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Neutron multiplicity distributions for 1.94 to 5 GeV/ c proton-, antiproton-, pion-, kaon-,
and deuteron-induced spallation reactions on thin and thick targets

L. Pienkowski,* F. Goldenbaum, D. Hilscher,† and U. Jahnke
Hahn-Meitner-Institut Berlin, Glienickerstrasse 100, D-14109 Berlin, Germany

J. Galin and B. Lott
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~Received 7 January 1997!

Measurements of neutron multiplicity distributions of 1.94 to 5.0 GeV/c proton-, antiproton-, pion-, kaon-,
and deuteron-induced spallation reactions on thin~few mm thick! and thick ~35–40 cm thick! targets are
presented. The 4p neutron detector employed for the first time to measure neutron multiplicity distributions
from thick targets is described. Results for thin and thick targets are compared with intra- and internuclear
cascade model calculations.@S0556-2813~97!02010-4#

PACS number~s!: 25.40.Sc, 24.10.2i, 25.80.Hp, 29.25.Dz
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I. INTRODUCTION

Spallation reactions have been mainly investigated so
by using energetic~GeV! protons. Very little is known abou
spallation reactions induced by mesons~pions, kaons!, anti-
protons, and light composite particles~such as deuterons!.
The major reason for this lack of experimental informati
stems from the weak intensity of these secondary part
beams~pions, kaons, antiprotons! which makes experiment
difficult. However when choosing neutrons as the nucl
reaction probe, this problem can be overcome by us
thicker targets than usually employed in nuclear physics
periments, g/cm2 compared to mg/cm2. Studying reactions
induced in very thick~100 g/cm2) targets is interesting in its
own right; indeed, pions and kaons in addition to nucleo
and composite particles are generated as the result of an
tial proton interaction with a nucleus and they play an i
portant role in subsequent reactions within a thick targ
Spallation neutron sources~SNS’s! for various applications,
be it neutron scattering@1#, transmutation@2# or energy am-
plifiers @3#, exploit the thermal excitation induced by ene
getic ~GeV! protons in heavy nuclei and the subsequent
cay of these nuclei by evaporation of mainly neutrons w
energies of a few MeV. Energetic~hundreds of MeV! par-
ticles ~mainly nucleons but also pions, kaons, and compo
particles such as deuterons! which are emitted during the
initial excitation process can induce secondary reaction
thick targets producing additional neutrons. These proce
are described by intra-~INC! and internuclear cascade mo
els which are widely used to design SNS’s. However,
reliability of these models is questionable in particular
energies above about 1 GeV where only few data exist
order to test such models but also to identify possible d
ciencies it is desirable not only to investigate the mean nu
ber of neutrons emitted per incident proton but more imp
tantly the neutron multiplicitydistributionwhich should be a
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sensitive benchmark to any such model. To this purpose
have launched a program to measure neutron multipli
distributions of 2–5 GeV/c proton-, antiproton-, pion-, and
deuteron-induced spallation reactions mainly on Pb target
various geometries~0.2–36 cm long cylinders of 8–15 cm
diameters! but also on Ag, Ho, Au, and depleted U target

So far only mean neutron multiplicities have been me
sured for p- and d-induced reactions and the variation
target geometries was very limited. A compilation of prev
ous measurements was recently given elsewhere@4# where
preliminary results of the present work have also been p
sented. No data exist at all for pion-induced reactions wh
are of importance to account for the yield of secondary
actions, with the pions being produced in a primary prot
nucleus interaction. The first experiment which measu
neutron multiplicity distributions for 0.475 and 2 GeVp
bombarding thin targets was carried out at SATURN
Saclay by Pienkowskiet al. @5#.

What further information can such multiplicity distribu
tions provide compared to the mean values already m
sured?

~i! For thin targets~only one nuclear interaction in th
target! the number of evaporative neutrons is a good meas
of the distribution of the thermal excitation energy induc
in the nucleus. In this sense the neutron multiplicity distrib
tion is a sensitive test of the primary spallation process,
the intranuclear cascade part of the theoretical model.
high excitation energies above about 2–3 MeV/nucleon
heavy nuclei additional information@6# on light charged par-
ticles ~evaporative protons and He! improves the excitation
energy resolution by about a factor 2–3.

