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Inclusive neutron cross sections from Ne-Pb collisions at 790 MeV/nucleon
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Inclusive neutron spectra were measured at 0', 15', 30', 50', 70', 90', 120', and 160' from ¹Pbcol-
lisions at 790 MeV/nucleon. A peak that originates from neutron evaporation from the projectile ap-
pears in the spectra at O'. The shapes and magnitudes of the spectra are compared with those calculated
from models of nucleus-nucleus collisions. The Boltzmann-Uehling-Uhlenbeck (BUU), intranuclear cas-
cade (INC), and firestreak models agree generally with the measured double-differential cross sections
and particularly at 50' and beyond; however, none of the models can reproduce the peaks at small angles
{0(15').The quantum molecular dynamics (QMD) model underestimates the spectra of the double-

differential cross sections at all angles and energies for this asymmetric system. Also, the predictions of
the INC model agrees with the angular distribution of the differential cross sections except that it un-

derestimates the cross section at 0'; the BUU prediction overestimates the differential cross section at 0'

and 90', firestreak overpredicts at 15 and 30' and underpredicts at 70' and 90'; and the QMD model un-

derpredicts the measured angular distribution and the energy spectra at forward angles.

PACS number(s): 25.75.+ r

I. INTRODUCTION

The equation of state (EOS) is fundamental for the un-

derstanding of the properties of excited nuclear matter
and for learning about phase transitions of nuclear matter
[1,2]. Although past efforts to extract the EOS were
based on a comparison of high-multiplicity-selected data
from 4' detectors with theoretical models [3—5], the
models have not been tested thoroughly in much simpler
measurements of inclusive cross sections. The measure-
ment of double-differential inclusive cross sections is an
important supplement to the high-multiplicity-selected
data and can help to sort out theoretical descriptions.
Agreement between predictions and measurements of in-
clusive double-differential cross sections over a wide an-
gular region has not been achieved for relativistic col-
lisions of heavy nuclei, and the ability to obtain agree-
ment remains as an important challenge in relativistic
heavy-ion physics.

In this paper we report measurements of inclusive
double-differential cross sections for neutron emission at
0, 15', 30', 50, '?0', 90, 120', and 160 from 790-
Mev/nucleon Ne-Pb collisions. Also, we compare the
reported spectra with predictions from four models: (1)
firestreak [6,7], (2) intranuclear cascade (INC) [8—11], (3)
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Boltzmann-Uehling-Uhlenbeck (BUU) transport theory
[1,2,4,5,12—15], and (4) quantum molecular dynamics
(QMD) [6—18]. We find that none of these approaches
can provide overall agreement with the results from this
experiment.

II. APPARATUS

The data were taken at the Bevalac accelerator at the
Lawrence Berkeley Laboratory. The experimental ar-
rangement is shown in Fig. l. Eight mean-timed [19]
neutron detectors [20] were located at 0', 15', 30', 50',
70', 90', 120', and 160' with respect to the beam direc-
tion. Each detector consisted of an NE-102 plastic scin-
tillator, 10.16 cm thick and 101.6 cm wide; the scintilla-
tors at the 6rst 6ve forward angles were 25.4 cm high,
and those at the remaining three angles were 50.8 cm
high. Neutrons were emitted with a projectile energy of
790 MeV/nucleon at the center of a 3.43-g/cm Pb target
oriented at 45 with respect to the beam direction.
Charged particles incident on each of the eight neutron
detectors were vetoed with either a 6.3-mm- or a 9.5-
mm-thick anticoincidence plastic scintillator. The time
of Sight (TOF) of each detected neutron was determined
by measuring the time difference between the detection in
one of the neutron detectors and the detection of a Ne
ion in a beam telescope, which consisted of two NE-102
(76.2 mm X 76.2 mm X0.8 mm thick) scintillation
counters positioned about 0.1 and 1.5 m upstream of the
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FIG. 1. Experimental arrangement. N1 through NS
represent eight neutron detectors, Sl and S2 are the two scintil-
lators of the beam telescope, T is the target, SS denotes shadow
shields in one configuration, D is the beam dump, and 8 shows
the magnetic field of the C magnet.

