
VOLUME 82, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 31 MAY 1999

4

Spallation Neutron Production by 0.8, 1.2, and 1.6 GeV Protons on Pb Targets
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Spallation neutron production in proton induced reactions on Pb targets at 0.8, 1.2, and 1.6 GeV has
been measured at the SATURNE accelerator. Double-differential cross sections were obtained over a
broad angular range from which averaged neutron multiplicities per reaction were inferred for energies
above 2 MeV. The results are compared with calculations performed with a high energy transport code
including two different intranuclear cascade (INC) models: it is shown that the Cugnon INC model
gives a better agreement with the data than the Bertini one, mainly because of improved nucleon-
nucleon cross sections and Pauli blocking treatment. [S0031-9007(99)09196-6]

PACS numbers: 25.40.Sc, 24.10.Lx, 29.25.Dz
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Spallation reactions can be used to produce hig
neutron fluxes by bombarding a thick heavy target wit
a high intensity intermediate energy proton beam. I
terest in spallation reactions has recently been renew
because of the importance of intense neutron sourc
for various applications, such as spallation neutro
sources for condensed matter and material physics [1–
tritium production [4,5], accelerator-driven subcritica
reactors for nuclear waste transmutation [6,7], or ener
production [8]. Numerical calculation codes are availab
to design spallation sources. However, physics mode
used in these codes to describe elementary nuclear re
tions above 20 MeV still suffer from large uncertainties
For instance, in [9], model predictions concerning neutro
production double-differential cross sections were foun
to show big discrepancies between different codes.
was concluded that additional data were necessary, es
cially above 0.8 GeV, in order to improve and validat
the models. Furthermore, neutron energy and angu
distributions data are important for a correct simula
tion of the propagation of particles inside a spallatio
target and the geometrical distribution of the outgoin
neutron flux.

An extensive program has been conducted at the La
oratoire National Saturne to measure energy and ang
lar distributions of neutrons produced by protons an
deuterons with energies from 0.8 to 1.6 GeV on var
ous thin and thick targets. In this Letter, we report o
the measurement of double-differential cross sections o
tained, at angles varying from 0± to 160±, with 0.8, 1.2,
and 1.6 GeV proton beams on a 2-cm-thick Pb targe
412 0031-9007y99y82(22)y4412(4)$15.00
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Neutron energy spectra were measured by two com
mentary experimental techniques, described in detai
[10,11], in a new experimental area [12].

Low energy neutronssEn # 400 MeVd were measured
by time of flight between the incident proton, tagged by
plastic scintillator, and a neutron sensitive NE213 liqu
scintillator [10]. Up to ten angles could be explore
simultaneously using several neutron detectors. Six
them (cells of the multidetector DEMON [13]) were use
between 4 and 400 MeV. The other four (called DENS
allowed energy measurements with a reasonable e
from 2 to 14 MeV. A pulse shape analysis was us
for neutron-gamma discrimination. The energy resolut
associated to this time-of-flight measurement is less t
10% for energies varying from 2 to 400 MeV.

To determine the neutron detector efficiency over t
whole energy range, three experiments have been
formed: from 2 to 16 MeV at the Bruyères-le-Chât
neutron facility [10], for30 # E # 100 MeV at the Upp-
sala cyclotron [14], and above 150 MeV with calibrate
quasimonoenergetic neutron beams obtained byd 1 Be
breakup reactions at Saturne [10]. Systematic errors in
time-of-flight method come mainly from the subtraction
chance coincidences, gamma rejection, and efficiency
termination. They are of the order of 10% except at hi
energies where the uncertainty on thed 1 Be cross sec-
tion makes it poorer but always less than 15%.

High energy measurementssEn $ 200 MeVd were
done usingsn, pd scattering on a liquid hydrogen con
verter and reconstruction of the proton trajectory in
rotating magnetic spectrometer [11]. Absolute calibrati
© 1999 The American Physical Society
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The
of the beam was obtained by measuring the activati
of a carbon sample. The response function of th
spectrometer, normalized throughsn, pd elastic scattering
cross section [15], has been measured using the Satu
quasimonoenergetic neutron beams. It is then used
unfold the measured proton spectra from the inelas
contribution to obtain the incident neutron distribution
as described in [11]. Systematic errors in this metho
arise mainly from the beam calibration and the unfoldin
procedure: they are less than 15% at 800 and 1200 M
but can reach 25% at 1600 MeV because of the increas
inelastic contribution.