~ii ! For thick targets~multiple reactions! the alteration of
the neutron multiplicity distribution reflects the production
additional neutrons produced in secondary reactions and
it is a sensitive test to both theintra- and internuclear cas-
cade part of theoretical models.

In addition to the above-mentioned neutron measurem
recently also light charged particles have been measured
p,p, p̄ , 3,4He projetiles in the energy region of 1–14 Ge
@6–11#. However, most of these studies measured energ
1909 © 1997 The American Physical Society
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FIG. 1. Schematic setup at the seconda
beam facility of the CERN-PS.
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cascade and not evaporative light charged particles (p and
He! which are needed to deduce thermal excitation energ

In the following sections we describe the 4p neutron de-
tector ~Sec. II!, the experimental setup at CERN~Sec. III!,
the experimental results and comparison with theoret
models~Sec. IV!, and conclude with a discussion of the r
sults ~Sec. V!.

II. 4 p NEUTRON DETECTOR

The 4p neutron detector BNB~Berlin Neutron Ball! con-
sists of a spherical vessel with outer and inner diameter
140 and 40 cm, respectively. This 50 cm thick vessel is fil
with 1500 l of scintillator liquid loaded with gadolinium
~0.4% by weight!. Neutrons produced in the target at th
center of the reaction chamber are detected after b
slowed down in the surrounding scintillator volume by ela
tic collisions with H atoms and captured by gadolinium n
clei.

The scintillator light registered with 24 fast photomul
pliers distributed on the outer surface of the tank consist
two components separated in time.

~i! The prompt lightobserved within about 0.7ms of the
reaction is a measure of the summed energy of all char
particles (p, p6, K6, e6 from g rays! and g rays emitted
either from the target or resulting from the slowing down
neutrons via scattering or reaction on hydrogen and carb
The prompt light in coincidence with the arrival time of a
incident particle signals the occurrence of a nuclear reac
and thus can be exploited to measure thetotal reaction cross
section. The light threshold was set to 10 MeVee~electron
equivalent!. Thus, the total reaction cross section measu
in this way corresponds to an energy loss of at least 10 M

~ii ! Thedelayed lightis due to the Gd-captureg rays and
is exploited to count the neutrons on an event-by-event b
for each reaction or in the case of a thick target for ea
incident particle. This number is the essential observable
this detector. Since the capture times for neutrons hav
broad distribution with a mean value of about 15ms the
light flashes can be easily counted during a counting gat
about 45 ms.

The 4p neutron detector counts the number of neutro
which are produced by each reaction or each incident pro
in the target with high efficiency of typically 85% for eac
evaporative~few MeV! neutron. The efficiency is continu
ously calibrated with a252Cf fission source. For higher neu
tron energies, BNB becomes progressively more transpa
the efficiency drops to 15% at 100 MeV.
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The measured neutron multiplicity distribution has to
corrected for detection efficiency, dead time, correlated
uncorrelated background. The uncorrelated background
measured with no target has been subtracted. The corre
background has been measured on line in a second, 45ms
long gate, issued 400ms after the first counting gate and ha
been corrected for by deconvolution. The loss of neut
counting due to the occurrence of two neutron captu
within a fixed dead time of 35 ns has been corrected for
deconvolution as well. This dead time correction amounts
6.7 and 13.1 % for neutron numbers of 30 and 50, resp
tively. Since the neutron energy is not measured an ene
dependent efficiency correction is not possible, that is w
only the measured distributions (ds/dNexpt) not corrected
for efficiency are shown below. For comparison with theo
we rather prefer to fold the calculated neutron multiplic
with the experimental detection efficiency at the calcula
neutron energies. Themeanneutron multiplicities^Mn& as
well as the most probable neutron multiplicityMn

max given
below have been, however, corrected for an assumed ave
neutron detection efficiency of 85% as obtained from the
calibration. The same procedure was employed in all pre
ous moderator measurements of mean values. It shoul
noted, however, that this is only a crude approximation
suming that the mean energy of all neutrons is only a f
MeV.

