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Neutron multiplicity distributions for 1.94 to 5 GeV/ ¢ proton-, antiproton-, pion-, kaon-,
and deuteron-induced spallation reactions on thin and thick targets
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Measurements of neutron multiplicity distributions of 1.94 to 5.0 Geptbton-, antiproton-, pion-, kaon-,
and deuteron-induced spallation reactions on i@ mm thick and thick (35—40 cm thick targets are
presented. The# 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 calculatior{$0556-28187)02010-4

PACS numbe(s): 25.40.Sc, 24.16-i, 25.80.Hp, 29.25.Dz

[. INTRODUCTION sensitive benchmark to any such model. To this purpose we
have launched a program to measure neutron multiplicity
Spallation reactions have been mainly investigated so fadistributions of 2—-5 Ge\d proton-, antiproton-, pion-, and
by using energeti¢GeV) protons. Very little is known about deuteron-induced spallation reactions mainly on Pb targets of
spallation reactions induced by mesdpsons, kaong anti-  various geometrie$0.2—-36 cm long cylinders of 8—15 cm
protons, and light composite particlégsuch as deuterops diameters but also on Ag, Ho, Au, and depleted U targets.
The major reason for this lack of experimental information So far only mean neutron multiplicities have been mea-
stems from the weak intensity of these secondary particleured forp- and d-induced reactions and the variation of
beams(pions, kaons, antiprotopsvhich makes experiments target geometries was very limited. A compilation of previ-
difficult. However when choosing neutrons as the nucleabus measurements was recently given elsewh&revhere
reaction probe, this problem can be overcome by usingreliminary results of the present work have also been pre-
thicker targets than usually employed in nuclear physics exsented. No data exist at all for pion-induced reactions which
periments, g/crh compared to mg/crh Studying reactions are of importance to account for the yield of secondary re-
induced in very thick100 g/cn?) targets is interesting in its actions, with the pions being produced in a primary proton
own right; indeed, pions and kaons in addition to nucleonsiucleus interaction. The first experiment which measured
and composite particles are generated as the result of an imeutron multiplicity distributions for 0.475 and 2 Gel
tial proton interaction with a nucleus and they play an im-bombarding thin targets was carried out at SATURNE/
portant role in subsequent reactions within a thick targetSaclay by Pienkowsket al. [5].
Spallation neutron sourcéSNS’9 for various applications, What further information can such multiplicity distribu-
be it neutron scatterinpl], transmutatiorj2] or energy am- tions provide compared to the mean values already mea-
plifiers [3], exploit the thermal excitation induced by ener- sured?
getic (GeV) protons in heavy nuclei and the subsequent de- (i) For thin targets(only one nuclear interaction in the
cay of these nuclei by evaporation of mainly neutrons withtargel the number of evaporative neutrons is a good measure
energies of a few MeV. Energetibiundreds of MeYV par- of the distribution of the thermal excitation energy induced
ticles (mainly nucleons but also pions, kaons, and Compositéﬂ the nucleus. In this sense the neutron multiplicity distribu-
particles such as deutergnahich are emitted during the tion is a sensitive test of the primary spallation process, i.e.,
initial excitation process can induce secondary reactions ihe intranuclear cascade part of the theoretical model. At
thick targets producing additional neutrons. These processétgh excitation energies above about 2-3 MeV/nucleon in
are described by intradNC) and internuclear cascade mod- heavy nuclei additional informatiof] on light charged par-
els which are widely used to design SNS’s. However, thdicles (evaporative protons and fénproves the excitation
reliability of these models is questionable in particular atenergy resolution by about a factor 2—3.
energies above about 1 GeV where only few data exist. In (i) For thick targetdmultiple reactionsthe alteration of
order to test such models but also to identify possible defithe neutron multiplicity distribution reflects the production of
ciencies it is desirable not only to investigate the mean numadditional neutrons produced in secondary reactions and thus
ber of neutrons emitted per incident proton but more imporit is @ sensitive test to both thatra- andinteruclear cas-

tantly the neutron multiplicitglistributionwhich should be a ~ cade part of theoretical models.
In addition to the above-mentioned neutron measurements

recently also light charged particles have been measured with

*On leave of absence from University of Warsaw, Poland. w,p,E 34He projetiles in the energy region of 1-14 GeV
"Electronic address: HILSCHER@HMI.DE [6—11). However, most of these studies measured energetic
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cascade and not evaporative light charged partigear(d The measured neutron multiplicity distribution has to be

