cross sections, elastic scattering angular distributions, and s- and p-wave
strength functions) for the uranium isotopes. Direct ¢ffects were determined
through coupled channel calculations made with the JUPITOR code {8]. To represent
the fission process we used discrete and continuum fission channels described by
a single harmonic oscillator barrier, and we adjusted the barrier parameters of
Back et al. [9], generally within their quoted errors, to obtain agreement with
experimental data for the total fission cross section.

Figures 1 and 2 show our measurements (open circles) along with measure-
ments by Frehaut and Mosinski [10] and by Mather et al. [11] at low energies, and
the curves give the rcsults of our calculations. Calculated fission cross
sections are compared in Figure 3 with data of Leugers et al. [12]. For both
nucleil the calcuiated fission cross sections gencrully agree with the experi-
mental data, and such agreement, aiong with the use of realistic neutron optical
-parameter sets, provides important constraints to values calculated for (m,xn)}
cross sections. In Figure 1 the calculated curves are in generally good agree-
ment with 2%y (n,xn) data. Abuve 15 MeV the agreenient between calculated and
experimental cross section results in large part from the inclusion of pre-
equilibrium effects in the calculations; otherwise the (n,2n) curve would be much
too low in this energy region. Above 20 MeV the calculated (n,3n) cross sections
are higher than the measurcments, perhaps in part from experimental difficulties.
For 2%y (Figvre 2) the agreement is not as good, perhaps because the acquisition
of reliable data is not as easy, although at the highest energies the calculated
(n,3n) cross section agrees reasonably well with our measurements, The dip in
the calculated (n,2n) cross section near 8 MeV occurs becausc of competition
from the {n,n'f) reaction.

The calculacions of the spectra of the first, second, and third (n,3n)
neutrons are of interest in model studies as well as being useful in correcting
the efficiency measurements. 7The results of the uranium calculations are qual-
itatively very similar to tiose found for ’S’Au(n,Sn) and other heavy samples [1].

We wish to thank J. M. Anaya, M. R. Cates, R. V. Poore, and E. R. Shunk
for their assistance with this experiment. :
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Figure 2. Cross sections for ‘SSU (n,xn) reactions. The open symbols are out
results and the closed symbols are those of Mather et al. [11]. Circles
show (n,2n), triangles show (n,3n), and squares show (n,4n) mcasurcments.
The curves are our calculated values.
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Figure 3. Calculated cross
_sections for 235U(n,f) and
238%y(n,f) compared with the
measured points of Leugers
et al. [12]. (For clarity
some of the lower energy
measurements are not shown.)
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