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(n, 2n) AND (n, 3n) CROSS-SECTION MEASUREMENTS
BETWEEN THRESHOLD AND 15 MeV!

JOKL FREHAUT,* GILBERT MOSINSKIL* Montrouge

The (1, 2n) and (n, 3n) cross-sections for several nuclei hsve been imeasured from
threshold up to 15MeV incident neutron energy, using the large liquid scintillator
method and the 12 MeV Tandem Vande Graaff accelerator of Bruyéres-le-Chatel as
& pulsed neutron source.

The (n, 2n) and (7, 3n) cross-sections have been normalized to the fission cross-sec-
tion of 23U and are obtained with a relative accuracy of 5 9% to 10 %.

A knowledge of the shape and magnitude of (n, 2n) cross-sections as functions of
neutron energy is of interest from the point of view of nuclear reaction theory and
of the use of certain materials as threshold detectors. '

In the present experiment, (n, 2n) and (n, 3n) cross-sections have been determined
by & direct counting of the reaction neutrons, using the large liquid Gd-loaded scintillator
previously developed for precise #ip measurements [1].

Contrary to the more generally used activation methcd, this technique requires
a relatively low neutron flux, which can generally be produced using conventional Van
de Graaff accelerators.

The neutron detector (Fig. 1a) is & large spheciral liquid scintillator counter — 76 cm
in diameter — containing a gadolinium loaded scintilator and surrounded by 12 photo-
multiplier tubes. Neutrons originating from & sample located at the centre of the counter,
enter the liquid, where they are moderated and then are captured by the gadolinium
nuclei with a mean life time of 1lus. The resulting capture y-rays cause scintillations
viewed by photomultiplier tubes. The time distribution of the neutron capture events
after neutron emission is shown on Fig. 1b; 95 9% of the capture events occur within
30 gs. In this manner, though the neutrons in the sample are emitted at the same time,
separate delayed capture are pulses obtained. With an efficientey of about 80 %, this
detector is particularly well adapted for counting multiple neutron emission reactions
such as (n, 2n) or (n, 3n) reactions : The efficiency is determined by comparing the number
of neutron emitted per fission, measured for the spontaneous fission of 252Cf to the refe-
rence value ¥, = 3.732 [2].

Incident neutrons in the energy range of 6—15MeV were produced by the (d, D)
reaction, using the pulsed beam of the tandem Van de Graaff accelerator of Bruyéres-le-
Chétel and a deuterium gaseous target. With the pulsing system adopted lower it is
possible, using the time-of-flight technique, to separate the monokinetic neutrons from
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deuteron break-up neutrons as well as from neutrons induced by (d, n) reactions on
the target materials (Fig. 1c). A small liquid scintillator, associated with a fast photo-
multiplier tube located behind the sphere (Fig. 1a) was used as a neutron monitor (flight
path ~ 4 meters). The relative efficiency of this monitor was experimentally determined
in the energy range of 0.4—7 MeV by the time-of-flight technique, using the prompt
neutron fission spectrum of a 252Cf source as the standard. This calibration was extended
up to 15 MeV using the results of a Monte Carlo code calculation.
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(n, 2n) and (n, 3n) cross-section measurements [3] were carried out as follows. About
10 to 15 grams of the sample under study are placed at the centre of the large liquid
scintillator counter where they are irradiated by & collimated neutron beam. The tandem
accelerator beam is pulsed at a ferquency of 2.5 MHz. An electrostatic beam sweeper
is used to keep only 3 bursts each 60 us. After each group of 3 bursts, a 30 us counting
gate (Fig. 1d) releases the output of the photomultiplier tubes. In this manner it is
possible to obtain the number of events with 0, 1, 2... pujses counted. These data are
corrected for background in 2 steps. Firstly, the accelerator non dependent background
is subtracted. This background is measured for the same number of counting gates with
the accelerator beam off. Then the accelerator dependent background is taken into account.
This background is obtained with the beam on and the sample out, for the same incident
neutron flux. The data are then corected for the detection dead time and for the detector
efficiency. Another correction is also necessary, to take into accouns the podsibilitv o) two
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{n, n’) events occuring in the same counting gate, being then indistinguishable from
a (n, 2n) event.

Associated with the relative flux measarement, this method gives relative (n, 2n)
cross-sections for non-fissionable samples. This technique can be extended to fissionable
materials, providing a cross-section relative to the fission cross section value.

Fission neutron multiplicities have already been measured for monoenergetic neutrons
[1]. Fission neutron multiplicities can therefore be calculated for the incident neutron
energy spectrum given by the flux monitor detector. By comparing calculated and measu-
red multiplicities for events with more than 3 neutrons detected, the number of fission
events can be deduced. The number of fission events with 2 and 3 neutrons, and subsequent,
ly the number of (r, 2n) and (n, 3n) events can be obtained. In this manner (n, 2n)
and (n, 3n) cross-sections relative to fission sross-sections are obtained. In this study, all
the (n, 2n) and (n, 3n) cross-sections have been normalized to the 238U fission cross-
section, using the relative neutron flux measurement. -

The {(n, 2n) cross-sections for Fe, 52Co, ®Y, **Tm, Lu, 1#1Ta, 197Au, 209Bi, 238U and
the (n, 3n) cross-section for 238 have been measured from the threshold up to a 15 MeV
incident neutron energy. Preliminary values are given in Table 1. The (n, 2n) cross-
sections for %6Fe and 175Lu have been deduced from measurements on natural elements
by correcting the measurements for the contribution of the other isotopes using the
results of Pearlstein’s calculations [4]. The #*U fission cross-section used for normaliza-
tion has been taken from Sowerby’s evaluation {5]. The errors quoted are only of a sta-
tistical origin and do not include the error on the fission cross-section of 238U.

For most of the investigated nuclei, the present results are the only ones covering the
energy range from the reaction threshold up to 15 MeV and are of interest to determine
the shape of (n, 2n) cross-sections as a funetzon of neutron energy.
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