He) which are needed to deduce thermal excitation energiesorrected for detection efficiency, dead time, correlated and
In the following sections we describe therseutron de- uncorrelated background. The uncorrelated background as
tector (Sec. I), the experimental setup at CER[Sec. lll), measured with no target has been subtracted. The correlated
the experimental results and comparison with theoreticabackground has been measured on line in a secongysl5
models(Sec. V), and conclude with a discussion of the re- long gate, issued 40Qus after the first counting gate and has
sults(Sec. V. been corrected for by deconvolution. The loss of neutron
counting due to the occurrence of two neutron captures
within a fixed dead time of 35 ns has been corrected for by
deconvolution as well. This dead time correction amounts to
The 4 neutron detector BNBBerlin Neutron Ball con- 6.7 and 13.1 % for neutron numbers of 30 and 50, respec-
sists of a spherical vessel with outer and inner diameters dively. Since the neutron energy is not measured an energy
140 and 40 cm, respectively. This 50 cm thick vessel is fileqdependent efficiency correction Is not possible, that is why
with 1500 | of scintillator liquid loaded with gadolinium Only the measured distributionsi¢/dNe,,) not corrected
(0.4% by weight Neutrons produced in the target at the for efficiency are shown below. For comparison with theory
center of the reaction chamber are detected after bein§® rather prefer to fold the calculated neutron multiplicity
slowed down in the surrounding scintillator volume by elas-With the experimental detection efficiency at the calculated

tic collisions with H atoms and captured by gadolinium nu-neutron energies. Theeanneutron multiplicities(M ) as
clei. well as the most probable neutron multiplicikt ' given

The scintillator light registered with 24 fast photomulti- below have been, however, corrected for an assumed average
pliers distributed on the outer surface of the tank consists ofeutron detection efficiency of 85% as obtained from the Cf
two components separated in time. calibration. The same procedure was employed in all previ-

(i) The prompt lightobserved within about 0.zs of the ~ 0us moderator measurements of mean values. It should be
reaction is a measure of the summed energy of all charge@oted, however, that this is only a crude approximation as-
particles p, ==, K=, e from y ray9 and y rays emitted suming that the mean energy of all neutrons is only a few
either from the target or resulting from the slowing down of MeV.
neutrons via scattering or reaction on hydrogen and carbon. The above described Gd-loaded detector type has been
The prompt light in coincidence with the arrival time of an widely employed in recent years in order to measure the
incident particle signals the occurrence of a nuclear reactiofixcitation energy generated in heavy-ii2,13, light-ion
and thus can be exploited to measurettital reaction cross  [5,14], and antiprotont6,15] induced reactions. It should be
section The light threshold was set to 10 MeVéglectron noted that due to the detection method this detector has es-
equivalent. Thus, the total reaction cross section measuregentially no lower energy detection threshold as it counts
in this way corresponds to an energy loss of at least 10 Me\thermalized neutrons.

(ii) Thedelayed lightis due to the Gd-capture rays and
is exploited to count the neutrons on an event-by-event basis
for each reaction or in the case of a thick target for each
incident particle. This number is the essential observable of We describe here the experimental arrangenfEitf. 1)
this detector. Since the capture times for neutrons have which we employed at the secondary beam [ifig0) of the
broad distribution with a mean value of about 1 the  CERN-PS. Protons of 26 GeV were bombarding a 25 mm
light flashes can be easily counted during a counting gate dbng and 4 mm diameter Cu production target with a duty
about 45 us. cycle of about 2.5%, producing all kinds of particles. The