With both detection systems, a 2-cm-thick lead ta
get had to be used in order to keep a significant coun
ing rate. Error bars on the results presented here ta
into account only statistical uncertainties except at th
very low energies where the increase of uncertainty a
sociated with the proximity of the detection threshold i
added. Figure 1 presents 0± momentum spectra obtained
at 800 MeV, with the spectrometer, for two different tar
get thicknesses, 2 cm and 1.2 mm, compared with pre
ous data (on a 1 mm target) from Bonneret al. [16]. The
spectra are composed of several components. The p
close to the beam momentum corresponds to quasiel
tic (actually charge exchange)NN collisions inside the
target nucleus. The bump around1100 MeVyc is asso-
ciated with pion emission through excitation of theD33
(1232 MeV) resonance in inelasticNN collisions. Neu-
trons detected at lower momenta arise from process
involving severalNN collisions. The main difference
between the spectra observed when using a thicker t
get concerns the quasielastic peak: due to the energy
by the projectile in the target, the peak becomes smal
and wider and its center is shifted towards lower energ
A similar trend is observed for theD resonance. Very
good agreement is found with the result from [16] whe
using the similar thickness target.
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FIG. 1. Neutron production double-differential cross sectio
measured at 0± by the spectrometer technique on two differen
thickness Pb targets at 800 MeV compared with the da
from [16].
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Figure 2 displays energy-angle double-different
cross sections measured on the 2-cm-thick lead targe
800 MeV incident protons at 25±, 55±, 130±, and 160±

with time of flight and spectrometer. The results obtain
at 145± with the DENSE detectors have been extrapola
at 130± and 160± assuming that the neutrons are evap
rated ones and therefore isotropically emitted. It has to
stressed that our two experimental techniques are tot
independent and agree within 10% in the 200–400 M
range where they overlap. A very good agreement
observed between this work and previous data obtai
by Amian et al. [17] with a conventional time-of-flight
technique (full lines) at very close angles (30±, 60±,
120±, and 160±) and by Nakamotoet al. [18], not shown
here. At these angles, the quasielastic andD resonance
peaks are no longer visible. The low energy neutro
measured with the time-of-flight technique mostly com
from evaporation of the excited target nucleus after t
intranuclear cascade (INC) stage.

Figure 3 presents neutron cross-section distributions
Pbsp, xndX reactions at 1200 and 1600 MeV incident e
ergy, respectively. The results obtained by time of fligh
with DEMON and DENSE detectors, and with the spe
trometer are plotted. Only two DENSE detectors ha
been used at 1200 MeV (at 25± and 145±). It can be seen
that the quasielastic and inelastic contributions disapp
above 25±. Between 25± and 85± the spectrometer gives
access to the tail of the distribution and actually cros
section measurements over 5 orders of magnitude h
been realized. The histograms are Monte Carlo calcu
tions, taking into account the actual geometry and co
position of the target, performed with the TIERCE [19
code system developed at Bruyères-le-Châtel. In or
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FIG. 3. Neutron production double-differential cross sectio
measured in proton induced reactions on a 2-cm-thick Pb tar
at 1200 and 1600 MeV. Each successive curve, from 160±, is
scaled by a factor of 10 with decreasing angle. The histogra
represent TIERCE calculations [19] using the Bertini [20] (fu
line) or the Cugnon [21] (dotted line) cascade model followe
by the same evaporation model.

to obtain enough statistics, the emission angle is taken
62.5±, which is much larger than the experimental ape
ture (60.43± for spectrometer and between60.71± and
60.81± for time of flight).

TIERCE is essentially composed of a high energy tran
port code (based on theHETC code from [22]), which
generates cross sections through physics models
transports particles above 20 MeV, and MCNP [23] whic
utilizes evaluated cross-section data to transport neutr
below 20 MeV. WithinHETC two different intranuclear
cascade codes followed by the same evaporation mo
[24] have been used: the Bertini [20] (full line) an
Cugnon [21,25] (dotted line) models. At 0±, the Bertini
4414
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cascade predicts a huge peak, which is not experim
tally observed, in the region corresponding to theD reso-
nance excitation. This problem is known to be due
a too-forward-peaked angular distribution ofNN ! ND

reaction in the Bertini INC code. The more realisti
parametrization of this angular distribution [26], intro
duced in the code from Cugnonet al. [21] results in the
removal of this pathologic behavior as can be seen
Fig. 3. At high energy, both models are in quite goo
accordance with the data between 10± and 85± but the
Bertini code underpredicts the backward angles. Wh
ever the angle, calculations with the Bertini cascade ov
estimates the production cross sections below 20 M
while the Cugnon model generally leads to a much bet
agreement. This could be explained by the larger exci
tion energy after the INC phase found in the Bertini rath
than in the Cugnon calculation.