target. The flight paths for the eight detectors decreased
with increasing polar angle of the detector; as listed in
Table I, they vary from 8.06 m at 0, to 5.55 m at 90', to
3.57 m at 160'. Neutron energy resolutions at each angle
are listed in Table I also for 200-, 800-, and 1500-MeV
neutrons. The neutron energy resolution [full width at
half maximum (FWHM)] for the detector at 0' varied
from 10 MeV at 200 MeV, to 102 MeV at 800 MeV, to
350 MeV at 1500 MeV; at 90', the neutron energy resolu-
tion was 15 MeV at 200 MeV and about 155 MeV at 800
MeV. %'ith a threshold of 12 MeV for protons, the neu-
tron detection e5ciency for a 50.8-cm-wide detector, cal-
culated with the Monte Carlo code of Cecil, Anderson,
and Madey [21], falls slowly from 9.0% at 150 MeV to
about 7.5% at 1000 MeV and beyond. The efficiencies
for neutron energies above 500 MeV have not been tested
experimentally [20]; however, as pointed out in Ref. [22],
the uncertainties in the detection efficiencies do not
prevent us from extracting physics results of interest.
The detection e5ciencies for a 25.4-cm-wide detector
were calculated to be not more than 0.5% lower than
those for a 50.8-cm-wide detector at all energies.

Auxiliary measurements with steel shadow shields, 121
cm long at 0' and 90' and 102 cm long at the other angles,

TABLE I. Flight paths and energy resolutions (FWHM) for
the eight neutron detectors.

Angle Flight path Energy resolution (F%'HM)
8 (deg) x (m) at 200 MeV at 800 MeV at 1500 MeV

III. INCLUSIVE SPECTRA

The kinetic energy of each neutron was derived from
the measured TOF. Inclusive double-di6'erential cross
sections are plotted in Fig. 2 for ¹ Pb collisions at 790
MeV/nucleon as a function of the neutron kinetic energy
in the laboratory. The uncertainties are contained within
the plotted symbols unless indicated otherwise. The er-
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were used to determine target-correlated backgrounds.
The other dimensions were typically 31 cm high by 60 cm
wide for the detectors at 0' and 90'; 17 cm high by 54 cm
wide for the 25.4-cm-wide detectors at 15', 30, 50', and
70', and 34.5 cm high by 36 cm wide for the 50.8-cm-wide
detectors at 120' and 160. Each shadow shield was lo-
cated about half~ay between the target and shadowed
detector. The 102-cm-long shadow shields attenuated
neutrons by a factor & 10 at all energies. There were
two configurations for shadow shields: The first
configuration shadowed the detectors at 15', 50', 90', and
160', the second at 0', 30', 70', and 120'.

The intensity of the usable incident beam was about
2X 10 ions per pulse after a rejection loss of about 60%.
Pileup circuitry rejected any beam ion that was accom-
panied by a second beam ion within a predetermined
sampling time of typically +400 ns. After traversing the
beam telescope and target, the beam was deflected by the
large-aperture (19.7 cm gap) C magnet through an angle
of 12' into a reentrant beam dump.

Events with two neutrons in a detector were indistin-
guishable from single-neutron events. Based on a subse-
quent measurement, the ratio of the number of two-
neutron events to the number of single-neutron events
was negligible within uncertainties.
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FIG. 2. Inclusive double-differential cross sections for emis-
sion of neutrons above 200 MeV at 0' (Q), 15 (0), 30' (6), 50'
(e), 70' (0), 90' (+), 120' (Cl), and 160 (X) from Ne-Pb col-
lisions at 790 MeV/'nucleon vs the neutron kinetic energy in the
laboratory.
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FIG. 3. Inclusive differential cross section for emission of
neutrons above 200 MeV from Ne-Pb collisions at 790
MeV/nucleon vs the emission angle. Predictions are shown for
BUU (solid line), INC (dashed line), firestreak (dot-dashed line),
and QMD (dotted line).

ror bars reflect the statistical uncertainties. As described
in Ref. [23] for the spectra at 0', the systematic uncertain-
ty from the determination of the proton energy threshold
is about 10%. Because of uncertainties from background
subtractions, the ability to acquire reliable data at low en-
ergies and forward angles was restricted. At high energies
the bin widths are smaller than the energy resolution.
The spectra at 0', which were discussed in detail in Ref.
[23], are characterized by a high-energy tail and a peak at
an energy of 770+15 MeV.

The neutron double-difFerential cross sections were in-

tegrated over neutron kinetic energies above 200 MeV.
Plotted in Fig. 3 are the angular distributions of the
differential cross sections for emission of neutrons above
200 MeV from ¹ Pb collisions. The total neutron cross
sections cr(T )200 MeV, 0'&8&90') were obtained by
integrating the above differential cross sections over the
polar angle region; the results are 19+2 b for Ne-Pb col-
lisions. Exclusion of the polar angle region from 90' to
180' neglects about 1% of the total cross section. The
missing cross section was estimated from an exponential
extrapolation of the five points (at 15', 30', 50, 70', and
90') of the angular distributions in Fig. 3. The average
number of neutrons above 200 MeV emitted in a collision
is o ( T )200 MeV, 0' & 8 & 90') /a G

=5.9+0.6, where the
geometric cross section

OG=~(gp+gT) =mr (20' +208' ) =3.2 b,
for Ne-Pb collisions.