The 47 neutron detector counts the number of neutronhargegpositive or negativeand momenta of these particles
which are produced by each reaction or each incident protonould be selected by a system of dipole magnets. The mo-
in the target with high efficiency of typically 85% for each mentum analyzed particles were focused by quadrupoles
evaporative(few MeV) neutron. The efficiency is continu- onto the target inside BNEBabout 40 m downstream the
ously calibrated with &%Cf fission source. For higher neu- production targétto about 1-2 cm in diameter. The particle
tron energies, BNB becomes progressively more transparergpecies, however, had to be identified by measuring the time
the efficiency drops to 15% at 100 MeV. of flight between two thin2 mm) scintillator detectorsS1

Il. 4 = NEUTRON DETECTOR

Ill. EXPERIMENTAL ARRANGEMENT
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andS2 over a distance of 16 m. This TOF was sufficient to p+Pb
separate deuterons and protons from lighter partilasns, =
pions, muons, and positronsip to 5 GeVE. In order to & 102
separate also the lighter particles we had to exploit two &
Cerenkov counter€; andC, which triggered, respectively, Z .
on pions plus lighter particles and positrons only. Neutrong .
multiplicity distributions could thus be registered simulta- = 10 £ s

5x15 O 1015
A 355 | A 35x5

1.22 GeV ; 0.2x15 % 2.21 GeV ® 0.5:8

neously for reactions induced Ip/", 7%, K*, e, and also
d* on the one hand and y~ and 7~ on the other hand.
Muons, however, could not be separated from pions. The
large muon contamination of the incident beam made the 1 F . o
determination of the reaction probability for pions uncertain 2 & -
but did not affect the neutron multiplicity distribution. In g 10 2% 317 GeV

4

O 10x15
addition toS1 andS2 a system of veto countefl, S5— S8 4 RS
(inner opening 1-4 crf) were used to reject particles trav-
eling off axis and/or hitting the neutron detector during the -2
neutron counting gateS10 was used to focus the beam
through BNB.

The measurements &,=1.22 GeV were performed as
part of experiment PS208evoted to the investigation of hot i i
nuclej at the low energy antiproton ring LEAR/CERN with 1 ta 5
protons(with almost 100% duty cyc)eat the same energy as TTIN P: ... B
antiprotons used for another experimgdt The experimen- 0 20 40 60 80
tal setup was very similar except that we did not &eor NeXp
any Cerenkov counters since we had here a pure and clean
proton or antiproton beam extracted from LEAR. FIG. 2. Neutron multiplicity distributions for 1.22, 2.21, 3.17,

Thin Ag, Ho, Au, and Pb targets were investigated as wellnd 4.15 GeVp+Pb for thin, intermediate, and thick targets. The
as thick Pb and depleted U targets. The Pb targets had difreasured number of neutromé.,, have not been corrected for
ferent diameter$8—15 cn) and thicknesse.2—-36 cnj. It detection efficiency. The dimensions of the target are given in cm
was checked that the thick Pb targets made of standard ledtpickness<diametey.
brick shielding material contaminated by Sb did not differ
from ultrapure Pb(provided to us by Andriamonje of the multiplicity distribution reflects the number of neutrons emit-
PS211 collaboratiofil6]) by more than 2.7% in the neutron ted in the primary spallation reaction.
production. The U targets, 8 cm in diameter and 40 cm long, In the case of thin targets the neutron multiplicity distri-
were depleted0.2% 23®U). The longest Pb and U targets that bution can be characterized by a Gaussian distribution cen-
fit in the BNB (1=40 cm correspond to about 2.1 and 3.5 tered at high neutron numbers plus an almost exponential
reaction lengths or equivalently to a reaction probability ofincrease towards low neutron numbers. The rise of cross sec-
88% or 97% in Pb or U, respectively. It should also be mendtion at low neutron multiplicities is also observed for the
tioned that the U target, because of its high intrinsic radiomeasurements at 1.22 GeV which were carried out with the
activity, had to be shielded inside the BNB scattering cham{pure low background proton beam of LEAR/CERN without
ber. The lateral shielding was made of 2 cm thick lead. secondary beam particles. Thus it can be excluded that the

low multiplicity component is due to the high background of
the secondary beam which furthermore was carefully inves-

