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Neutron production in coincidence with fragments from the 40Ca 1 H reaction
at E lab5357A and 565A MeV
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Neutron production, in coincidence with fragments emitted in the40Ca1H reaction atElab5357A and
565A MeV, has been measured using a 3-module version of the multifunctional neutron spectrometer
MUFFINS. The mean neutron multiplicities for neutrons detected in the angular range covered by MUFFINS
(0°23.2°) have been estimated from the comparison between the neutron cross sections, in coincidence with
the fragments, and the elemental cross sections. We have found evidence for a preequilibrium emission of
prompt neutrons in superposition to a ‘‘slower’’ deexcitation of the equilibrated remnant by emission of
nucleons and fragments, as already seen in inclusive rapidity distributions. The energy dependence of the
inclusive neutron production cross sections, measured in a previous work, is here interpreted as due to the
stronger neutron focusing in the forward direction at the higher energy. Comparison with a BNV1phase space
coalescence model is discussed.@S0556-2813~99!01101-2#

PACS number~s!: 25.75.2q, 29.40.Mc
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I. INTRODUCTION

Fragmentation processes in nuclear collisions at inter
diate energies are currently among the most widely stud
topics both from an experimental and a theoretical point
view. They are not only essential tools for studies of t
nuclear equation of state~EOS! @1–5# but are also of grea
interest in astrophysics@6,7#.

Actually, fragment excitation functions for proton-nucle
interactions in the 1 to 20 GeV range suggested that fr
mentation, in this energy range@8,9#, is the result of a two-
step process. The formation of the remnant occurs in a
step involving prompt particle emission while the breakup
the remnant~or its decay! occurs in a slower second step.
recent years, further progress has been made possible b
clusive studies of multifragmentation~MF! @10,11#. For ex-
ample, the EOS Collaboration studied the MF of 1A GeV
gold on carbon@11# and was able to show that following it
formation in a prompt preequilibrium step, the remnant u
dergoes equilibration prior to its breakup. Thus, collisio
between ‘‘large’’ and ‘‘small’’ nuclei seem very interesting
at least in this energy range.

The TRANSPORT Collaboration was formed to acco
plish an accurate systematic measurement of the cross
tions for the interaction of the heavy ions, expected to
found in primary galactic cosmic rays, with targets of t
most abundant nuclei found in the interstellar medium, t
is, H and He@12–15#. The aim of this systematic study is t
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build a sufficiently large database of cross sections to c
brate and refine the transport models that attempt to re
the primary composition of the cosmic rays at their galac
source to the modified composition observed on or near
Earth. In addition to the main motivations of the TRANS
PORT Collaboration, the reaction mechanism in itself a
the properties of the nuclear matter in nucleus-proton co
sions are worth studying.

Finally, while charged particle emission has been ext
sively studied, neutron emission has received lesser at
tion, mainly due to the technical difficulties inherent to th
detection of neutral particles@16–20#, which on the other
hand seems quite interesting just because of the insensit
of neutrons to the Coulomb field. Therefore the neutron
tection in nuclear collisions from intermediate to relativis
energies looks a very promising source of interesting ph
ics.

We have studied the reaction40Ca1H at 565A and
357A MeV. To detect neutrons and measure their ene
spectra, angular distributions and multiplicities we design
and built a completely new-concept modular neutron sp
trometer, called MUFFINS~multifunctional neutron spec
trometer! @21,22#.

We have published the energy spectra, angular and ra
ity distributions, and total inclusive cross sections for ne
trons emitted in the collision. Some interesting insights
the reaction mechanism have been obtained by looking a
rapidity distributions@23#.
233 ©1999 The American Physical Society



th
th

ls
ea
s
tio

ec

c
ac
am
-

m
th

tic
-
e
r

la
ge

in

th
fir
a
ll
t

ci
or
a
o

tic

n
-
M

pe

ri-
te
io

in
re

u-
th
o

e
r-

a
re

n
a

d-
he
si-
us

ffi-
e-

y
tails
ly-

ut
ub-
get
in
ve
ils
ck-
ce-

the

am
.
rge
o-
r-
ed

-

234 PRC 59C. TUVÈ et al.
In this paper we will present, for the same reaction,
neutron cross sections measured in coincidence with
fragment production@13,15#. Section II presents some detai
of the experimental setup and data analysis. Sec. III d
with the neutron production cross sections and include
discussion of the results. Conclusions are given in Sec
IV.

