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We have measured the double-differential cross sections for neutron production from C, Ne, and Ar projec-
tiles atE/A5290–600 MeV on C, Cu, and Pb targets. Neutron energies were measured at laboratory angles
between 5° and 80°. The measured neutron spectra have three components. At forward angles, a prominent
peak originating from the projectile-fragmentation process was observed. The velocity of neutrons correspond-
ing to the peak was about the same as that of the projectile. In addition to the peak, two components of
Maxwellian-shape distributions corresponding to the preequilibrium and equilibrium processes were observed.
By fitting with a moving-source model having three components, the neutron spectra were fairly well de-
scribed. The parameters obtained for each component are consistent with a picture of the projectile fragmen-
tation, preequilibrium, and equilibrium processes. By integrating the fitted functions with respect to the neutron
energies and solid angles, the angular distributions and total cross sections for the neutron production were
determined. The neutron spectra, angular distributions, and total cross sections were compared with those
calculated by the quantum molecular dynamics and heavy-ion codes. We found that neither of the codes could
reproduce the measured cross sections for all combinations of the projectiles and targets.

DOI: 10.1103/PhysRevC.64.054609 PACS number~s!: 25.70.Mn, 24.10.2i, 28.20.2v, 87.52.Ga
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I. INTRODUCTION

Due to the recent developments in accelerator technol
relativistic heavy-ion beams have become available. Ap
cations of these accelerators include medical treatmen
well as nuclear structure and reaction studies. Not only
primary beams directly used, but also radioactive nucl
beams, produced by fragmentation processes, are utili
The advent of radioactive nuclear beams has realized the
of unstable nuclei.

With increasing energy and intensity of the beams,
importance of radiation shielding has greatly increased
designing new facilities. Among the radiation hazards, n
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trons from heavy-ion reactions at high energies play a
role in the shielding design because of their large attenua
lengths in shielding materials. In designing radiation shie
ing, transport codes are used to estimate the production
transport of neutrons through shielding materials. Cross s
tions of neutron production used in these codes were c
pared with experimental data, such as Refs.@1–7#. Unfortu-
nately, these data were obtained by measurements w
heavy ions stopped in thick targets@1–7#. It is obvious, how-
ever, that the differential cross sections obtained using
targets are more suited for the purpose of direct compar
with models, because the codes calculate the cross sec
for each step of the collision. Although several measu
ments of cross sections have been reported@8–11#, cross
section data are scarce and no systematic data exist. Th
fore, cross section measurements are necessary for rigo
tests of these codes.

In this paper, we report systematic measurements
neutron-production cross sections from C, Ne, and Ar p
jectiles havingE/A5290–600 MeV on C, Cu, and Pb ta

ion
a

o,
©2001 The American Physical Society09-1



° a
r
ai
ag
to

m
th
on
er
a
ic

-
se

ts.

ca

1

ri-

llel
he
0 s,
very
the
vel,

the
to

live
er-
ore
and
nts
the

um
an
e
ick

til-
to

ctor.
and
eam
ni-
er of
ated

lla-
in

N7,
with

m
s
ron

de-
em-
ard

gles
is

Y. IWATA et al. PHYSICAL REVIEW C 64 054609
gets. Neutron-energy spectra were measured between 5
80°. The spectra could be reproduced by a moving-sou
model assuming three components; the model has been f
successful in describing inclusive energy spectra of fr
ments@12–15#. The three components may be attributed
projectile fragmentation, preequilibrium, and equilibriu
processes. By integrating fitted curves with respect to
neutron energy and solid angles, the angular distributi
and total cross sections for the neutron production w
evaluated. Furthermore, the measured spectra were comp
with those calculated by the quantum molecular dynam
~QMD! @16# or heavy-ion code~HIC! @17#. We found, as
reported in Refs.@9–11#, that neither of the model calcula
tions provided good agreement with the measured cross
tions for whole combinations of the projectiles and targe

II. EXPERIMENTAL PROCEDURES

The experiment was carried out at the Heavy Ion Medi
Accelerator in Chiba~HIMAC ! facility of the National Insti-
tute of Radiological Sciences~NIRS!, Japan@18,19#. A sche-
matic drawing of the experimental setup is shown in Fig.
Heavy ions of C, Ne, and Ar were accelerated toE/A
5290–600 MeV by HIMAC and transported to an expe