IV. RESULTS FOR 2-5 GEV/c P, P, o, AND D+Pb tigated and corrected for. The high and low multiplicity com-

AND U ponents can be associated with central and peripheral reac-

. . tions, respectively, and have also been observed in charged
In the following we present and discuss results for neuparticle multiplicity distributions inp- and 7-induced reac-

tron multiplicity distributionsdo/dNey,, derived mean val-  tions[8]. The central peak is observed to broaden and move
ues, total reaction cross sections, and compare with intrap higher neutron multiplicity with increasing bombarding
and internuclear cascade models. energy(see also Fig. )7 The probability of producing hotter
nuclei in the upper tail of the distribution is thus increasing
o with bombarding energy as well. But since simultaneously
A. Neutron multiplicity distributions

the intensity in the peripheral peak at low neutron multiplici-

The distributionsdo/dNe,, of the number of measured ties is increasing, the first momefil ;) of the distribution is
neutrons Neyy) emitted in a single or in multiple reactions found almost independent of the incident proton eneFgg.
are shown in Fig. 2 for 1.22, 2.21, 3.17, and 4.15 GeV7). However, it must be pointed out here that the low neutron
proton-induced reactions on thih=£0.2—2 cm), intermediate  multiplicities for thin targetgbelow 2 cm are uncertain for
(I=5, 10 cm, and thick (=35 cm Pb targets. Foa 2 mm  particle momenta above 1.94 GeVHue to larger back-
thick lead target the probability that reaction products from aground for measurements carried out at the secondary beam
primary reaction will induce a secondary reaction in the tar-facility of the CERN-PS. It is also visible in Fig. 2 that the
get is lower than 1% and thus the corresponding neutrod.94 MeVk data are of better quality. They have been ob-

dNexp (

do
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FIG. 3. Measured neutron multiplicity distributions for+U.
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 lead-7 atEp,= 1.22 and 4.15 GeV, respectively. .
cylinder with an inner and outer diameter of 8 and 15 cm, respec- Finally the neutron multiplicity distributions for positive
tively. The solid lines are fits with a Gaussian distribution, the pa-Pion-induced reactions on a thick Pb tar¢g$ cm long, 15
rameters are given in Table I.

tions while at the same time the centroid of the Gaussian
distribution moves towards higher neutron numhsee Fig.

2). The relative width §/M["®) of the Gaussian part of the
distributions remains almost constant between 0.4 and 0.5. It

is interesting to note that the distributions pfinduced re-
actions are narrower with/ M["®=0.3 to 0.4. This finding is
probably caused by the peculiarity of the annihilation pro-
cess which distributes already in the primary reaction the
available energy on severghbout 5 less energetic pions.
For thick targets the measured neutron multiplicity distribu-
tion can be rather well described by a single Gaussian distri-
bution. This is shown in Fig. 3 for a 40 cm long depleted U
target by the solid lines.

The observed larger neutron multiplicity for U compared
to Pb can be ascribed in the case of thin targete Table)l
to a higher probability for energy absorption in the bigger
target nucleus, to the lower neutron binding energies of U
spallation products, and eventually to one or more extra neu-

trons from fission of the residual nucleus£1.92 for spon-

taneous fission of38U). In a thick target of U fission can be

induced by many secondary particles and become a dominat-

ing procesgsee Fig. 3. It multiplies the number of neutrons

to the extent that the neutron yield in a 40 cm long U target
AfS nearly doubled as compared to RM )M} =1.5 and

cm in diameter were measured at the same incident mo-
menta (2.0, 3.0, 4.0, and 5.0 Ge¥) as the proton data,

tained with a high-quality beam at the LEAR ring delivering corresponding to somewhat higher kinetic energies than the

protons.

respective proton energies. The multiplicities are somewhat

When the target thickness is increased the intensity of lowvsmaller than for protons if compared at the same incident
neutron multiplicity events decreases due to secondary reaenergy(see Fig. 7.

TABLE I. Results for thin and thick Pb and depleted U targets: the mean neutron multightity, the
number of neutrons per incident parti¢ld,,)/p, the most probable neutron numbdf'®*, and the widtho,
the latter two are obtained from a Gaussian fit. These values have been multiplied with 1/0.85 in order to
account for an assumed mean detection efficiency of 85%. Errors are in the order of 1 to 5%. Negative
momentap correspond to antiprotons or negative piohsandD indicate the target length and diameter,

respectively.