II. EXPERIMENTAL SETUP AND ANALYSIS PROCEDURE

The experiment was performed at the Heavy Ion Sp
trometer System~HISS! facility of the Lawrence Berkeley
National Laboratory. A low intensity~less than 2000 ions/se
typically! 40Ca201 beam was accelerated by the Bevalac
celerator. Two different energies of the calcium ion be
were used, 600A and 400A MeV. The complete experimen
tal setup is presented in Ref.@14# where all details can be
found.

The experimental apparatus was divided into subsyste
the beam detection system, the liquid hydrogen target,
HISS magnet, the downstream section for charged par
detection~drift chamber and TOF wall!, and the neutron de
tector. The beam detection system provided the experim
triggers, incoming particle vectors, beam counts, and cha
states. The target system, where the interaction takes p
contained liquid hydrogen condensed directly into a tar
vessel. The target thickness was 0.25460.004 g/cm2. The
energies of the beam at the target were 565A and
357A MeV, respectively, due to significant energy loss
the upstream detectors.

The fragment charge was measured immediately after
interaction by two post-target measuring detectors. The
one was a solid state detector~SSD!, the second one was
scintillator ~BV!. The HISS dipole magnet swept almost a
charged fragments into the downstream section where
charged particle detectors were located. Again all details
the downstream systems can be found in Ref.@14#.

The neutron detector MUFFINS was located on the in
dent beam line away from the charged particle detect
MUFFINS is a modular detector made of several individu
discs. For this measurement, it was comprised of three m
ules.

The MUFFINS modules are discs of NE102A plas
scintillator and are 1 m indiameter and 3 cm thick@21,22#.
Each disc, in the present measurements, was instrume
with five HAMAMATSU R1398 PMT’s, placed at the ver
tices of a regular pentagon around the disc edge. Each P
was coupled to the disc through a short cylindrical pers
light pipe.

The MUFFINS discs were arranged in a coaxial cylind
cal packet placed along the direction of the undeflec
beam, at 0°, 9 m downstream of the target. In this posit
the discs covered a 3.2° angular range around the beam
rection. This is a rather good geometrical acceptance, s
at relatively high incident energies, in reverse kinematics
action such as40Ca1H, nuclear fragments as well as ne
trons are likely to be emitted in a narrow cone about
direction of the incident beam. To determine the time
flight t0 and position coordinates (x,y) of each hit on the
MUFFINS discs we adopted the technique described in R
@21# which uses equations written in multiple elliptical coo
dinate systems~MECS!.
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Multiple hits in the MUFFINS discs are discarded by
cut on the position reconstruction error. Single hits a
taggedneutronsif no hit occurred in the preceding disc. I
fact, starting from the second disc, if a hit were due to
primary charged particle or to a secondary~neutral or
charged! particle, it would have been observed in the prece
ing disc as well. The first disc is used as a veto for t
primary charged particles. This will veto also neutrons
multaneously arriving onto the first disc of the detector, th
producing a lowering of the effective neutron detection e
ciency. For the three-module version of MUFFINS the r
sulting lowering in the efficiency was of the order of 3%.

An absolute time of flight calibration was obtained b
sending the Ca beam directly onto the discs. Further de
about the MUFFINS detector, its calibration and data ana
sis procedures are discussed in Ref.@23#.

For each run, data were collected both with and witho
liquid hydrogen in the vessel for a proper background s
traction in the neutron production cross section. The tar
correlated background~see, for example, the discussion
Ref. @24#! was not measured in this experiment. We ha
estimated its amount and found it negligible. Further deta
about thick target corrections and target correlated ba
ground, properly taken into account in the analysis pro
dure, are to be found in Ref.@23#.