The above described Gd-loaded detector type has b
widely employed in recent years in order to measure
excitation energy generated in heavy-ion@12,13#, light-ion
@5,14#, and antiproton-@6,15# induced reactions. It should b
noted that due to the detection method this detector has
sentially no lower energy detection threshold as it cou
thermalized neutrons.

III. EXPERIMENTAL ARRANGEMENT

We describe here the experimental arrangement~Fig. 1!
which we employed at the secondary beam line~T10! of the
CERN-PS. Protons of 26 GeV were bombarding a 25 m
long and 4 mm diameter Cu production target with a du
cycle of about 2.5%, producing all kinds of particles. T
charges~positive or negative! and momenta of these particle
could be selected by a system of dipole magnets. The
mentum analyzed particles were focused by quadrup
onto the target inside BNB~about 40 m downstream th
production target! to about 1–2 cm in diameter. The partic
species, however, had to be identified by measuring the t
of flight between two thin~2 mm! scintillator detectorsS1
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56 1911NEUTRON MULTIPLICITY DISTRIBUTIONS FOR 1.94 . . .
andS2 over a distance of 16 m. This TOF was sufficient
separate deuterons and protons from lighter particles~kaons,
pions, muons, and positrons! up to 5 GeV/c. In order to
separate also the lighter particles we had to exploit t
Čerenkov countersČ1 andČ2 which triggered, respectively
on pions plus lighter particles and positrons only. Neutr
multiplicity distributions could thus be registered simult
neously for reactions induced byp1, p1, K1, e1, and also
d1 on the one hand and byp2 and p2 on the other hand
Muons, however, could not be separated from pions. T
large muon contamination of the incident beam made
determination of the reaction probability for pions uncerta
but did not affect the neutron multiplicity distribution. I
addition toS1 andS2 a system of veto countersS4, S52S8
~inner opening 1–4 cm2) were used to reject particles trav
eling off axis and/or hitting the neutron detector during t
neutron counting gate.S10 was used to focus the bea
through BNB.

The measurements atEp51.22 GeV were performed a
part of experiment PS208~devoted to the investigation of ho
nuclei! at the low energy antiproton ring LEAR/CERN wit
protons~with almost 100% duty cycle! at the same energy a
antiprotons used for another experiment@6#. The experimen-
tal setup was very similar except that we did not useS2 or
any Čerenkov counters since we had here a pure and c
proton or antiproton beam extracted from LEAR.

Thin Ag, Ho, Au, and Pb targets were investigated as w
as thick Pb and depleted U targets. The Pb targets had
ferent diameters~8–15 cm! and thicknesses~0.2–36 cm!. It
was checked that the thick Pb targets made of standard
brick shielding material contaminated by Sb did not diff
from ultrapure Pb~provided to us by Andriamonje of th
PS211 collaboration@16#! by more than 2.7% in the neutro
production. The U targets, 8 cm in diameter and 40 cm lo
were depleted~0.2% 235U!. The longest Pb and U targets th
fit in the BNB (l 540 cm! correspond to about 2.1 and 3
reaction lengths or equivalently to a reaction probability
88% or 97% in Pb or U, respectively. It should also be m
tioned that the U target, because of its high intrinsic rad
activity, had to be shielded inside the BNB scattering cha
ber. The lateral shielding was made of 2 cm thick lead.

IV. RESULTS FOR 2–5 GEV/c P, P̄, p, AND D1Pb
AND U

In the following we present and discuss results for n
tron multiplicity distributionsds/dNexp, derived mean val-
ues, total reaction cross sections, and compare with in
and internuclear cascade models.

A. Neutron multiplicity distributions

The distributionsds/dNexp of the number of measure
neutrons (Nexp) emitted in a single or in multiple reaction
are shown in Fig. 2 for 1.22, 2.21, 3.17, and 4.15 G
proton-induced reactions on thin (l 50.2–2 cm!, intermediate
( l 55, 10 cm!, and thick (l 535 cm! Pb targets. For a 2 mm
thick lead target the probability that reaction products from
primary reaction will induce a secondary reaction in the t
get is lower than 1% and thus the corresponding neu
o
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multiplicity distribution reflects the number of neutrons em
ted in the primary spallation reaction.