Protons Pionsr
p GeVic T Lem Dem M o (M) (N/p MM o (Mp (Ny/p
1.94 Pb 0.2 15 18.0 7.4 145 0.16
1.94 Pb 5.0 15 21.3 10.7 194 4.8
1.94 Pb 35 15 26.0 115 254 20.5
—1.94 Pb 35 15 52.4 35.3
2.00 Pb 35 15 26.7 13.0 26.7 22.6 355 165 325 20.5
3.00 Pb 35 15 422 165 411 34.9 48.0 20.1 46.2 34.6
4.00 Pb 35 15 539 204 517 44.0 575 229 551 38.7
—4.00 Pb 35 15 72.2 65.6 60.5 47.0
5.00 Pb 35 15 63.8 245 608 51.0 66.0 27.8 63.3 50.1
—5.00 Pb 35 15 79.5 71.2 68.6
1.94 U 0.3 55 23.3 8.8 19.9 0.53
1.94 U 40 8 380 194 3838 35.3
4.00 u 40 g15 90.1 286 87.6 84.1 99.3 331 935 69.3
5.00 u 0.9 55 35,6 21.8 285 2.56 36.7 245 305 1.74
5.00 U 40 815 112.2 305 106.0 101.0 1153 36.1 107.5 72.4
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B. Mean neutron multiplicities 1.22 GeV p+ Pb

In order to compare with previous measurements we dis-
cuss in the following also the first momerM,) of
do/d Ny, as well as the most probable neutron numitdelt™ [~
as derived from a Gaussian fit to the multiplicity distribution 1
do/dNg,, at the position of the maximum. From the mea-
sured reaction probabilitP e, and (M,) we deduce the
mean number of neutrons per incident proton
(Np)/p=(M,)X P Which is of practical interest for the
design of spallation neutron sources. Some of the above 10'
defined observables deduced from the measured neutro
multiplicity distributions are given in Table | for protons, FEEEY RS TR SRS FEETE FRTE FEE S FEE T FEET FEE
antiprotons, positive and negative pions. ~
For protons we observe with increasing target thickness A: Y
an increase of both the mean neutron multiplicityi,) as Z. 10
well as the most probable neutron multiplichy;'® with the \%
relation(M,)<M['® (see Fig. 4 For the thickest targets of
35 cm Pb{M,,) has almost attained the valuedf'® (Table 1
I) simply due to the fact that the intensity of low neutron
multiplicity events has become very small due to secondary 1
reactions. For 35 cm Pb as well as 40 cm U the intensity of 10'
the measured distribution which cannot be described by ¢ E ol bl bbbt beiaialiney
Gaussian is smaller than 5% while for thin targets it amountss
to 20—30 %. For target thicknesses larger than 35 for Pb oF = 25
40 cm for U any further increase of the neutron yield per
incident protor{N,,)/p is essentially due only to further in- -
crease of the reaction probability. The observed steep in- A: 20
crease of the number of neutrons per incident prdtég)/p
(Fig. 4, middle panelfor target thicknesses up to about 10 "/
cm, instead, is due to the combined increase of the reactiol 15
probability P, and the mean neutron multiplicityM,,) ® <M >, 15 cm @
with target thickness. Contrary to other methods these twc A <M >8cmd
quantities are measured independently in the present exper 10 ST T EETEN FTRTE RO P SR
ment and not as a product. 0 5 10 15 20 25 30 35 40
For Pb targets we have also investigated the combinec
effect of the target diameter and thickness on neutron pro- target thickness (cm)
duction (Fig. 4). With increasing proton energies from 1.22
to 4.15 GeV we observe an increase of the ratio of the mean FIG. 4. Survival probability - P,., mean number of neutrons
neutron multiplicities(M */(M?8) for a 35 cm long and 15 per incident proton{N,,)/p, and mean neutron multiplicityM )
to 8 cm in diameter target from 1.17 to 1.28. This indicatesand most probable neutron multipliciyi " (from Gauss fitas a
that at 4.15 GeV proton energy targets with a larger diametefunction of target thicknesgN,)/p, (M), and M have been
would further increase the neutron production. corrected for a mean efficiency of 0.85.