FIG. 1. Schematic drawing of the experimental setup.
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ment room by the high-energy beam transport~HEBT! sys-
tem. The HEBT system provided an approximately para
beam with a spot size of a few millimeter in diameter on t
target. A pulsed beam, whose time duration was 0.6–1.
dependent on ion species and energies, was delivered e
3.3 s. In order to reduce the pileup events and to keep
dead time of the data-acquisition system at a tolerable le
the beam intensity was kept at a few times 104– 105 particles
per pulse. The live time was determined by the ratio of
number of events recorded in the data-acquisition system
the number of events counted by the scaler modules. The
time was about 80–90% during the experiment. Furth
more, events in which the trigger detector was fired m
than once within the coincidence between the projectile
neutron were excluded in the offline analysis. These eve
were less than 10% of the total events, depending on
beam intensity.

As shown in Fig. 1, the beam emerged from a vacu
beam line of the HEBT system, passing through
100-mm-thick aluminum window. Before impinging on th
target, the beam traversed a trigger detector, 0.5 mm th
and 30 mm in diameter, made of an NE102A plastic scin
lator. The number of incident particles, which were used
normalize the cross sections, was counted by the dete
Downstream from the target, the beam traversed air
stopped at a beam dump placed about 20 m downstr
from the target in another shielded room. In order to mi
mize the background, the beam was focused on the cent
the beam dump by the set of quadrupole magnets loc
between the two shielded rooms as shown in Fig. 1.

The neutrons were measured by a NE213 liquid scinti
tor, whose container had a cylindrical shape of 127 mm
diameter and 127 mm in thickness. Seven detectors, N1–
were arranged at laboratory angles between 5° and 80°
respect to the beam direction. A veto detector, 127 m
3127 mm35 mm, made of NE102A plastic scintillator, wa
placed directly in front of each neutron detector. The neut
energies were determined by the time-of-flight~TOF!
method. While a good energy resolution is essential for
tectors placed at forward angles, sufficient statistics, i.e.,
ploying large solid angles, are more important at backw
angles. Therefore, the flight pathL was chosen to be 506 cm
at forward angles and was decreased as laboratory an
increased, as summarized in Table I. The flight path
TABLE I. Summary of the neutron detectors.

Detectors u ~deg! L ~cm! Energy resolutionDE/E ~%! for neutrons at
200 MeV 400 MeV 600 MeV

N1 5 506 7.75 10.7 13.8
N2 10 506 7.75 10.7 13.8
N3 20 456 8.60 11.8 14.4
N4 30 456 8.60 11.8 14.4
N5 40 406 9.66 13.3 17.3
N6 60 356 11.0 15.2 19.7
N7 80 306 12.8 17.7 22.9
9-2
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DOUBLE-DIFFERENTIAL CROSS SECTIONS FOR THE . . . PHYSICAL REVIEW C 64 054609
the distance from the target to the center of the liquid sc
tillator cell.

The TOF for each neutron was measured using the t
difference between signals from the trigger detector and n
tron detector. The time difference was digitized by a time-
digital converter and recorded event by event. The abso
time was determined by referring to the distribution
promptg rays produced by beam particles striking the targ
The time resolutionDt was estimated from the width of th
g-ray peak and found to be approximately 1 ns in full wid
at half maximum. WithDt and the thickness of the neutro
detector,DL5127 mm, the energy resolution was estimat
to be

DEn

En
5

En1Mn

En

b2

12b2
AS DL

L D 2

1S Dt

t D 2

, ~1!

whereEn and Mn are the kinetic energy and rest mass o
neutron, respectively. The energy resolutions, calculated
ing Eq. ~1! for 200, 400, and 600 MeV neutrons, are show
in Table I.

The target thickness was chosen so that the energy lo
the beam in the target would be 5 –10 %, as summarize
Table II. An exception was the set of targets used for the
beam atE/A5400 MeV; the targets were relatively thick
corresponding to energy losses of 11–22 %.