In the case of thin targets the neutron multiplicity dist
bution can be characterized by a Gaussian distribution c
tered at high neutron numbers plus an almost exponen
increase towards low neutron numbers. The rise of cross
tion at low neutron multiplicities is also observed for th
measurements at 1.22 GeV which were carried out with
pure low background proton beam of LEAR/CERN witho
secondary beam particles. Thus it can be excluded that
low multiplicity component is due to the high background
the secondary beam which furthermore was carefully inv
tigated and corrected for. The high and low multiplicity com
ponents can be associated with central and peripheral r
tions, respectively, and have also been observed in cha
particle multiplicity distributions inp- andp-induced reac-
tions @8#. The central peak is observed to broaden and m
to higher neutron multiplicity with increasing bombardin
energy~see also Fig. 7!. The probability of producing hotte
nuclei in the upper tail of the distribution is thus increasi
with bombarding energy as well. But since simultaneou
the intensity in the peripheral peak at low neutron multipli
ties is increasing, the first moment^Mn& of the distribution is
found almost independent of the incident proton energy~Fig.
7!. However, it must be pointed out here that the low neut
multiplicities for thin targets~below 2 cm! are uncertain for
particle momenta above 1.94 GeV/c due to larger back-
ground for measurements carried out at the secondary b
facility of the CERN-PS. It is also visible in Fig. 2 that th
1.94 MeV/c data are of better quality. They have been o

FIG. 2. Neutron multiplicity distributions for 1.22, 2.21, 3.17
and 4.15 GeVp1Pb for thin, intermediate, and thick targets. Th
measured number of neutronsNexp have not been corrected fo
detection efficiency. The dimensions of the target are given in
~thickness3diameter!.
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1912 56L. PIENKOWSKI et al.
tained with a high-quality beam at the LEAR ring deliverin
protons.

When the target thickness is increased the intensity of
neutron multiplicity events decreases due to secondary r

FIG. 3. Measured neutron multiplicity distributions forp1U.
The depleted U target was 40 cm long with a diameter of 8 cm
3.17 and 4.15 GeV the U bar was surrounded by a 38 cm long
cylinder with an inner and outer diameter of 8 and 15 cm, resp
tively. The solid lines are fits with a Gaussian distribution, the
rameters are given in Table I.
w
c-

tions while at the same time the centroid of the Gauss
distribution moves towards higher neutron numbers~see Fig.
2!. The relative width (s/Mn

max) of the Gaussian part of the
distributions remains almost constant between 0.4 and 0.

is interesting to note that the distributions ofp̄-induced re-
actions are narrower withs/Mn

max50.3 to 0.4. This finding is
probably caused by the peculiarity of the annihilation p
cess which distributes already in the primary reaction
available energy on several~about 5! less energetic pions
For thick targets the measured neutron multiplicity distrib
tion can be rather well described by a single Gaussian di
bution. This is shown in Fig. 3 for a 40 cm long depleted
target by the solid lines.

The observed larger neutron multiplicity for U compar
to Pb can be ascribed in the case of thin targets~see Table I!
to a higher probability for energy absorption in the bigg
target nucleus, to the lower neutron binding energies o
spallation products, and eventually to one or more extra n

trons from fission of the residual nucleus (n̄ 51.92 for spon-
taneous fission of238U!. In a thick target of U fission can be
induced by many secondary particles and become a dom
ing process~see Fig. 3!. It multiplies the number of neutron
to the extent that the neutron yield in a 40 cm long U tar
is nearly doubled as compared to Pb:^Mn

U&/^Mn
Pb&51.5 and

1.7 atEp5 1.22 and 4.15 GeV, respectively.
Finally the neutron multiplicity distributions for positive

pion-induced reactions on a thick Pb target~35 cm long, 15
cm in diameter! were measured at the same incident m
menta ~2.0, 3.0, 4.0, and 5.0 GeV/c) as the proton data
corresponding to somewhat higher kinetic energies than
respective proton energies. The multiplicities are somew
smaller than for protons if compared at the same incid
energy~see Fig. 7!.

t
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7

1

TABLE I. Results for thin and thick Pb and depleted U targets: the mean neutron multiplicity^Mn&, the
number of neutrons per incident particle^Nn&/p, the most probable neutron numberMn

max, and the widths,
the latter two are obtained from a Gaussian fit. These values have been multiplied with 1/0.85 in o
account for an assumed mean detection efficiency of 85%. Errors are in the order of 1 to 5%. Ne
momentap correspond to antiprotons or negative pions,L and D indicate the target length and diamete
respectively.