In the top panel of Fig. 4 we show also the measuredn . easing with diameter at 4.15 GeV whereas at lower en-
survival probability of the incident protons without interac- grgies the effect is much smaller. The corresponding results
tion which follows the expectgd exponential -absorptlon laWor the thick depleted U targets are found to agree very well
(1-Prad=exp(—L/Lesd with a reaction length with the data of the pioneering work of Frasaral. [19] in
Lreac=18.4 cm, corresponding to a cross section of 1.65 bthe overlapping energy region close to 1.2 GeV.

For thinner Pb target€2 cm) we deduce, however, a larger  In summary the deduced mean values from the measured
reaction cross section of 1.73, 1.83, 1.89, and 1.87 b foneutron multiplicity distributiongcorrected for a mean effi-
proton momenta of 1.94, 3, 4, and 5 GeVfespectively. ciency agree well with previous measured mean values
The latter values agree quite well with the expectgéd  when taking into account the somewhat different target ge-
inelastic cross section of about 1.9 b for proton induced reometries. However, it should be stressed again that the
actions on lead in this energy region. present data enable a much more sensitive test for high en-

When comparing the present data with those of Vassilkoergy transport codes like theeRMES code[20]. Such com-
et al.[18] for a 60 cm long and 20 cm in diameter Pb target,parisons will be presented and discussed below.
the former data are increasingly smaller for larger incident . o .
proton energy. We ascribe this neutron production difference  ©- Comparison with inter- and intranuclear cascade
to the smaller size of the target and in particular the smaller calculations
diameter used in the present experiment. Indeed we know In Fig. 5 we show measured neutron multiplicity distribu-
from our measurements that the neutron multiplicity is stilltions for thin targets of Ag, Ho, Au, and Pb &,=1.22
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F F all agreement is much better. The deviation at low neutron
10 F Pb L Au multiplicity results from the assumption of a sharp cutoff

i ’ nuclear density distribution used in the model, leading to an
unrealistic description of peripheral reactions. This example
stresses the methodical advantage of neutron multiplicity dis-
tributions in deducing the origin of possible deficiencies of

theoretical models.

It would be interesting to compare the present results also
with a quantum molecular dynamics code for the initial stage
of the reaction followed by a statistical decay model which
was quite successful in describing neutron energy spectra for
thin targetd 23] as well as charged particle production yields
[24].

For Pb we also show by the thin solid and dashed lines in
Fig. 5 the results obtained with the Bertini-typ25] INC
code incorporated in the high energy transport cegRMES
of Cloth et al.[20] plus subsequent evaporation. In this INC
code the nuclear density of a nucleus is somewhat more re-
alistically modeled by subdividing the radial dependence into

PRI RN D - SO AR § PRI B P three zones. The level density parameter for evaporation was
0 10 20 30 0 10 20 30 taken to beA/14 MeV ™1,
neutron multiplicity For a thin Pb target we observe with this code a better
agreement with the experimental neutron multiplicity distri-

FIG. 5. Neutron multiplicity distributions for 1.22 GeV proton- pution in particular for low neutron numbers though the con-
induced reactions on thin targets of A8.1), Ho (5.3, Au (1.9),  tripution for zero neutrons is larger than measured. Combin-
and Pb(2.3 g/cn?). The thick dashed lines are the results of INC ing these results of the INC part of therMES code with the
(21] + GEMINI [22] calculations which were folded as a function ;10 iclear cascade part of this code we compare the results
of_neutrqn energy with the de_tectlon efﬂmer[@‘_g as shown by the for a thick(35 cm long Pb target in Fig. 6 with the measured
thick solid lines. The respective results obtained with tizeMES . . : .
code for a Pb target are shown by the thin solid and dashed Iinesr.1eUtron multiplicity distribution for prOtop eqergles of 1.'22’

