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Interpretation of the neutron double-differential cross sections in the interactions ofp¿Al,
Fe, and Zr at 1.2 GeV using the ultrarelativistic quantum molecular dynamics model

Khaled Abdel-Waged*
Umm Al-Qura University, Faculty of Applied Science, Physics Department, Makkah Unit 126, P.O. Box 7047, Saudi Arabia

~Received 17 March 2003; published 27 June 2003!

The ultrarelativistic quantum molecular dynamics~UrQMD! model is incorporated with a statistical decay
model aiming to describe the neutron double global-differential cross sections ofp1Al, Fe, and Zr at 1.2 GeV.
Good agreement is generally obtained with the default UrQMD parameters. In particular, the UrQMD calcu-
lation with a momentum dependent Pauli potential improves the intensity of the quasielastic peak in neutron
double-differential cross sections. The lower and higher energy parts of the neutron spectra at backward angles
are found to be sensitive to meson-meson and meson-baryon interactions. The influence of sequential evapo-
ration and simultaneous multifragmentation disintegration mechanisms on the neutron spectra is also investi-
gated. It is shown that the statistical multifragmentation model is more suited for the description of the lower
part of the neutron energy spectra.
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I. INTRODUCTION

In recent years, spallation reactions have come to be m
and more important for various reasons related with not o
the basic but also the applied research field. Applications
these reactions include generation of high intensity beam
neutrons@1#, transmutation of nuclear wastes@2–4#, and/or
developing a new type of nuclear reactor@5,6#.

A spallation reaction is generally described as a two-s
process. In the first step, the nonequilibrium process, the
mary nucleon-nucleus interactions is treated as a succes
of nucleonic and mesonic interactions with the nucleons
the target nucleus, as described by microscopic trans
models@7–12#. In the second step, the equilibration proce
the resulting excited nucleus is allowed to cool by parti
evaporation, as described by statistical models@13–15#.

Over the last years, various versions of hybrid~micro-
scopic plus statistical! models have been developed to d
scribe spallation data at intermediate energies~1–3 GeV!
@16–18#. Their results, however, cannot predict the who
spectra of spallation produced neutrons. In particular, a
tematic deviation from the data is found in the high ene
part of the neutron spectra at the most forward angles. P
sible causes are the absence of momentum dependent
actions and/or the differential cross section of in-medi
nucleon-nucleon~NN! elastic scattering. Such effects, a
though pointed out in Refs.@16–18#, have not practically
been tested. Therefore, in order to investigate these effec
two-step model is employed, namely, we incorporate
ultrarelativistic quantum molecular dynamics~UrQMD!
model @12# for the nonequilibrium process with a statistic
decay model@14#. The UrQMD model offers several advan
tages in comparison with other currently used nonequi
rium models:~i! it includes all baryonic resonances up to
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invariant mass of 2 GeV as well as mesonic resonances u
1.9 GeV as tabulated by the Particle Data Group@19#; ~ii ! it
incorporates mean field dynamics~with and/or without mo-
mentum dependent Pauli potential!; ~iii ! it implements the
in-medium differential cross section ofNN-elastic scattering
@20#.

Since spallation reactions are quite effective in bringi
nuclei to a broad distribution of excitation energies, we w
also investigate to which extent the well known sequen
evaporation~SE! @13# and simultaneous multifragmentatio
~SM! @14# ~statistical! models are suitable for the descriptio
of the lower part of the neutron energy spectra.

The paper is organized as follows. Section II defines
basic ingredients of the UrQMD plus SM model and d
cusses how these two are combined. In Sec. III, we apply
model systematically to the recent measured@21# double-
differential cross sections of the neutron yield as a funct
of the kinetic energy (En) at fixed angles from 0° to 160°
for p1Al, Fe, and Zr interactions at 1.2 GeV. We summari
and conclude this work in Sec. IV.

II. DESCRIPTION OF THE COMBINED MODEL

Here we describe the outline of the UrQMD plus S
model. The detail of UrQMD is described in Ref.@12#. The
main components of UrQMD are as follows.

Nuclear collisions are assumed to be described by the
of independent binary hadron-hadron~hh! collisions. Each
hh collision is assumed to take place at the distance of c
est approach, that is, two particles collide if their distan
dtrans fulfills the relation:

dtrans<As tot

p
, s tot5s~As,type!. ~1!