Background events originating from charged partic
were excluded using the data from the veto detectors. E
NE213 liquid scintillator detector had the capability
neutron/g discrimination via difference in pulse shape. T
total and slow components of the pulse from each photom
tiplier of the neutron detector were measured by a cha
integrating analog-to-digital converter~QDC!. Figure 2
shows a plot of the charge-integrated total pulseQtot vs the
slow componentQslow. We can clearly distinguish neutron
andg rays aboveQtot51 MeV in electron-equivalent energ
~MeVee!. The pulse-height threshold of the electronics w
set to small values, approximately 1 MeVee for N1 throu
N3 and 0.5 MeVee for the others. In an off-line analysis,
adopted a threshold of 4 MeVee for N1 through N3 and
MeVee for the others.

Two shadow bars made of iron, 15315 cm2 and 60 cm
long, were placed in front of two of the neutron detectors
order to estimate background neutrons, such as ro

TABLE II. Summary of the beams and targets used in the
periment.

Beam Thickness (g/cm2)
~MeV! C target Cu target Pb target

C at E/A5290 1.80 4.47 2.27
C at E/A5400 9.00 13.4 9.08
Ne atE/A5400 1.80 4.47 2.27
Ne atE/A5600 3.60 4.47 4.54
Ar at E/A5400 0.720 1.34 1.70
Ar at E/A5560 1.08 1.79 2.27
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scattered neutrons. Since the thickness of the shadow ba
sufficient to attenuate neutrons coming directly from the t
get, all of the neutrons measured with the shadow bar
place are considered as backgrounds. The contribution f
background neutrons was subtracted in an off-line analy
The shadow bars were moved periodically to the fronts
different detectors during the experiment, such that ba
ground data were obtained for all of the detectors.

The detection efficiency was calculated by a Monte Ca
simulation code@20#. Figure 3 shows the detection efficien
cies calculated as functions of the neutron energiesEn . The
solid and dashed curves correspond to the results with pu
height thresholdsEth of 1 MeVee and 4 MeVee, respectivel
which were the values used in the present analysis. Whi
difference between two curves is noticeable aroundEn
510 MeV, it is rather small aboveEn5100 MeV.

-

FIG. 2. Plot of the total pulseQtot versus the slow componen
Qslow. The abscissa employs electron equivalent energy~MeVee!. A
clear difference is observed aboveQtot51 MeVee.

FIG. 3. Calculated detection efficiency as a function of the n
tron energiesEn . The solid and dashed curves correspond to
results for pulse-height thresholdsEth of 1 MeVee and 4 MeVee,
respectively.
9-3
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III. EXPERIMENTAL RESULTS

A. Double-differential cross sections

The double-differential cross sections are shown by sy
bols in Figs. 4–9 as functions of the neutron energies m
sured in the laboratory frame. The energy spectra meas
at 5° show a prominent peak. This peak is less pronounce
10° and is insignificant at 20° and larger. The velocity of t
neutrons corresponding to the peak is approximately
same as that of the projectile. Thus, the origin of neutr
corresponding to the peak seems to be from the projec
fragmentation process. In addition to the peak from proj
tilelike neutrons, it seems that two components exist for
of the spectra: one is a shoulder belowEn520 MeV; the
other is a wide peak extending up to a few hundreds M
The energy spectra belowEn520 MeV show an almos
identical shape and cross sections for all of the spectra. S
these neutrons have an isotropic distribution in the labora
frame, they could be attributed to evaporation from tar
residues through the equilibrium process. The other com
nent becomes less pronounced with increasing angles.
component may reflect the preequilibrium process. We
ticed that the three components exist for all combinations
the targets and projectiles.

The error bars in Figs. 4–9 include statistical uncertai
only. The major sources of the systematic uncertainty
classified as follows:~1! uncertainty of the target thicknes
~2! attenuation of neutrons in the target and in the air;~3!
uncertainty of the calculated detection efficiency; and~4!

FIG. 4. Double-differential cross sections for the C beam
E/A5290 MeV. The targets are~a! C, ~b! Cu, and~c! Pb. The solid
curves show the results calculated by the moving-source mo
The dashed and dot-dashed curves show the results of the QMD
HIC calculations, respectively.
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neutrons produced in the aluminum window, the trigger d
tector, and the air.

The densities of the targets were determined from the
and mass. Measurements of several samples revealed th
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FIG. 5. Double-differential cross sections for the C beam
E/A5400 MeV. See caption of Fig. 4.