Protons Pionsp
p GeV/c T L cm D cm Mn

max s ^Mn& ^Nn&/p Mn
max s ^Mn& ^Nn&/p

1.94 Pb 0.2 15 18.0 7.4 14.5 0.16
1.94 Pb 5.0 15 21.3 10.7 19.4 4.8
1.94 Pb 35 15 26.0 11.5 25.4 20.5
21.94 Pb 35 15 52.4 35.3
2.00 Pb 35 15 26.7 13.0 26.7 22.6 35.5 16.5 32.5 20.
3.00 Pb 35 15 42.2 16.5 41.1 34.9 48.0 20.1 46.2 34.
4.00 Pb 35 15 53.9 20.4 51.7 44.0 57.5 22.9 55.1 38.
24.00 Pb 35 15 72.2 65.6 60.5 47.0
5.00 Pb 35 15 63.8 24.5 60.8 51.0 66.0 27.8 63.3 50.
25.00 Pb 35 15 79.5 71.2 68.6
1.94 U 0.3 535 23.3 8.8 19.9 0.53
1.94 U 40 8 38.0 19.4 38.8 35.3
4.00 U 40 8~15! 90.1 28.6 87.6 84.1 99.3 33.1 93.5 69.3
5.00 U 0.9 535 35.6 21.8 28.5 2.56 36.7 24.5 30.5 1.74
5.00 U 40 8~15! 112.2 30.5 106.0 101.0 115.3 36.1 107.5 72.4
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56 1913NEUTRON MULTIPLICITY DISTRIBUTIONS FOR 1.94 . . .
B. Mean neutron multiplicities

In order to compare with previous measurements we
cuss in the following also the first moment^Mn& of
ds/dNexp as well as the most probable neutron numberMn

max

as derived from a Gaussian fit to the multiplicity distributio
ds/dNexp at the position of the maximum. From the me
sured reaction probabilityPreac and ^Mn& we deduce the
mean number of neutrons per incident prot
^Nn&/p5^Mn&3Preac which is of practical interest for the
design of spallation neutron sources. Some of the abo
defined observables deduced from the measured neu
multiplicity distributions are given in Table I for protons
antiprotons, positive and negative pions.

For protons we observe with increasing target thickn
an increase of both the mean neutron multiplicity^Mn& as
well as the most probable neutron multiplicityMn

max with the
relation^Mn&<Mn

max ~see Fig. 4!. For the thickest targets o
35 cm Pb̂ Mn& has almost attained the value ofMn

max ~Table
I! simply due to the fact that the intensity of low neutro
multiplicity events has become very small due to second
reactions. For 35 cm Pb as well as 40 cm U the intensity
the measured distribution which cannot be described b
Gaussian is smaller than 5% while for thin targets it amou
to 20–30 %. For target thicknesses larger than 35 for Pb
40 cm for U any further increase of the neutron yield p
incident proton̂ Nn&/p is essentially due only to further in
crease of the reaction probability. The observed steep
crease of the number of neutrons per incident proton^Nn&/p
~Fig. 4, middle panel! for target thicknesses up to about 1
cm, instead, is due to the combined increase of the reac
probability Preac and the mean neutron multiplicitŷMn&
with target thickness. Contrary to other methods these
quantities are measured independently in the present ex
ment and not as a product.

For Pb targets we have also investigated the combi
effect of the target diameter and thickness on neutron p
duction ~Fig. 4!. With increasing proton energies from 1.2
to 4.15 GeV we observe an increase of the ratio of the m
neutron multiplicitieŝ Mn

15&/^Mn
8& for a 35 cm long and 15

to 8 cm in diameter target from 1.17 to 1.28. This indica
that at 4.15 GeV proton energy targets with a larger diam
would further increase the neutron production.

