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The average number of prompt neutrons per fission has been measured for 2*’Np using a scintillator tank
that has a neutron detection efficiency of about 70%. The measurements at six energies between 1.0 and
14.7 MeV have an accuracy of +2%. A least squares fit to the results gives ¥, = 2.605 + 0.153E, (MeV).

[NUCLEAR REACTIONS, FISSION %Np@,f), E=1.0-14.7 MeV; measured]

We have measured 7,, the average number of
prompt neutrons emitted per event, for neutron-
induced fission of #*'Np. The measurements were
made with an accuracy of about +2% at six neutron
energies from 1.0 to 14.7 MeV. A 75-cm-diam
liquid 'scintillator tank detected neutrons from a
fission chamber, and scalers recorded the neutron
multiplicity of each event. ‘

The fission chamber is a 2.5-cm-diam by
2.5-cm-long spirally wound cylinder of the type
described by Rossi and Staub.' It contains a
300-cm? aluminum foil that has about 0.3 g of
#TNpO, deposited uniformly on each side. The
neptunium contaminants are 5.3% 2%*U and
0.4% **Pu. The chamber was placed at the center
of the scintillator tank with its axis rotated about
15° from that of the neutron beam.

The scintillator tank has been previously used
to measure (z,2n) and (r, 3z) cross sections.? It
is a sphere with a 15-cm-diam hole through the
center for the neutron beam, and it contained about
200 1 of NE-323 liquid scintillator loaded with
0.5-wt% gadolinium.® The neutrons from a fission
event entered the tank and scattered in the liquid
where most of them were thermalized and either
escaped or were captured. The amount of gad-
olinium used made the half-life for capture of a
thermal neutron about 8 us. Consequently, neu-
trons that entered the tank simultaneously were
captured at different times and could be detected
individually by observing the ¥ rays from their
captures. Eight 13-cm-diam photomultiplier tubes
counted the number of neutrons captured in the
tank during the 40 us following a fission event. A
large amount of shielding surrounded both the de-
tector and the neutron source to minimize the ef-
fects of backgrounds from the accelerator, but
shielding could not be used to reduce backgrounds
originating from the fission chamber itself.

The efficiency of the tank was measured by re-
placing the neptunium fission chamber with one
containing ?*2Cf and counting neutrons from the

7, (E).

spontaneous fission events. The efficiency, rela-
tive to 7,= 3.733 for **’Cf (Ref. 4), was 0.690
+0.007 for the first running period and 0.659
+0.007 during the second, several weeks later.
The efficiency was below the maximum possible
value of slightly over 80% because the photomul-
tiplier discriminator thresholds were raised to
reduce the background counts from low-energy

v rays from the neptunium fission chamber.

The neutrons were produced by accelerating
protons or deuterons in the Los Alamos Scientific
Laboratory vertical Van de Graaff accelerator and
letting them strike a gas target about 2.5 m in
front of the tank. Measurements at 3 MeV and
below used neutrons from the *H(p,n) reaction,
those at 6.0 and 7.5 MeV used ®H(d,#) neutrons,
and those at 14.7 MeV used *H(d,n) neutrons. The -
neutron beam was pulsed periodically by deflect-
ing the charged particle beam in the accelerator
ion source, so that the beam was on for 1.0 us
and off for about 43 us. For the fission chamber
runs, the 40-us scintillator tank counting gate

. started 1.0 us after a fission event, but the event

was excluded if a second fission occurred before
the end of the gate. For the background runs the
gate started 0.5 us after the end of each neutron
burst. Pulsing the beam off during the counting
gate greatly reduced the backgrounds from neu-

- tron-induced events in the fission chamber walls,

and the 1.0-us delay excluded counts from prompt
fission ¥ rays and from recoil protons associated
with neutrons scattering in the scintillator. Back-
ground rates were about 0.25 counts/gate for the
three low-energy runs and somewhat smaller for
those at higher energies.

The measured multiplicity distributions were
corrected for dead time in the detector, and the
backgrounds were subtracted as described in Ref.
5.. The dead time correction was about 0.4% for
the neptunium measurements as well as for the
efficiency determination. The corrected multi-
plicities were summed and divided by the efficien-
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TABLE I. Average number of prompt neutrons per
event from neutron-induced fission of 'Np and the un-
certainties in the measurements. A least squares fit
to the results gives 7, =2.605+0.153E, (MeV).