FIG. 6. Double-differential cross sections for the Ne beam
E/A5400 MeV. See caption of Fig. 4.
9-4



%
Th
it

n

ted
air
tec-

de-
m

, a
am
a-
ield
ter-
her

ing

d a
ry
tri-
ea-

By
the

a

a

at

DOUBLE-DIFFERENTIAL CROSS SECTIONS FOR THE . . . PHYSICAL REVIEW C 64 054609
uncertainty in the target thickness was about 6.8%, 2.5
and 4.6% for the C, Cu, and Pb targets, respectively.
attenuation lengths, which are constant for neutrons w
En>100 MeV, are about 37, 16, and 18 cm for C, Cu, a

FIG. 7. Double-differential cross sections for the C beam
E/A5600 MeV. See caption of Fig. 4.

FIG. 8. Double-differential cross sections for the Ar beam
E/A5400 MeV. See caption of Fig. 4.
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Pb, respectively. The attenuation of neutrons was calcula
by using these values. The attenuation is negligible in the
compared to the target. Whereas the uncertainty of the de
tion efficiency is estimated to be about 4% in Ref.@20#, a
recent report showed that the uncertainty is about 10%@21#.
We employed a value of 10% as the uncertainty of the
tection efficiency in the present analysis. Contribution fro
neutrons produced in the 100-mm-thick aluminum window,
the 0.5-mm-thick trigger detector, and 6 m of air is notneg-
ligible. To estimate the contribution of these materials
measurement without a target was carried out for an Ar be
at E/A5560 MeV. We estimated the contributions for me
surements other than the Ar beam by assuming that the y
of the neutrons from materials other than the target is de
mined by the ratio of the thickness of the target and ot
materials.

IV. DISCUSSION

A. Moving-source model

A moving-source model has been successful in describ
inclusive spectra of fragments from heavy-ion reactions@12–
15#. The model assumes that a set of nucleons, name
source, is moving with some velocity in the laborato
frame, and is emitting nucleons or fragments having a dis
bution that can be characterized by a temperature. The m
sured fragment spectra in the center-of-mass frame~c.m.! of
the source was taken to be a Maxwellian distribution.
fitting to the spectra, the temperature and velocity of
source can be inferred.

t

t

FIG. 9. Double-differential cross sections for the Ar beam
E/A5560 MeV. See caption of Fig. 4.
9-5
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TABLE III. Parameters obtained by the fit with the moving-source model.

Beam Target Projectile fragmentation Preequilibrium Equilibrium
~MeV! s ~MeV/c! b t ~MeV! b t ~MeV! b

C 75.361.1 0.61560.012 46.561.1 0.36260.056 3.6160.49 0.059760.0107
C at E/A5290 Cu 81.461.4 0.59660.013 47.360.8 0.29260.054 3.7460.19 0.15660.044

Pb 81.361.7 0.59460.016 42.461.1 0.22560.082 3.5460.17 0.0025160.00431
C 84.160.8 0.69060.007 57.060.6 0.33360.004 5.0260.33 0.031460.0040

C at E/A5400 Cu 86.161.1 0.68460.001 53.860.5 0.26860.003 3.6460.08 0.021060.0015
Pb 11263 0.66860.002 48.060.5 0.19660.003 3.6060.04 0.010560.0009
C 85.061.4 0.70160.001 63.061.1 0.42760.005 7.5660.67 0.042660.0139

Ne atE/A5400 Cu 98.962.2 0.68960.002 62.160.9 0.32860.005 3.8660.22 0.022260.0039
Pb 11163 0.67660.003 55.361.3 0.26960.008 4.1260.16 0.010660.0034
C 10961 0.79660.001 87.962.1 0.43660.010 9.9860.82 0.0010060.01572

Ne atE/A5600 Cu 11462 0.79060.001 82.161.7 0.37860.007 6.9860.43 0.031360.0068
Pb 13163 0.78160.002 74.461.7 0.30360.008 5.5760.18 0.023760.0036
C 73.760.4 0.70660.000 67.361.9 0.41660.008 4.4960.25 0.069660.0041

Ar at E/A5400 Cu 76.260.5 0.70260.001 69.061.4 0.37860.006 6.2960.43 0.014060.0091
Pb 78.960.7 0.70160.001 64.861.2 0.34160.006 7.0160.25 0.0093960.00451
C 11761 0.78460.001 86.363.2 0.46360.0125 1.4960.17 0.019860.0045