The total cross sections tot depends on the center-of-ma
energy (As) and on the species and quantum number of
incoming particles.dtrans is defined as the covariant relativ
distance between the two particles:

ce,
o
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dtrans5A~rW12rW2!22
@~rW12rW2!•~pW 12pW 2!#2

~pW 12pW 2!2

with rW i being the locations andpW i the momenta in the loca
rest frame of the colliding particles.

The inelastic hh collisions produce resonances at low
intermediate energies, while at high energies (As55 GeV
for baryon-baryon and 3 GeV for meson-baryon and mes
meson reactions! color strings are formed and they dec
into hadrons according to the Lund string model@23#. There
are 55 baryon and 32 meson states as discrete degre
freedom in the model as well as their antiparticles and
plicit isospin projected states with masses up
2.25 GeV/c2. All of these hadronic states can propagate a
reinteract in phase space.

An analytical expression for the differential cross sect
of in-mediumNN elastic scattering derived from the coll
sion term of the relativistic Boltzmann-Uehling-Uhlenbe
~RBUU! equation@22# is used to determine the scatterin
angles between the outgoing particles in elementary hh
lisions.

The Pauli principle is applied to hadronic collisions b
blocking the final state if the outgoing phase space is oc
pied.

On the basis of quantum molecular dynamics, poten
interactions are enforced for the scattered nucleons.
single particle wave function of each nucleon is represen
by a Gaussian wave packet, having the phase-space cen
parameters ofRW i andPW i for the i th nucleon. The total wave
function is assumed to be a product wave function
nucleon Gaussian wave packet. The equation of motion
their centeroids (RW i andPW i) is given by

dRj

dt
5

]H

]Pj
,

dPj

dt
52

]H

]Rj
. ~2!

The HamiltonianH consists of the kinetic energy and th
effective interaction energy,

H5T1V,

T5(
j

@~pj
21mj

2!1/22mj #,

V5VSkyrme1VYukawa1VCoulomb1VPauli . ~3!

In this interaction energy, the following terms are include
Skyrme type density dependent interaction (VSkyrme),
Yukawa potential (VYukawa), Coulomb potential between
protons (VCoulomb), and the Pauli potential (VPauli). The
form of each term is given by

VSkyrme5
t1

2r0
(
i 51

A

(
kÞ i
k51

A

r̃ ik1
tg

~g11!r0
g (

i 51

A S (
kÞ i
k51

A

r̃ ikD g

,
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VYukawa5
VYuk

2 (
i 51

A

(
kÞ i
k51

A
1

2rW ik

expS 1

4agY
2 D

3H e2rW ik /gYF12erfS 1

2gYAa
2AarW ikD G

2erW ik /gYF12erfS 1

2gYAa
1AarW ikD G J ,

VCoulomb5
1

2
e2(

i 51

A

(
j Þ i
j 51

A
1

r i j
erf~Aar i j !,

VPauli5
1

2
V0

PS \

p0q0
D 3S 11

1

2aq0
2D 23/2

3(
i 51

A

(
kÞ i
k51

A

expS 2ar ik
2

2aq0
211

2
pik

2

2p0
2D dt itk

ds isk
, ~4!

where rW ik5RW i2RW k , pW ik5PW i2PW k , t i , and s i denote the
spin-isospin index of nucleon (i ), and the ‘‘interaction den-
sity’’ r̃ ik5(a/p)3/2e2a(RW i2RW k)2

.
The summation runs over all projectile and target nuc

ons,r050.168 fm23 is the normal nuclear density, and e
denotes the error function. The values of the potential par
eters appearing in Eq.~4! are listed in Table I.

The ground state configuration is obtained by the follo
ing random packing procedure. The centeroids of the Ga
siansRW i are randomly distributed within a sphere with radi

R51.124@ 1
2 @A1~A1/321!3##1/3, ~5!

whereA is the mass number of the nucleus. In choosingRW i a
minimum distance of 1.6 fm between the centers of
Gaussians is imposed. The initial momenta of the nucle
are randomly chosen between 0 and the local Thomas-F
momentum:pF

max5\c(3p2r)1/3, with r being the corre-
sponding local-proton or neutron density. The phase sp
density at the location of each nucleon is evaluated: if

TABLE I. Parameters of the UrQMD model for differen
interactions.