In the top panel of Fig. 4 we show also the measu
survival probability of the incident protons without intera
tion which follows the expected exponential absorption l
(12Preac)5exp(2L/L reac) with a reaction length
L reac518.4 cm, corresponding to a cross section of 1.65
For thinner Pb targets~2 cm! we deduce, however, a large
reaction cross section of 1.73, 1.83, 1.89, and 1.87 b
proton momenta of 1.94, 3, 4, and 5 GeV/c, respectively.
The latter values agree quite well with the expected@17#
inelastic cross section of about 1.9 b for proton induced
actions on lead in this energy region.

When comparing the present data with those of Vassil
et al. @18# for a 60 cm long and 20 cm in diameter Pb targ
the former data are increasingly smaller for larger incid
proton energy. We ascribe this neutron production differe
to the smaller size of the target and in particular the sma
diameter used in the present experiment. Indeed we k
from our measurements that the neutron multiplicity is s
s-

e-
on

s

ry
f
a

ts
or
r

n-

on

o
ri-

d
o-

n

s
er

d

.

r

-

v
,
t
e
r
w
l

increasing with diameter at 4.15 GeV whereas at lower
ergies the effect is much smaller. The corresponding res
for the thick depleted U targets are found to agree very w
with the data of the pioneering work of Fraseret al. @19# in
the overlapping energy region close to 1.2 GeV.

In summary the deduced mean values from the meas
neutron multiplicity distributions~corrected for a mean effi
ciency! agree well with previous measured mean valu
when taking into account the somewhat different target
ometries. However, it should be stressed again that
present data enable a much more sensitive test for high
ergy transport codes like theHERMES code@20#. Such com-
parisons will be presented and discussed below.

C. Comparison with inter- and intranuclear cascade
calculations

In Fig. 5 we show measured neutron multiplicity distrib
tions for thin targets of Ag, Ho, Au, and Pb atEp51.22

FIG. 4. Survival probability 12Preac, mean number of neutron
per incident proton̂ Nn&/p, and mean neutron multiplicitŷMn&
and most probable neutron multiplicityMn

max ~from Gauss fit! as a
function of target thickness.̂Nn&/p, ^Mn&, and Mn

max have been
corrected for a mean efficiency of 0.85.
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1914 56L. PIENKOWSKI et al.
GeV. We note the almost linear increase of the most pr
able neutron multiplicity (Mn

max) with atomic mass of the
target nucleus reflecting the increase of energy absorp
with target mass as well as the increasing predominanc
neutron evaporation over charged particle emission du
the increase of the Coulomb barrier hindering charged p
ticle emission.

The data are compared with the result of a two-step mo
consisting of an intranuclear cascade~INC! calculation using
the code of Cugnon@21# for the initial stage of the reaction
until thermal equilibrium is approached after about 30 fmc
~see also Pienkowskiet al. @5#!. At this stage the deexcitatio
of the nucleus is followed by the evaporation codeGEMINI

@22#, with the level density parameter taken asA/10 MeV21.
The thick dashed line in Fig. 5 represents the output of
two-step calculation whereas the thick solid line also ma
allowance for the detector response. This correction, be
dependent on the neutron energy, takes into account the
ergies of the directly emitted neutrons of the INC code
well as those of the evaporated neutrons of the subseq
GEMINI code. The mean valueŝMn&512.5 ~16.5!, 11.2
~15.2!, 9.62 ~13.4!, 5.68 ~8.7! deduced from the calculate
distributions folded with the detection efficiency~in paren-
theses without this correction! for Pb, Au, Ho, and Ag, re-
spectively, agree quite well with the respective first mome
12.3, 11.0, 9.3, 6.2 of themeasureddistributions, not cor-
rected for efficiency. However, by comparing the calcula
and measured distributions we observe for low (<2! neutron
multiplicities a considerable discrepancy between calcula
and experiment whereas at higher neutron numbers the o

FIG. 5. Neutron multiplicity distributions for 1.22 GeV proton
induced reactions on thin targets of Ag~2.1!, Ho ~5.3!, Au ~1.9!,
and Pb~2.3 g/cm2). The thick dashed lines are the results of IN
@21# 1 GEMINI @22# calculations which were folded as a functio
of neutron energy with the detection efficiency@4# as shown by the
thick solid lines. The respective results obtained with theHERMES

code for a Pb target are shown by the thin solid and dashed lin
-

on
of
to
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e
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all agreement is much better. The deviation at low neut
multiplicity results from the assumption of a sharp cuto
nuclear density distribution used in the model, leading to
unrealistic description of peripheral reactions. This exam
stresses the methodical advantage of neutron multiplicity
tributions in deducing the origin of possible deficiencies
theoretical models.