Ar at E/A5560 Cu 12361 0.78560.001 79.561.6 0.43260.008 5.5660.21 0.063360.0043
Pb 13662 0.77560.001 80.361.6 0.35960.008 6.8760.25 0.0091560.00449
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Since the measured spectra exhibit three component
mentioned previously, we assumed three kinds of sour
These are the projectile fragmentation, preequilibrium, a
equilibrium processes. By assuming the Serber model@22# or
sudden approximation, the prominent peak at forward an
is related to the internal motion of the nuclei and the proc
of projectile fragmentation. Therefore, we employed
Gaussian function to express the momentum distribution
neutrons from this process

d2s

pc
2dpcdVc

5Ne2pc
2/2s2

, ~2!

wherepc is the momentum of a neutron measured in the c
of the source ands is a width parameter. On the other han
the momentum distribution of the equilibrium and preeq
librium processes were assumed to have Maxwellian sha

d2s

pc
2dpcdVc

5N~2pmt!23/2e2pc
2/2mt, ~3!

wheret is the source temperature andm is the mass of a free
nucleon. Using the above quantities, one obtains the en
distribution in the laboratory frame as

d2s

dEndV
5pEc

d2s

pc
2dpcdVc

, ~4!

wherep is the neutron momentum measured in the labo
tory frame andEc is the total energy in the c.m. expressed

Ec5g~E2bp cosu!. ~5!
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Here, u is the laboratory angle,b is the velocity of the
source, andg51/A12b2.

The measured neutron spectra were fitted with Eqs.~2!–
~5!. The obtained parameters are summarized in Table
and the calculated results are shown by the solid curve
Figs. 4–9. The measured spectra were fairly well rep
duced.

The width parameters in Eq. ~2! ranges from 70–140
MeV/c depending on the combination of the target and p
jectile. Since the value ofs corresponds to a single Cartesia
component of the three momentum, one obtainss25^p2&/3.
This relates to the known Fermi motion,PF , as PF

2

55^p2&/3. Thus, we found that the obtained widths are co
sistent with the measured Fermi motion@23#. Velocity b of
this component is almost the same as that of the projec
and is independent of the target mass. These features
consistent with a picture that this component can be att
uted to the projectile-fragmentation process.

The temperature of the preequilibrium component
creases with increasing projectile energies and mass.
tendency is also reported in Refs.@13,24#. The velocity is
roughly one-half of the beam velocity for the C target, a
decreases to about one-third for the Pb target. This sugg
that the mass of a source corresponding to the preequilibr
process increases with increasing target mass.

On the other hand, the temperature of the equilibriu
component is less than 10 MeV. In addition, the velocity
this component is close to zero. Thus, this componen
attributed to neutrons evaporated from an excited target r
due.

Having integrated the functiond2s/dEndV of the
moving-source model with respect to the neutron ene
above 10 MeV, we obtained angular distributionsds/dV as
9-6
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DOUBLE-DIFFERENTIAL CROSS SECTIONS FOR THE . . . PHYSICAL REVIEW C 64 054609
shown in Fig. 10. The circles, diamonds, and squares in
figure representds/dV for the C, Cu, and Pb targets, respe
tively. The error bars include the statistical and system
uncertainties. A major source of the uncertainties at forw
direction originates from the contribution of neutrons pr
duced in the aluminum window, trigger detector and air; t
contribution was estimated to be about 10–50 % at 5°,
pending on the target and projectile, and was almost ne