Parameter Without Pauli potential With Pauli potentia

a (fm22) 0.25 0.1152
t1 (MeV fm3) 2163.0 284.5
tg (MeV fm6) 125.95 188.2
g 1.676 1.46
V0

Yuk ~MeV fm! 20.498 285.1
gY ~fm! 1.4 1.0
V0

Paul ~MeV! 99.5
q0 ~fm! 3
p0 ~MeV/c! 120
0-2
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FIG. 1. ~Color online! The total neutron en-
ergy spectra forp~1.2 GeV! 1Zr interactions cal-
culated by UrQMD~without Pauli potential! plus
SM model with different transition timest tr ~a!
and freeze-out volumesVb ~b!. The lines are the
best fit to the results.
th
e

y

le

an

n

a

o

is
pa

it
en
er
a

un

it

de
to
g

th
i

he
ar

a
b
r

ed
o
d

i

al

ys-
end
ner
of

tra
i-

nts
a-
ed

ot
en
m-
sta-

fs.
ts
y.
out
t

the
e of

in

n-
le

er-
phase space density is too high, then the location of
nucleon is rejected and a new location is randomly chos
This procedure reduces fluctuations in the mean densit
the nucleus.

The UrQMD calculation is carried out up to a time sca
referred to as the transition timet tr . The position of each
nucleon is then used to calculate the distribution of mass
charge numbers~referred to as ‘‘prefragments’’!. In deter-
mining the mass and charge numbers of the prefragme
the minimum spanning tree method@24# is employed, a pre-
fragment is formed if the centroid distances are lower th
Rclus . The most accepted range ofRclus is between 2 and 5
fm @24#. In this paper,Rclus is fixed at 3 fm. There are als
new clusterization algorithms reported in the literature@25#.
But the different clusterization algorithms give the same d
tribution at very late time, when the clusters are well se
rated from each other.

The total energy of each prefragment is determined in
rest frame by the Lorentz transformation. The excitation
ergy (e* ) of the hot prefragments is calculated as the diff
ence between the binding energy of the hot prefragments
the binding energies of these prefragments in their gro
state.

The ensemble of prefragments is characterized by exc
tion energye* , nucleonA0, and protonZ0, numbers. The
decay of the residual nuclei is described by the SM mo
@14#. The SM model assumes that a hot nucleus expands
freeze-out volume where it splits into primary hot prefra
ments and nucleons in thermal equilibrium. Obviously,
volume is a free parameter of the model. The volume
generally@14# defined asVb5(11k)V0 , k;223, andV0 is
the volume ofA0 nucleon system in the ground state. T
breakup channels are constrained by the total mass, ch
and energy of the system. All prefragments~and nucleons!
are considered as Boltzmann particles while Fermi gas
proximation is used for their internal excitation. The pro
abilities of different breakup channels are calculated acco
ing to their statistical weights. After primary breakup excit
prefragments propagate independently under mutual C
lomb field and undergo secondary decay. This secondary
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integration of large fragments (A.16) is described by an
evaporational model@13#, for smaller fragments the Ferm
breakup model@28# is used.

Let us now investigate whether the results of the fin
observables would depend on the choice ofVb and t tr ,
which determine, respectively, the configuration of the s
tem at the end of the first stage and the time chosen to
the molecular dynamics calculation and start the afterbur
mechanism. This is shown in Fig. 1, where we plot results
the total neutron spectra forp(1.2 GeV)1Zr interactions
calculated by the UrQMD~without Pauli potential! plus SM
model as a function oft tr @Fig. 1~a!# andVb @Fig. 1~b!#.

Figure 1~a! shows that, although the total neutron spec
calculated witht tr>90 fm/c resemble each other, they dev
ate definitely from t tr550 fm/c. This indicates that the
UrQMD prefragments before 90 fm/c are not in thermal
equilibrium and that within a time interval from 90 fm/c to
150 fm/c the decay processes of the excited prefragme
described by the UrQMD plus SM model are nearly equiv
lent. Although we should keep in mind that the calculat
neutron spectra are not identical att tr;100 fm/c and t tr
5150 fm/c, we can conclude that the final results are n
sensitive tot tr as long as it is chosen after the time wh
thermal equilibrium is achieved and before the time the te
perature of the prefragments becomes low and classical
tistics @29# breaks down seriously. We found, as in Re
@16–18#, that t tr5100 fm/c is enough to get stable resul
and we use this value for all systems in the present stud

In Fig. 1~b! we check the dependence on the freeze-
volume Vb , when the UrQMD calculation is stopped a
100 fm/c and switched to SM model. As one can see,
total neutron spectrum shape is not sensitive to the choic
Vb . In model calculations presented below we take, as
Refs.@14,26,27#!, Vb53V0.