We selected neutrons using both triggers available in
experiment, that is ‘‘interaction trigger’’@13,14#, which re-
moved most the uninteracted beam projectiles, and ‘‘be
trigger’’ @13,14#, which accepted mainly the beam charge

Neutrons were selected in coincidence with the cha
‘‘islands’’ seen in the scatter plots of the raw analog-t
digital converter~ADC! response for the two charge measu
ing detectors BV and SSD. A typical scatter plot obtain
using the interaction trigger, is shown in Fig. 1 for40Ca
projectiles with 565A MeV. The corresponding charge

FIG. 1. A typical scatter plot SSD ADC vs BV ADC for40Ca at
565A MeV.
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spectrum, with the same trigger, after a proper charge c
bration @13,15#, is shown in Fig. 2.

III. RESULTS

The neutron cross sections are reported in Table I. I
worthwhile to note that the cross section forZ520 is a mea-
sure of the neutron stripping cross section in the conside
reaction. In our case the number reported in Table I is
sum of the one- and two-neutron stripping contribution c
responding to the production ofA539 andA538 fragments,
respectively. At 565A MeV we have detected neutrons
coincidence with fragment charges in the range 20<Z<10,
while at 357A MeV the coincidence was taken with frag
ment charges in the range 18<Z<12, due to lower statistics

For Z<9 ~at 565A MeV) or Z<11 ~at 357A MeV) it
was impossible to identify the fragment charge@15#, as seen

FIG. 2. A charge histogram for40Ca at 565A MeV, with theZ
scale properly calibrated@13#.

TABLE I. Neutron cross sections~in coincidence with frag-
ments with chargeZ) for the 40Ca1 H reaction atElab5565A and
357A MeV.

Z sn,565A MeV @mb# ds @mb# sn,357A MeV @mb# ds @mb#

20 20.0 10.0
19 11.0 7.0
18 28.0 6.0 13.0 4.0
17 18.0 5.0 8.0 3.0
16 35.0 6.0 12.0 4.0
15 20.0 4.0 17.0 11.0
14 30.0 5.0 15.0 6.0
13 18.0 4.0 6.0 2.0
12 21.0 5.0 6.0 3.0
11 8.0 3.0
10 6.0 3.0
li-
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in Fig. 2 and, consequently, the neutron cross section in
incidence with these fragments. Those events, however
contribute to the total inclusive neutron cross section@23#.

The measured neutron cross sections are reported in
upper panels of Fig. 3 as a function ofZ for the two beam
energies. In the lower panels of Fig. 3 we report the cor
sponding elemental production cross sections for the s
reaction and energies@13,15#. Also reported in each panel o
Fig. 3 are the corresponding theoretical cross sections,
culated in the frame of the Boltzmann-Nordheim-Vlasov a
proach~BNV! @5,23,25#. A soft equation of state has bee
used with compressibilityK5200 MeV with a Skyrme type
density dependent mean field. The production of neutrons
coincidence with fragments with chargeZ, is taken into ac-
count, in the calculations, as a second step by means
phase-space coalescence calculation@25#. All calculations re-
ported in this paper use a coalescence radiusD53.5 fm and
D54.5 fm for neutron and fragment production, respe
tively. Additional details of the calculations can be found
Ref. @23#. The model shows only a qualitative agreeme
with the absolute cross section data. Due to the fact that
neutrons have been selected in coincidence with the cha
fragments emitted in the collision, the neutron cross secti
exhibit, as expected, the same trend as the elemental c
sections@13#, that is, a strong odd-even staggering attribu
to the internal nuclear structure of the emitted fragments

The experimental neutron production appears to be
small with respect to the number of free neutrons allowed
the size of the remnant fragment detected in coincidence.
have inferred the mean neutron multiplicityMn vs the rem-
nant charge through the ratios between neutron and elem
tal cross sectionsMn5sn/s frag, at the two beam energies. I
Fig. 4 we reportMn vs Zf .s frag has been obtained summin
up all isotopic cross sections of Table I of Ref.@15#, but
excluding, forZ517, 18, and 19, the case in which a fra
ment withN520 has been produced.