The measured and predicted neutron multiplicity,Mn,
and kinetic energy carried out by neutrons,E 3 Mn, per
primary reaction averaged, are presented in Tables I a
II. To obtain the experimental values, data have be
integrated over4p, by interpolating between the mea
sured angles, then divided by the reaction cross sect
from TIERCE (which agrees with [27]). Three energ
ranges have been considered: 0–2 MeV for model pred
tions only, 2–20 MeV in which data from DENSE detec
tors have been extrapolated to DEMON angles betwe
2 and 4 MeV, and 20-MeV-beam energy. Neutrons
the last bin are cascade neutrons while, below 20 Me
they come mostly from evaporation. Uncertainties ta
into account statistical uncertainties plus those asso
ated with the extrapolation procedures. The effect of t
2-cm target thickness has been investigated and found
be negligible in the 2–20 MeV range and less than 10
for the high energy range.

The Bertini calculation largely overpredicts the num
ber of emitted neutrons in the 2–20 MeV range whi
Cugnon gives rather good agreement, confirming the te
dency observed in Fig. 3. Cascade neutron multipliciti

TABLE I. Per primary reaction averaged neutron multiplici
ties obtained by integration of the double-differential cross se
tions and compared with calculations using Cugnon or Bert
INC model for a 2-cm Pb target.

Energy M
exp
n M

Cugn
n MBert

n
E  800 MeV, sR  1723 mb

0–2 MeV 4.9 6.1
2–20 MeV 6.5 6 1.0 6.9 9.5
20 Ebeam 1.9 6 0.2 2.2 1.8

E  1200 MeV, sR  1719 mb
0–2 MeV 5.8 6.9
2–20 MeV 8.3 6 1.0 8.9 12.4
20 Ebeam 2.7 6 0.3 2.8 2.4

E  1600 MeV, sR  1717 mb
0–2 MeV 6.0 7.4
2–20 MeV 10.1 6 1.4 9.9 14.7
20 Ebeam 3.4 6 0.3 3.1 3.1
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TABLE II. Same as Table I but for per primary reaction
averaged kinetic energy carried out by the emitted neutrons.

Energy E 3 M
exp
n E 3 M

Cugn
n E 3 MBert

n
E  800 MeV, sR  1723 mb

0–2 MeV 5.0 6.0
2–20 MeV 38.0 6 4.0 42.0 55.0
20 Ebeam 200.0 6 20.0 211.0 203.0

E  1200 MeV, sR  1719 mb
0–2 MeV 6.0 7.0
2–20 MeV 52.0 6 6.0 54.0 78.0
20 Ebeam 318.0 6 30.0 309.0 294.0

E  1600 MeV, sR  1717 mb
0–2 MeV 6.0 8.0
2–20 MeV 65.0 6 8.0 61.0 97.0
20 Ebeam 410.0 6 40.0 422.0 373.0

are consistent, within error bars, with both models
Looking at Table II, it can be noticed that most of the
ejected energy is taken away by cascade neutrons. T
experimental average carried energies are always clo
to the Cugnon than to the Bertini INC values. This
suggests that the energy balance is more realistic in t
Cugnon model, in which more energy is taken away b
cascade particles and less excitation energy is left at t
end of the INC stage. This could be mostly ascribe
to the fact that the Pauli blocking is handled in a mor
subtle way by Cugnon, as discussed in [21], than b
Bertini in which too many high energy collisions are
blocked. In conclusion, the replacement of the Bertini b
the Cugnon INC model, in the TIERCE code, leads to
significantly better agreement with our experimental dat
the improvements coming mainly from the more realisti
description of theNN cross sections and treatment of th
Pauli blocking.

We thank O. Bersillon, J. Cugnon, H. Duarte, an
C. Volant for helping us with the code calculations.
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