In the numerical calculations, theURQMD ~version 1.2! is
run in two modes, the mean field mode without Pauli pote
tial (UrQMD/M1) and the one which incorporates the who
mean field ~with Pauli potential! (UrQMD/M2). In both
modes, the prefragments together with their excitation en
gies are identified at 100 fm/c.
0-3
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FIG. 2. ~Color online! The experimental~error bars! neutron double-differential cross sections as a function of neutron kinetic en
(En) for p1Al ~left!, Fe ~middle!, and Zr ~right! interactions at 1.2 GeV in the angular interval from 0° to 160°, as compare
UrQMD/M1 calculations. Solid histograms denote calculations without clusterization. Dot dashed histograms denote calculati
clusterization. For clarity, only the histograms and the data for the smallest angle are given in absolute value. The other ones h
multiplied by 1022, 1024, . . . , for other angles in increasing order.
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III. RESULTS AND DISCUSSION

In this section, we display the predictions of the UrQM
model along with the recent measurements@21# of double-
differential neutron production cross sections as a function
En at various angular intervals from 0° to 160° forp1Al,
Fe, and Zr at 1.2 GeV.

The measured energy spectra~see Figs. 2, 4, and 6! show
that at 0° two prominent peaks appear. These two peaks
less pronounced at 10° and are insignificant at 25°
larger. In addition to these two peaks, it seems that two c
ponents exist for all of the spectra: one is a shoulder be
En;10 MeV, the other is a wide peak extending up to a f
hundred MeV. The energy spectra belowEn;10 MeV show
an almost identical shape for all of the spectra. These
energy neutrons could be attributed to evaporation from
get residues through the equilibration process. The o
component becomes less pronounced with increasing an
This component may reflect the nonequilibrium process.
note that the three components exist for all spallation re
tions induced by an intermediate energy~around 1 GeV! pro-
ton on various targets@17,21#. Below we are going to inves
tigate these three components by employing the UrQM
model with a statistical decay model. We performed 10 0
simulations at various impact parameters from 0 toR10.5
fm, whereR is the target radius given by Eq.~5!. It should be
mentioned that the transport in the target (3-cm thick for
Fe, and Zr! is not evaluated here. This amounts to roughl
constant shift of the curves in the semi-logarithmic plo
shown in Fig. 2 and similar ones toward low energies. Ho
ever, due to the smooth variation of the curves and the sc
this correction would not be visible.

In Fig. 2 we compare the UrQMD/M1 calculations with-
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out ~solid histograms! and with ~dot-dashed histograms!
clusterization along with the whole experimental neutr
spectra. The former calculations show a broad maximum
En;3 –10 MeV and then a fast decrease with increasingEn

up to En;100 MeV, in all angular intervals for all studie
interactions. As one can see, this maximum is counted in
UrQMD/M1 calculations~with clusterization! as a collec-
tion of individual nucleons, which is disregarded in the sta
dard UrQMD approach. The importance of clusterization
creases when both the mass of the target system and
observed angle increase. The figure also shows that
UrQMD/M1 calculations~dot-dashed histograms! well fits
the experimental spectra aboveEn;6, 8, and 13 MeV for
p1Al, Fe, and Zr, respectively, which directly reflects th
multiple scattering picture and/or the nonequilibrium proce
included in the UrQMD model.

The lower part of the neutron energy spectrum~below
En56, 8, and 13 MeV) can be treated by coupling t
UrQMD/M1 with a statistical decay model. Among the st
tistical models, the SE and SM models are frequently
plied. The former is used for an analysis of (p, xn) reactions
~Refs.@16–18#!, while the latter for the description of exper
mental data on fragment production~Refs.@26,27#!. The se-
quential emission of particles by evaporation from the co
pound nucleus or its fission are the basic deexcitat
mechanisms of the SE model. Within the SM model, t
decay process is considered as a simultaneous break-u
the system into nucleons and fragments which later unde
secondary breakup~for A,16) or evaporation~for A.16).
It would be interesting to study the effect of the differe
decay models on the neutron spectra in order to test t
validity and understand their difference, using always
0-4
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same UrQMD(/M1) model. In order to compare these tw
decay models precisely, the evaporational process of the
model was simulated by the same algorithm used in the
model. In the following, the UrQMD/M1 calculations after
SE and SM models are denoted as ‘‘UrQMD/M11SE’’ and
‘‘UrQMD 1SM, ’’ respectively.