The mean neutron multiplicity shows an increasing tre
as Z decreases. Lower multiplicities are found at the low
energy. However, as it is possible to infere from the d
plotted in Fig. 4, the neutron multiplicity is always muc
smaller than the ‘‘missing neutrons,’’ defined as the num
of neutrons necessary to form a40Ca from the remnant. As
we are going to show, this ‘‘neutron defect’’ can be e
plained only by making the hypothesis that a preequilibriu
emission of prompt neutrons takes places in superpositio
a ‘‘slower’’ deexcitation of the equilibrated remnant b
emission of nucleons and fragments.

We cannot explain this observed ‘‘neutron defect’’ as d
to clustering of neutrons in light fragments, particularly f
the ones detected in coincidence with high-Z fragments, that
correspond to peripheral collision in which there are ve
few available nucleons, with unfavorable phase space co
tions, to allow the necessary rate of light fragment emissi
On the other hand, due to reverse kinematics, we exp
most of the neutrons emitted by the remnant, which trav
with a rapidity close to the beam rapidity, to enter the ge
metrical acceptance of MUFFINS. In fact, for a single sou
a simple maxwellian extrapolation of the neutronpt distribu-
tion given in Ref.@23# would predict that about 90% of th
produced neutrons fall within the acceptance of MUFFIN
As a matter of fact the experimentalpt slope corresponds to
a temperature of 1 MeV@23#, while it would be necessary a
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FIG. 3. Upper left panel: Mea-
sured neutron cross sectionssn

~asterisks! for the 40Ca1H reac-
tion at Elab5565A MeV, in
coincidence with charged frag
ments, compared with the BNV
1phase space coalescence mod
~circles joined by a solid line!.
Upper right panel: same forElab

5357A MeV. Lower panels: El-
emental production cross section
s frag ~asterisks! for the same reac-
tion and energies in compariso
with calculations ~circles joined
by the solid line!. Points at Z
520 are taken from Ref.@15#.
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least an order of magnitude greater temperature to exp
the neutron defect.

A reasonable way to explain the observed neutron de
seems to be the existence of a double reaction mechanis
which one mechanism is mainly responsible for the low
ergy neutrons, kinematically restricted in a small forwa
cone around 0°, while the other is able to produce energ
neutrons in a much wider angular range. So, as sugge
also by other recent studies of reverse kinematics nuc
collisions @11#, we interpret our data as the result of a tw
step reaction: the ‘‘neutron defect’’ is caused by those n
trons emitted in a preequilibrium stage. Since the system
not yet thermalized and so the energy is not shared betw
a large number of degrees of freedom they can take a la

FIG. 4. ~a! Mean neutron multiplicity versus Z for the40Ca
1H reaction atElab5565A MeV. ~b! The same at 357A MeV.
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fraction of the transverse momentum and escape out of
MUFFINS angular coverage, effectively reducing the ne
tron multiplicity. Around 0° we detect on the contrar
mainly neutrons emitted by the excited remnant, at low
ergy in the source frame, which show indeed the rapi
decreasingpt distribution already discussed.

Our interpretation is also supported by the neutron an
lar distribution reported in Fig. 2 of Ref.@23#: there we find
a flatter distribution than the one predicted both by BN
calculation and by a thermal model~in the latter case, we
have done simulations for temperatures ranging fromT51
210 MeV!. This indicates that we have an unexpected n
tron production at large angles, escaping from the ang
acceptance of MUFFINS, which can be associated with
‘‘prompt’’ emission step.