FIG. 10. Angular distributionsds/dV as functions of the labo-
ratory angle u for ~a! C at E/A5290 MeV, ~b! C at E/A
5400 MeV, ~c! Ne atE/A5400 MeV, ~d! Ne atE/A5600 MeV,
~e! Ar at E/A5400 MeV, and ~f! Ar at E/A5560 MeV. The
circles, diamonds, and squares correspond to theds/dV for the C,
Cu, and Pb targets, respectively. The results calculated by the Q
code and HIC are shown by the dashed and dot-dashed cu
respectively. The error bars include the statistic and systematic
certainties.
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gible at backward angles as shown by the error bars in
10. The angular distributions show an exponential behav
as observed in similar measurements@10,11#. To determine
the total cross sectionss tot , the angular distributions were
integrated with respect to the solid angleV. Due to limited
coverage of the detection angle, the integration was m
between 5° and 80° in polar anglesu. The integrated cross
sections,s(5°<u<80°), as functions of the target mas
numbers are summarized in Table IV and plotted in Fig.
The integrated cross sections for the C beam atE/A
5400 MeV are smaller than those atE/A5290 MeV. The
difference can be explained by appreciable attenuation
neutrons in the target because of the relatively thick tar
used atE/A5400 MeV. For all projectiles, the integrate
cross sections clearly depend on the projectile or target m
but are less dependent on projectile energies. The integra
of the cross sections was extrapolated to cover the en
solid angles using the fitted functions. The total cross s
tionss tot integrated with respect to the neutron energy abo
10 MeV and the entire solid angles are listed in Table I
The total cross sectionss tot are larger by 10–20 % than th
integrated cross sections,s(5°<u<80°).

The neutron multiplicity forEn>10 MeV was estimated
by dividing the total cross sections tot by the geometric cross
section sg of the respective projectile-target system. T
geometric cross section was calculated assg5p(RP1RT)2,
whereRP andRT are the radii of the projectile and the targ
nuclei, respectively. The radius was assumed to beR
51.2A1/3. The obtained values of the multiplicities are sum
marized in Table V. The multiplicities increase with the pr
jectile or target mass. In particular, they are approximat
proportional to the projectile mass.

B. Comparison with the QMD code and HIC

The measured neutron spectrad2s/dEndV were com-
pared with those calculated by the QMD code@16# and HIC
@17#. Similar comparisons were reported for Nb on Nb
E/A5800 MeV @10#, Au on Au atE/A5800 MeV @10#, and
Ne on Pb atE/A5790 MeV @11#. It was reported that none
of these codes could reproduce an overall agreement with
measured differential cross sections.

The QMD is a quantum extension of the classic
molecular-dynamics model. In the model, each nucleon s

D
es,
n-
TABLE IV. Integrated cross sectionss(5°<u<80°) and total cross sectionss tot for neutrons withEn>10 MeV. The errors include the
statistic and systematic uncertainties.

Cross sectionss ~b!

Beam C target Cu target Pb target
~MeV! s(5°<u<80°) s tot s(5°<u<80°) s tot s(5°<u<80°) s tot

C at E/A5290 1.8620.42
10.29 2.1320.48

10.33 6.0821.13
10.86 7.3221.37

11.04 22.126.7
13.3 29.128.8

14.3

C at E/A5400 1.4320.37
10.36 1.6820.43

10.42 6.0821.25
11.20 7.0621.55

11.49 17.023.0
12.7 23.824.2

13.8

Ne atE/A5400 4.3720.98
10.68 5.0721.14

10.79 15.822.8
12.3 18.723.4

12.7 52.8214.2
17.4 67.0218.0

19.4

Ne atE/A5600 3.7420.70
10.62 4.6220.86

10.76 18.723.2
12.6 22.924.0

13.2 57.2210.9
18.0 74.0214.1

110.4

Ar at E/A5400 10.724.1
11.7 14.425.6

12.3 37.0211.9
15.1 48.0215.4

16.6 96.9231.6
113.7 130242

118

Ar at E/A5560 9.6023.19
11.57 11.923.9

11.9 49.0212.4
16.4 56.6214.3

17.4 102227
114 131235

118
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is described by a Gaussian wave function, and the time e
lution of the A-body phase-space distribution is calculate
The QMD calculation code used here consisted of two pa
the QMD and the statistical decay model~SDM!. The QMD
simulation yields many nucleons and clusters. Then, the c
switches to the SDM simulation that describes the statist
decay of the excited clusters. A detailed description of

TABLE V. Neutron multiplicitiess tot /sg for the neutrons with
En>10 MeV.