Before going any further, it is of interest to look at th
excitation energy distribution of prefragments obtained w
UrQMD/M1 calculations. This is shown in Fig. 3 for a
studied interactions. As seen from the figure, the excita
energy spectrum of the prefragments extends from the m
mal values up toe* ;10 MeV/nucleon. Therefore, the prod
ucts of both decay mechanisms, the evaporation and f
mentation, should be present in proton-nucleus reaction
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FIG. 3. ~Color online! Calculated excitation energy distribution
of prefragments after the UrQMD/M1 initiated by a proton on Al
~solid circles!, Fe ~solid squares!, and Zr ~solid triangles! at 1.2
GeV. The lines are the best fit to the results.
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similar conclusion has been obtained in Ref.@14#, for p
1Ag interactions.

In Fig. 4 we compare both the UrQMD/M11SM ~thin
solid histograms! and UrQMD/M11SE~dashed histograms!
calculations with the experimental neutron energy spectra
the studied interactions. In the case ofp1Al interactions,
both calculations can nicely describe the slow evapora
neutron spectra. However, lesser emission of slow neutr
is followed in UrQMD/M11SM compared to
UrQMD/M11SE. As forp1Fe (p1Zr) interactions lesser
emission of slow neutrons is observed in UrQMD/M1
1SM compared to UrQMD/M11SE atu<25°, especially
at En>9 MeV. Starting atu.25°, UrQMD/M11SM gen-
erates a slight~large! excess of slow neutrons compared
UrQMD1SE for p1Fe (p1Zr) interactions.

These results can tentatively be explained by investiga
Fig. 5. At small scattering angles (u<25°) ~peripheral inter-
actions! large Fe and Zr prefragments are mostly produc
with ^e* &,3 MeV/nucleon. At such excitation energies th
successive emission of particles by evaporation from
compound nucleus or its fission are the basic deexcita
mechanisms. In this case the UrQMD/M11SE should yield
more slow neutrons than UrQMD/M11SM, as shown in
Fig. 4. At large scattering angles (u.25°) ~semicentral and
central interactions! the Fe and Zr nuclei may break int
medium and large prefragments (A/3,^A0&,A) which ac-
quire, according to Fig. 5, an excitation energy ranging
different ^A0& from 3 to 6 MeV/nucleon. In this excitation
energy range, UrQMD/M11SM becomes more effective in
producing more slow neutrons compared to UrQMD/M1
1SE, since the SM model breaks the Fe and Zr prefr
ments into many hot fragments withA>16 which later en-
hance the number of slow neutrons through evaporation.
the other hand, forp1Al interactions the main role is playe
n
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FIG. 4. ~Color online! Same as Fig. 2, but here the thin solid and small dashed histograms denote the UrQMD/M11SM and
UrQMD/M11SE calculations, respectively. The thick solid histograms denote the UrQMD/M11SM calculations without meson-meso
and meson-baryon interactions.
0-5



-

e

y
d

m
de
th

te
w

ry
rio

n

d
le
he

s

of
ck-
on

ue

las-
ard

ess,
es

is
ted

of

eu-
pro-
w-
nd

o-
on

ons
ard
ak,

ns.
r-

n in
-

size
d to
D
ear
la-

to
-
u-

ted

D
n-

on
de-
el
mea-
in-

n

KHALED ABDEL-WAGED PHYSICAL REVIEW C 67, 064610 ~2003!
by the compound nucleus mechanism~sequential evapora
tion! at all angular intervals, as most of theA0>16 prefrag-
ments are produced with a narrow range of^e* & of about
3 MeV/nucleon@see Fig. 5~b!#.

One may also notice that the evaporation part of the sp
tra slightly deteriorates as the angle is decreasing forp1Fe
and Zr interactions: the predicted slope has a tendenc
become too small compared to the data. We found from
tailed comparison of the calculations that the underesti
tion of slow evaporated neutrons in the above decay mo
is due to either a too large predicted excitation energy in
UrQMD/M1 model or a too small level density parame
used in the SE model. This tendency of underestimation
also reported in Ref.@17# using the INCL4 model.