It would be interesting to compare the present results a
with a quantum molecular dynamics code for the initial sta
of the reaction followed by a statistical decay model whi
was quite successful in describing neutron energy spectra
thin targets@23# as well as charged particle production yiel
@24#.

For Pb we also show by the thin solid and dashed line
Fig. 5 the results obtained with the Bertini-type@25# INC
code incorporated in the high energy transport codeHERMES

of Cloth et al. @20# plus subsequent evaporation. In this IN
code the nuclear density of a nucleus is somewhat more
alistically modeled by subdividing the radial dependence i
three zones. The level density parameter for evaporation
taken to beA/14 MeV21.

For a thin Pb target we observe with this code a be
agreement with the experimental neutron multiplicity dist
bution in particular for low neutron numbers though the co
tribution for zero neutrons is larger than measured. Comb
ing these results of the INC part of theHERMEScode with the
internuclear cascade part of this code we compare the re
for a thick~35 cm long! Pb target in Fig. 6 with the measure
neutron multiplicity distribution for proton energies of 1.2
2.21, 3.17, and 4.15 GeV. The dashed~solid! line shown in
Fig. 6 corresponds to the result of theHERMES calculation
without ~with! correction for the neutron energy depende
detection efficiency of the employed 4p neutron detector.
The solid curves have to be compared with the measu
distributions shown by the open circles. The agreement
tween calculation and experiment is astoundingly good
considerably better than the results for a thin target~see Fig.
5!. This seems to indicate that the combination of inter- a
intranuclear cascade codes corrects deficiencies in the
part, less energy transfer in the primary interaction leads
more kinetic energy and thus to more excitation in the s
ondary reaction and vice versa. With increasing incident p
ton energy, however, we observe a small but increasing
viation of the calculated neutron multiplicity distribution t
larger neutron numbers. This can also be seen from the n
bers given in Table II where the mean or most proba
neutron number deviates by about 10% at 5 GeV/c.

In summary, we have shown in this section the advant
of measuring the whole neutron multiplicity distributions i
stead of single average values. This brings much more c
straint to the INC model. Also the measurements in both t
and thick targets appear quite complementary since, in th
targets, compensation effects between the first reaction
secondary reactions can mask deficiencies in reproducing
primary reaction by the INC model. The thick target me
surement brings an additional, although indirect, test of
thin target measurement insofar as it allows one to follow
fate of the products of the primary interaction in generat
extra neutrons.

s.
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D. Dependence of mean values on incident energy

Besides the dependence on target material and geome
is also of particular interest to know how the mean neut
multiplicity depends on the incident energy and how proto
compare with other light particles like deuterons, pions,
ons, and antiprotons. The data are shown in Fig. 7 where
mean neutron multiplicities induced by 2, 3, 4, and 5 GeVc
protonsp1, antiprotonsp2, deuteronsd1, kaonsK1, and
pions p6 are given as a function of energy. For a 35 c
thick Pb target we observe that the mean neutron multip
ties for protons are slightly larger or smaller than for posit
pions or deuterons, respectively. Since the reaction cross
tion is also somewhat larger for deuterons than for prot
this finding implies for the neutron yield per incident de
teron ^Nn&/p5Preac3^Mn& even larger values which qual

FIG. 6. Neutron multiplicity distributions for 1.22, 2.21, 3.1
and 4.15 GeV proton-induced reactions on a 35 cm long and 15
diameter Pb target. The measurement is shown by the open cir
the solid ~dashed! line correspond to theHERMES calculation@20#
corrected~not corrected! for the detector efficiency@4#.
y it
n
s
-
he

i-

ec-
s

tatively agree with the findings of Vassilkovet al. @18#.
However, the uncertainty for deuterons in the present exp
ment is considerably larger since the secondary beam of
CERN-PS contains much less deuterons than protons~2 and
8!31023 at 5 and 3 GeV/c, respectively. In this respect it i
also interesting to note that the mean neutron multiplicity