Beam Multiplicities
~Mev! C target Cu target Pb target

C at E/A5290 2.2 4.1 9.5
C at E/A5400 1.8 3.9 7.8
Ne atE/A5400 4.5 7.7 20
Ne atE/A5600 4.1 9.2 22
Ar at E/A5400 9.8 19 33
Ar at E/A5560 8.1 23 33

FIG. 11. Integrated cross sectionss(5°<u<80°), as functions
of the target mass numbers for~a! C at E/A5290 MeV, ~b! C at
E/A5400 MeV, ~c! Ne at E/A5400 MeV, ~d! Ne at E/A
5600 MeV, ~e! Ar at E/A5400 MeV, and ~f! Ar at E/A
5560 MeV. The results calculated by the QMD code and HIC
shown by the dashed and dot-dashed curves, respectively. The
bars include the statistic and systematical uncertainties.
05460
o-
.
s:

de
al
e

models is given elsewhere@25#. The HIC is a Monte Carlo
code that calculates the transitions between continuum s
in projectile and target nuclei. The model treats a heavy-
collision as the interaction of two nuclei, expressed by
Fermi-gas model, passing through each other. During
overlap of two nuclei, cascade collisions take place, wh
result in the emission of free nucleons. The remaining pa
are highly excited and emit evaporation particles. When th
loose too much excitation energy to emit any remaining p
ticles, the reaction is considered to be completed.

The neutron spectra calculated by the QMD code and H
are shown by the dashed and dot-dashed curves, respect
in Figs. 4–9. We found that the cross sections measure
the forward angles noticeably disagree with those calcula
The agreement becomes rather good as the laboratory a
increases. By integrating the calculated neutron spectra
respect to the neutron energy, one obtains the angular d
butions. The angular distributions calculated by the QM
code and HIC are shown by the dashed and dot-das
curves in Fig. 10. To make a quantitative comparison
tween the measured and calculated cross sections, we d
the ratio R as R5@(ds/dV)m2(ds/dV)c#/(ds/dV)m ,
wherem andc refer to the measured and calculatedds/dV,
respectively. The ratiosR are plotted in Figs. 12 and 13 fo
the QMD code and HIC, respectively, as functions of lab
ratory angles. The QMD calculation underestimates the m
sured cross sections at the forward angles, namely, 5°
10°, for all projectiles. For the C beam atE/A5290 MeV,
the calculatedds/dV from 20°–80° agree with the mea
sured one within 30%. An overestimation for the C beam
E/A5400 MeV has an origin in small measured cross s
tions due to the thick target used in this case. For the Ne
Ar beams, the QMD code underestimates the measured
by 30–50 % for all angles. This tendency of underestim
tion was also reported in Ref.@11#. In contrast to the QMD
code, the agreement of the HIC is rather good for the Ne
Ar beams. However, the disagreement is significant for th
beam.

The total cross sections calculated by the QMD code
HIC are displayed by the dashed and dot-dashed curve
Fig. 11, respectively. Although the QMD code reproduces
measured cross sections for the C beam, it underestim
those for the Ne and Ar beams. On the other hand, the ag
ment of the HIC with the measured cross sections is good
the heavy projectiles and targets, and is poor for light on
This tendency is also reported in Ref.@7#.

V. SUMMARY

We have carried out a systematic measurement of
double-differential cross sections for the neutron producti
The neutron spectra measured at forward angles hav
prominent peak originating from the projectile-fragmentati
process. The spectra at backward angles have two com
nents that are attributable to the preequilibrium and equi
rium processes. The neutron spectra were fairly well
scribed by a moving-source model with those compone
The parameters obtained by the fit were consistent w
known pictures of projectile fragmentation, preequilibriu

e
rror
9-8
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and equilibrium processes. By integrating the fitted functio
with respect to the neutron energies and solid angles,
angular distributions and total cross sections were de
mined forEn>10 MeV.

The measured spectra, angular distributions and t
cross sections were compared with those calculated by
QMD code and HIC. The QMD code roughly reproduced t
measured cross sections for C beams. However, it under
mated them for the heavier projectiles by 30–50 %, such
Ne and Ar. On the other hand, the agreement of HIC with
measured cross sections was rather good for heavier pr
tiles and targets. Neither of the codes could reproduce

FIG. 12. RatiosR calculated by the QMD code for~a! C at
E/A5290 MeV, ~b! C at E/A5400 MeV, ~c! Ne at E/A
5400 MeV, ~d! Ne atE/A5600 MeV, ~e! Ar at E/A5400 MeV,
and ~f! Ar at E/A5560 MeV. The filled circles, open diamond
and open squares show the ratios for the C, Cu, and Pb tar
respectively.
.
ev

l,
e
t-
ev

05460
s
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c-
e

measured cross sections for all combinations of the pro
tiles and targets.
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