2.21, 3.17, and 4.15 GeV. The dashgdlid) line shown in
GeV. We note the almost linear increase of the most probFig. 6 corresponds to the result of thRe&RMES calculation
able neutron multiplicity K1) with atomic mass of the without (with) correction for the neutron energy dependent
target nucleus reflecting the increase of energy absorptiodetection efficiency of the employedm4neutron detector.
with target mass as well as the increasing predominance dfhe solid curves have to be compared with the measured
neutron evaporation over charged particle emission due tgdistributions shown by the open circles. The agreement be-
the increase of the Coulomb barrier hindering charged patween calculation and experiment is astoundingly good and
ticle emission. considerably better than the results for a thin tafgee Fig.

The data are compared with the result of a two-step model)  This seems to indicate that the combination of inter- and
consisting of an intranuclear cascadlC) calculation using  intranuclear cascade codes corrects deficiencies in the INC
the code of Cugnofi21] for the initial stage of the reaction ot |ess energy transfer in the primary interaction leads to
until thermal equilibrium is approached after about 30dm/ e kinetic energy and thus to more excitation in the sec-
(see also Pienkowskit al.[S]). At this stage the deexcitation a1 reaction and vice versa. With increasing incident pro-

gzt]he _?#(t::]euls IS lfgllovv_?d by the tev?plg rmgocﬁ_"\i' ton energy, however, we observe a small but increasing de-
W € jevel density parameter take €V " viation of the calculated neutron multiplicity distribution to

The thick dashed line in Fig. 5 represents the output of th(?ar er neutron numbers. This can also be seen from the num-
two-step calculation whereas the thick solid line also make gerr X '
ers given in Table Il where the mean or most probable

allowance for the detector response. This correction, beinE .
dependent on the neutron energy, takes into account the ef€utron number deviates by about 10% at 5 GeV/
In summary, we have shown in this section the advantage

ergies of the directly emitted neutrons of the INC code as . DR e .
well as those of the evaporated neutrons of the subsequeﬂf measuring the whole neutron multiplicity distributions in-

GEMINI code. The mean valueéM,)=12.5 (16.5, 11.2 stead of single average values. This brings much more con-
(15.2, 9.62(13.4), 5.68 (8.7) deduced from the calculated Straint to the INC model. Also the measurements in both thin
distributions folded with the detection efficien¢in paren- — and thick targets appear quite complementary since, in thick
theses without this correctiprior Pb, Au, Ho, and Ag, re- targets, compensation effects between the first reaction and
spectively, agree quite well with the respective first momentsecondary reactions can mask deficiencies in reproducing the
12.3, 11.0, 9.3, 6.2 of theneasureddistributions, not cor- primary reaction by the INC model. The thick target mea-
rected for efficiency. However, by comparing the calculatedsurement brings an additional, although indirect, test of the
and measured distributions we observe for low2) neutron  thin target measurement insofar as it allows one to follow the
multiplicities a considerable discrepancy between calculatiofiate of the products of the primary interaction in generating
and experiment whereas at higher neutron numbers the ovegxtra neutrons.
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FIG. 6. Neutron multiplicity distributions for 1.22, 2.21, 3.17, 0 e b b b b e b Ly
and 4.15 GeV proton-induced reactions on a 35 cm long and 15 crr 0 1 2 3 4 5 6

diameter Pb target. The measurement is shown by the open circles
the solid (dashedl line correspond to thelERMES calculation[20]
corrected(not correctedl for the detector efficienci4].

incident (available) energy (GeV)