m
es,

FIG. 7. Mean neutron multiplicitŷ Mn& for incident protons
p1, pionsp6, deuteronsd1, and antiprotonsp2 as a function of
incident kinetic energy on a 35 cm long lead target with a diame
of 15 cm. The mean neutron multiplicity has been corrected fo
mean efficiency ofe50.85. The curves connect the data points. F

p̄ the smaller filled squares are plotted also at theavailableincident
energy, see text. The filled and open triangles display^Mn& and
Mn

max, respectively, for thin~2 to 5 mm! Pb targets. The dashe
vertical bars at the open triangles indicate the widthss of the
Gaussian fit.
energy

o

TABLE II. Comparison of experimental and calculated~HERMES! @20# results for a 35 cm long and 15 cm
diameter Pb target. The calculated neutron leakage out of the target has been folded with the neutron
dependent BNB efficiency. The primary neutron leakage is given in parenthesis.^Mn& and rms are the first
moment and the corresponding root mean square deviation,Mn

max ands are obtained from a Gaussian fit t
the measured or calculated distributions.

Experiment HERMES

p GeV/c ^Mn& rms Mn
max s Preac ^Mn& rms Mn

max s

1.94 21.6 10.4 22.1 9.8 0.81 23.1~29.0! 10.0~12.2! 24.1~30.8! 9.1~10.7!
3.00 35.0 15.0 35.9 14.0 0.85 35.6~45.2! 14.8~18.3! 38.0~49.2! 12.7~14.8!
4.00 44.0 18.7 45.8 17.3 0.85 45.8~58.7! 19.4~24.3! 50.1~64.6! 15.8~19.7!
5.00 51.7 22.5 54.2 20.8 0.84 56.2~72.4! 23.1~29.1! 60.3~78.3! 21.2~25.8!
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negative pionsp2 is about 5 neutrons larger than for pos
tive pions which would just correspond to the additional ne
trons produced by a pion capture in a Pb nucleus.

As already seen on thin targets@6# the mean neutron mul
tiplicity of p̄1Pb on thick targets is considerably larger th
for p1Pb if compared at the same incident kinetic ener
The available incident energy for antiprotons is, howev
given by the kinetic energy plus theNN̄ annihilation energy
23mNc251.88 GeV (mN nucleon mass!. Performing the
comparison at the same incident available ene
Ep̄123mNc2 we find that the mean neutron multiplicitie
of p- and p̄-induced reactions are very similar for thick ta
gets.

In summary the mean neutron multiplicity ofp-, K-, p-,
p̄-, and d-induced reactions on thick targets are relative
similar if compared at the same incident available ene
increasing from about 22 neutrons at 1 GeV to 80 neutron
6 GeV. The mean neutron multiplicities for antiproton
negative-pion-, and deuteron-induced reactions are so
what larger~5%! than for protons while positive-pion- an
kaon-induced reactions result in somewhat smaller value

V. CONCLUSIONS

We have measured for the first time neutron multiplic
distributions for hadrons in the GeV energy range, in pa
ticular proton-induced spallation reactions in thin and th
targets of several materials. The motivation of this work w
mainly to provide sensitive data for testing existing mod
describing the intra- as well as internuclear cascades. T
models are essential ingredients for the design and cons
tion of accelerator driven neutron sources and thus it is
e,
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portant to detect and isolate possible deficiencies in the m
els. It was not the purpose of this work to compare our d
with a large variety of different codes presently being us
by various groups. We have, however, shown in one c
how one can exploit the calculated and measured distr
tions to deduce the physical origin of a model deficien
although the measured mean values agreed quite well.

We have parametrized the measured neutron multipli
distributions for various target thicknesses of Pb and
pleted U with Gaussians and given the parameters in orde
provide an easily accessible experimental data base as a
ing ground for various intra- and internuclear cascade m
els.

For thick targets the calculated distributions, once c
rected for neutron detection efficiency, agree rather well w
the measured distributions though for thin targets, that is
the primary spallation reaction, the agreement is not quite
good indicating a compensation effect between intra- a
internuclear cascade calculations. For proton-induced sp
tion reactions on a 35 cm long lead target the calcula
neutron multiplicities exceed the measured ones by 10%
most.
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