E, Statistical Total
(MeV) 7y uncertainty uncertainty

1.0+ 0.11 2.718 0.057 0.063
2.0+ 0.08 2.934 0.057 0.064
3.0+ 0.06 3.037 0.056 0.064
6.0+ 0.13 3.495 0.052 0.063
7.5+ 0.09 3.856 0.055 0.067
14.7+ 0.15 4.785 0.071 0.085

cy to get 7,, the average number of neutrons emit-
tedperfission. Asmall (<0.2%) correctionwas made
for fission neutrons from the contaminants in the
neptunium, and a correction of up to 0.9% was
made to account for the differences in energy
spectra between 2"Np(x,f) and **°Cf spontaneous
fission neutrons. To make the efficiency correct-
ion we used a Monte Carlo calculation of the ener-
gy dependence of the detector efficiency? and es-
timated the average neutron energies using the
equations of Terrell.>” Delayed v rays emitted
during the counting gates would affect the results
if there were a significant difference between the
237Np and 2°2Cf rates, but because of the lack of
information about the effect no correction was
made. Charged-particle energies were kept low
to minimize the number of fissions induced by
low-energy neutrons in the beam, but the neutron
spectra were not measured because the accelera-
tor could not be pulsed fast enough to do time-of-
flight work. Deuteron energies were below the
threshold for breakup in the molybdenum entrance
foil of the gas cell, the fission chamber was
shielded from the apertures in the beam line, and
a gold beam stop was used. For 14.7 MeV the
number of neutrons from d-d reactions was esti-
mated to be less then 107* of the number from

d-t reactions, and for deuterium in the cell the
number of low-energy neutrons from d-d breakup
was similarly small. Thermal neutrons in the
beam did not cause a significant number of fissions
because the neptunium fission cross section is
very small below 400 keV.

To check the experimental method we measured
7, for 23%U(n,f) at 14.7 MeV by substituting a ***U
fission chamber for the neptunium chamber. The
measurement gave 3,= 4.51+0.05, in good agree-
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FIG. 1. Average number of prompt neutrons per event
from neutron-induced fission of ’Np. The points are
the measured results and the total uncertainties; the line
is a least squares fit to the measurements that is given
by v, =2.605+0.153E, (MeV).

ment with the evaluation of Davey® (V,= 4.494)
and the measurements by Frehaut, Mosinski, and
Soleilhac® (¥, = 4.514+0.025 at 14.79 MeV).

The results of the neptunium measurements are
given in Table I and Fig. 1. The statistical un-
certainties in the table are the rms standard de-
viations in the results. Total uncertainties include
the uncertainty in measuring the efficiency of the
detector. Uncertainties resulting from the width
of the beam burst and any anisotropy in the frag-
ments are smaller and have been disregarded.
Likewise the effects of delayed ¥ rays and fissions
caused by low-energy neutrons have not been in-
cluded. The uncertainties in the neutron energies
are caused by the variation of charged-particle
energies in the gas cell. A least squares fit to the
results gives V,=(2.605+0.043)+(0.153+ 0.007) E,
(MeV).

Evaluations of 7, for **'Np(n,f) have been based
on calculations and measurements made using neu-
trons with continuum spectra.!®?? No measure-
ments using monoenergetic incident neutrons have
been published. Our results are several percent

‘higher than recommended in the ENDL evaluation!?

but agree more closely with the ENDF/B-IV file.!

TWork performed under the auspices of the United States
Energy Research and Development Administration.
IB. B. Rossi and H. H. Staub, lonization Chambers and

Counters (McGraw-Hill, New York, 1949), p. 210.
2L. R. Veeser, E. D. Arthur, and P. G. Young, Phys.
Rev. C 16, 1792 (1977).



17 PROMPT NEUTRONS FROM NEUTRON-INDUCED- FISSION OF... 387

3Nuclear Enterprises, San Carlos, California. _

‘Neutron Standard Reference Data (IAEA, Vienna, 1974),
p. 360.

5B. C. Diven, H. C. Martin, R. F. Taschek, and J. Ter-
rell, Phys. Rev. 101, 1012 (1956).

8. Terrell, Phys. Rev. 127, 880 (1962).

"A. B. Smith, in Prompt Fission Neutvon Spectra (IAEA,
Vienna, 1972), pp. 3-18.

8W. G. Davey, Nucl. Sci. Eng. 44, 345 (1971).

9. Frehaut, G. Mosinski, and M. Soleilhac, in Contri-
butions to the EANDC Topical Conference, Saclay,
France, 1972, edited by P. Ribon (unpublished), p. 67;
M. Soleilhac, J. Frehaut, and J. Gauriau, J. Nucl.
Energy 33, 257 (1969).

Vg, F. Hansen quoted by R. B. Leachman, in Proceed-

ings of the Second United Nations International Con-
ference on the Peaceful Uses of Atomic Enevgy (United
Nations, Geneva, 1958), Vol. 15, p. 331.

UB. D. Kuz’minov, L. S. Kutsaeva, -and I. I. Bondarenko,
At. Energy 4, 187 (1958) [Sov. J. At. Energy 4, 250 (1958)].

12y 1. Lebedev and V. I. Kalashnikova, At. Energy 10,
371 (1961) [Sov. J. At. Energy 10, 357 (1961)].
3. J. Howerton, D. E. Cullen, M. H. MacGregor, S. T.
Perkins, and E. F. Plechaty, Lawrence Livermore
Laboratory Report No. UCRL-50400, 1976 (unpublished
lished), Vol. 15, Part B.

4p. 1. Garber and C. Brewster, Brookhaven National
Laboratory Report No. BNL 17100 (ENDF-200), 1975 .
(unpublished), 2nd ed.