In Fig. 4, we additionally study the influence of seconda
interactions on the neutron spectra. Two different scena
are explored: UrQMD/M11SM calculations with the full
collision term ~thin lines! are contrasted by UrQMD/M1
1SM simulations with deactivated meson-meson a
meson-baryon interactions~thick lines!. Note that in the lat-
ter not only multiple baryon-baryon interactions are allowe
but also baryon-antibaryon annihilations are still possib
Calculations with and without rescattering coincide in t
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FIG. 5. ~Color online! The correlations between the excitatio
energy per nucleone* and the mass number of prefragmentsA0 for
the reactions under study.~a! The dependence of^A0& on e* . ~b!
The dependence of̂e* & on A0. The lines~a! and histograms~b!
denote the UrQMD/M1 calculations.
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forward angles (u,85°). However, in the backward angle
(u>85°) the calculation without rescattering~thick lines!
gives lower values in both the low and high energy parts
the neutron spectra for all studied interactions. At very ba
ward angles (u>130°), it has been reported that the Cugn
intranuclear cascade model~INCL! fails to reproduce the
neutron spectra for the studied interactions@21#. The under-
estimation of the backward angles in INCL model is thus d
to the insufficient treatment of meson-meson~baryon! inter-
actions mixed with soft interactions@Eqs.~4!#, which is natu-
rally included in the UrQMD/M1 formalism.

Finally, let us investigate the quasielastic and quasiine
tic processes seen at the high energy part of the most forw
angles for the interactions under study. In the former proc
the incident proton hits a neutron elastically, which leav
the nucleus without any further interaction@a single (p, n)
elastic scattering#. In the latter process, the incident proton
excited to aD resonance, whereas the neutron is still emit
without further interaction@a single (p, n) inelastic scatter-
ing#. This is illustrated by Fig. 6, which shows a closeup
this region. Here the UrQMD/M1 is contrasted by the
UrQMD/M2 ~with the full potential!. As one can see, the
intensity of the quasielastic peak, i.e., the bump in the n
tron energy spectrum close to the beam energy, is well re
duced at 0° and 10° by both calculations. One may, ho
ever, notice that the width of the intensity becomes wider a
closer to the data in the case of UrQMD/M2 compared to
UrQMD/M1. This may indicate the importance of the m
mentum dependent Pauli potential, by which the nucle
could be affected coherently by the surrounding nucle
when its momentum is drastically changed by the h
nucleon-nucleon scattering. As for the quasi-inelastic pe
i.e., the peak located at the beam energy minus; 300 MeV,
the agreement is less satisfactory at 0°, for both calculatio
The lack of yield of high energy neutrons at the most fo
ward angles seems to come from a too strong reinteractio
the UrQMD @ /M1(/M2)# model. There is, however, a ten
dency for the predictions to be better as both the target
and the angle increase. This may tentatively be ascribe
better and better conditions for the validity of the UrQM
@ /M1(/M2)# model. It can also be seen that there is no cl
difference between the results of different UrQMD calcu
tions in the quasi-inelastic region. This may be ascribed
the superposition of the single (p,n) inelastic scattering con
tribution with a background of multiple scattering contrib
tion.

It should be noted that the quality of the results presen
here see Refs.@17,21# for a comparison!, especially for the
quasielastic and inelastic peaks, is partly due to the UrQM
implementation of the differential cross section of i
mediumNN elastic scattering.

IV. SUMMARY AND CONCLUSIONS

The UrQMD model is supplemented with a clusterizati
procedure followed by a statistical decay model for the
scription of spallation reactions. Different UrQMD mod
scenarios are explored and tested against the recently
sured neutron double-differential cross sections in proton
0-6
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duced reactions on Al, Fe, and Zr at 1.2 GeV. From su
comparison, the following conclusions can be drawn.

Multiple scattering components@which correspond
roughly to the interval 20 MeV,Elab/2] are beautifully re-
produced by UrQMD with mean field~without pauli poten-
tial! for the investigated reactions in all angular intervals.

The introduction of mean field with momentum depe
dent Pauli interactions improves the description of quasie
tic peak.

Meson-meson and meson-baryon interactions affect b
the lower and higher energy parts of the neutron spectr
backward angles (u>85).

The statistical multifragmentation model~simultaneous
breakup! is much better suited for the description of the slo
evaporated neutron spectra for the reactions under stud
all angular intervals.

The main ingredients of the UrQMD model, which pr
duces the present results of the neutron spectra, are th
rametrization of elastic and inelastic elementary cross s
tions, the implementation of the angular distribution of i
mediumNN-elastic scattering process, and, finally, the ma
ng

A
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body dynamics. However, further possible improvements
the UrQMD model at intermediate energy are still need
First, it would be important to take the in-mediumD-relevant
differential cross sections into account, i.e., in the study
quasiinelastic peak, rather than to replace all relevant t
body processes with the differential cross section of
mediumNN-elastic scattering. Second, it would be intere
ing to use a self-consistent minimization~e.g., via a
Metropolis algorithm! of the energy of the initial nuclei us
ing the full Hamiltonian~with Pauli potential!, rather than
using the normal packing procedure.
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