Furthermore, the inclusive neutron rapidity distributio
presented an asymmetric tail at low rapidities, as shown
Fig. 4~a! of Ref. @23#, which already in that paper was attrib
uted to a possible first-step emission. As a matter of fact,
to the specific features of our reaction~collision between
‘‘large’’ and ‘‘small’’ nuclei ! these neutrons could be pro
duced, very likely, locally along the proton target path in t
much larger projectile. They should undergo a more viol
interaction with the proton target and, therefore, acquir
large transverse momentum. Some of those should be, th
fore, detected by MUFFINS in the low rapidity region. O
the contrary, for events close to beam rapidity (y/ybeam
>0.85), theT51 MeV value extracted from thept distri-
bution @23# indicated that neutrons should come from a re
nant which carried small excitation energy.

The same type of evidence is found in neutron rapid
distributions taken in coincidence with fragments, as, for
ample, the ones in coincidence withZ518 andZ512 at
565A MeV reported in Fig. 5. They show a peak arou
beam rapidity while a tail at lower rapidity is still presen
even if affected by large error bars.

In conclusion, we interpret the fact that the neutron m
tiplicity in Fig. 4 is smaller than expected with the emissio
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of prompt neutrons that are for the most part not seen in
detector due to its relatively small angular coverage. T
energy dependence of the neutron production is better in
tigated looking at the ratios in Fig. 6. In this figure we rep
the ratio Rn5sn(E5565A MeV)/sn(E5357A MeV) in
the upper panel andRfrag5s frag(E5565A MeV)/s frag(E
5357A MeV), for the fragments, in the lower panel.

In the lower part of Fig. 6 the ratioRfrag shows that almos
no energy dependence is observed in the elemental c

FIG. 5. Neutron rapidity distribution in coincidence withZ
512 andZ518 fragments (y85y/ybeam).

FIG. 6. Upper panel: RatioRn5sn(E5565A MeV)/sn(E
5357A MeV) ~asterisks! versusZ measured in40Ca1 H reaction
in comparison with calculations~circles!. Lower panel: RatioRfrag

5s frag(E5565A MeV)/s frag(E5357A MeV) ~asterisks! versus
Z measured in the same reaction in comparison with calculat
~circles!.
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e
s-

t

ss

sections for fragment charge from the beam charge dow
Z.15. This is in a quite good agreement with BNV calc
lations, which reproduce relative cross sections better t
absolute ones. The situation is less clear for the neutron
due to larger error bars. Anyhow, the general trend obser
in the data, upper part of Fig. 6, seems to be consistent w
the theoretical predictions and with the fragment product
data if one considers that at the lower incident energy due
weaker focussing in the forward direction more neutrons
lost outside the angular range covered by MUFFINS (
23.2°). This is suggested, on the other hand, by the low
values of multiplicity atE5357A MeV.

In addition, the trend observed for both ratios of Fig.
could be traced back to the centrality of the collision
smaller fragments are produced in central collisions wh
peripheral collisions are responsible for the production
fragments withZ>15. From this point of view, triggering on
a given Z<15 fragment is roughly equivalent to selectin
central collisions.

The more destructive central collisions bring in a larg
energy dependence. This is not very surprising, since
would expect the number of nucleon-nucleon collisions, a
therefore the maximum possible energy transfer, to
smaller at large impact parameters~peripheral collisions! as
suggested, on the other hand, by our BNV calculations.

IV. CONCLUSIONS

In conclusion, we have presented new neutron produc
data in coincidence with fragments emitted in the react
40Ca1 H and suggested an interpretation for the inferr
mean multiplicity and energy dependence of the neut
cross sections. Our data show evidence of a two-step reac
mechanism already discussed in connection with very as
metric nuclear collisions@8,9,11#. We interpret the observed
neutron defect as due to a preequilibrium emission of en
getic neutrons that escape from the angular coverage of
detector. The small value obtained for the inverse slope
the transverse momentum distribution of the neutrons tra
ling with the beam rapidity suggests that very little excitati
energy is deposited into the system. Those neutrons
therefore, emitted by the remnant in the second step of
reaction. We have established that the overall experime
findings of the elemental production are in agreement w
the picture that emerges from BNV1 phase space coales
cence calculations especially for relative cross sections.

More data and further theoretical investigations are n
essary for a better understanding of the neutron product
Both of them should be available in the near future.
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