FIG. 7. Mean neutron multiplicit{ M) for incident protons
p*, pions =, deuterongdd*, and antiprotong~ as a function of
incident kinetic energy on a 35 cm long lead target with a diameter
Besides the dependence on target material and geometrydt 15 cm. The mean neutron multiplicity has been corrected for a
is also of particular interest to know how the mean neutrommean efficiency o&=0.85. The curves connect the data points. For
multiplicity depends on the incident energy and how protonsp the smaller filled squares are plotted also atatailableincident
compare with other light particles like deuterons, pions, kaenergy, see text. The filled and open triangles disglsly,) and
ons, and antiprotons. The data are shown in Fig. 7 where thed['®, respectively, for thin(2 to 5 mm Pb targets. The dashed
mean neutron multiplicities induced by 2, 3, 4, and 5 GeV/ vertical bars at the open triangles indicate the widthof the
protonsp™, antiprotonsp~, deuteronsd™, kaonsK™, and  Gaussian fit.
pions 7= are given as a function of energy. For a 35 cm
thick Pb target we observe that the mean neutron multiplicitatively agree with the findings of Vassilkogt al. [18].
ties for protons are slightly larger or smaller than for positiveHowever, the uncertainty for deuterons in the present experi-
pions or deuterons, respectively. Since the reaction cross seaient is considerably larger since the secondary beam of the
tion is also somewhat larger for deuterons than for proton€ERN-PS contains much less deuterons than pro@msd
this finding implies for the neutron yield per incident deu- 8)x10 > at 5 and 3 Ge\W, respectively. In this respect it is
teron(N,)/p=P,..c<(M,) even larger values which quali- also interesting to note that the mean neutron multiplicity for

D. Dependence of mean values on incident energy

TABLE II. Comparison of experimental and calculategrMES) [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 energy
dependent BNB efficiency. The primary neutron leakage is given in parentlisis.and rms are the first
moment and the corresponding root mean square deviddii; and o are obtained from a Gaussian fit to
the measured or calculated distributions.

Experiment HERMES
p Gevic (M, rms M P reac (Mp) rms M e o
1.94 21.6 104 221 9.8 0.81 2®9.0 10.012.2 24.130.9 9.1(10.7
3.00 35.0 150 35.9 140 0.85 366.2 14.818.3 38.049.2 12.7114.8
4.00 44.0 18.7 45.8 17.3 0.85 488.7 19.424.3 50.164.6 15.819.9
5.00 51.7 225 542 20.8 0.84 5624 23.129.) 60.378.3 21.225.8
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negative pionsr~ is about 5 neutrons larger than for posi- portant to detect and isolate possible deficiencies in the mod-
tive pions which would just correspond to the additional neu-els. It was not the purpose of this work to compare our data
trons produced by a pion capture in a Pb nucleus. with a large variety of different codes presently being used

As already seen on thin targg®] the mean neutron mul- by various groups. We have, however, shown in one case

tiplicity of p-+Pb on thick targets is considerably larger thanhow one can exploit the calculated and measured distribu-
for p+Pb if compared at the same incident kinetic energyfions to deduce the physical origin of a model deficiency
The available incident energy for antiprotons is, howeveralthough the measured mean values agreed quite well.
given by the kinetic energy plus tH¢N annihilation energy . We h.ave parame.tnzed the mea}sured heutron multiplicity
2xmyc2=1.88 GeV fny nucleon mass Performing the dlstrlbutlon_s for various target thicknesses of Pb_ and de-
comparison at the same incident available energyplete.g U with G_iaussmns .?)Td g|ven_the rt)alrznletirs n orde: tot
E;+ZXmch we find that the mean neutron multiplicities provide an €aslly accessible experimental data base as a test-
- ) o i ing ground for various intra- and internuclear cascade mod-
of p- and p-induced reactions are very similar for thick tar- 5|5
gets. o For thick targets the calculated distributions, once cor-
__In summary the mean neutron multiplicity af-, K-, p-,  rected for neutron detection efficiency, agree rather well with
p-, and d-induced reactions on thick targets are relativelythe measured distributions though for thin targets, that is for
similar if compared at the same incident available energyhe primary spallation reaction, the agreement is not quite as
increasing from about 22 neutrons at 1 GeV to 80 neutrons ajood indicating a compensation effect between intra- and
6 GeV. The mean neutron multiplicities for antiproton-, internuclear cascade calculations. For proton-induced spalla-
negative-pion-, and deuteron-induced reactions are someon reactions on a 35 cm long lead target the calculated
what larger(5%) than for protons while positive-pion- and neutron multiplicities exceed the measured ones by 10% at
kaon-induced reactions result in somewhat smaller values. most.

V. CONCLUSIONS
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