The measurements of inclusive neutron spectra are
plotted in Fig. 4 as contours of Lorentz-invariant cross
sections for Ne-Pb collisions, respectively, in the space of

-790 Mev/nucleon
1.2 Ne on Pb

].o
.QP

0.8

0.4

0.2

0.0

—0.
—2 —1.5 —1 —0.5 0 0.5 1 15 2

NORMALIZED RAPIDITY IN c.m. Y/Yp

FIG. 4. Contours of Lorentz-invariant cross sections for
emission of neutrons from ¹Pb collisions at 790
MeV/nucleon plotted in the plane of transverse momentum
(normalized to the mass of neutron) vs the neutron rapidity in
center-of-mass system (normalized to the projectile rapidity).
The solid lines represent the data. The dotted lines are BUU
calculations. The dashed lines represent the polar angles of the
detectors. The values of the Lorentz-invariant cross sections
are 0.3 @bc'/MeV sr for the outermost contour and 100
@bc /MeV sr for the innermost contour. The values in be-
tween are 30, 10, 3, and 1 pb c'/MeV sr.

transverse momentum PT (normalized to the neutron
mass M„) versus the neutron rapidity Y (normalized to
the projectile rapidity Yp) in the nucleon-nucleon center-
of-mass system. The va1ues of the Lorentz-invariant
cross sections are 0.3 abc /MeV sr for the outermost
contour and 100 @bc /MeV sr for the innermost con-
tour. The dashed lines represent the phase space of neu-
trons detected in the eight detectors from 0' to 160'. The
extremities of these lines denote the upper and lower lim-
its of the momenta detected in the experiment. From the
figure we see contours centered around a value of the nor-
malized rapidity that is slightly smaller than the projec-
tile rapidity of Y/Y = 1; these contours are produced by
spectator neutrons emitted from the projectile. Also, we
see contours centered at zero rapidity formed by partici-
pant neutrons. Additional contours appear in the vicini-

ty of the target rapidity Y/Y = —1, which are produced

by spectator neutrons emitted from the target. The cross
section at the center of the contours around the target ra-
pidity is higher than that at the center of the contours
around the projectile rapidity because the mass of the Pb
target is larger than that of the Ne projectile. Plotted as
dotted lines are predictions of contours from the BUU
model. We see that the BUU cross sections agree gen-
erally with the data except that the BUU model predicts
higher cross sections for the contours centered about the
target and projectile rapidities. Because none of the mod-
els discussed in the next section include neutron evapora-
tion, predictions from these models do not account for
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the evaporation component seen in the spectra at the
most forward angles.

IV. COMPARISON WITH MODELS
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Here we compare the results from this experiment with
four models of nucleus-nucleus collisions: firestreak, in-
tranuclear cascade (INC), Boltzmann-Uehling-Uhlenbeck
(BUU), and quantum molecular dynamics (QMD). The
firestreak model is a modified version of the fireball model
[24); both of these models are thermodynamic models.
The firestreak model includes a forward-backward asym-
metry in the center-of-mass system, as observed in experi-
mental data. At angles where thermal processes dom-
inate, firestreak cross sections agree reasonably well with
spectra at bombarding energies in the vicinity of a few
hundred MeV per nucleon and with spectra from col-
lisions of light-mass systems only at higher bombarding
energies up to about 1 GeV per nucleon [7]. The dynami-
cal input is minimal in firestreak. The BUU model
[1,2,4,5, 12—15] is a tnicroscopic transport theory that is a
Monte Carlo solution of the Boltzmann-Uehling-
Uhlenbeck equation. It proceeds in terms of a cascade of
binary collisions between nucleons and resonances ac-
cording to the experimental scattering cross sections for
free particles, corrected by a Pauli blocking factor. The
dependence on the EOS enters via the acceleration of nu-
cleons in the nuclear mean field. The BUU model pre-
dicts both collective flow and nucleon cross sections from
collision of various systems at different beam energies
[4,14,15]; however, because the BUU approach does not
account for the formation of composite nuclei, it is possi-
ble that the BUU theory will overestimate the measured
nucleon cross sections. The intranuclear cascade model
does not include compressionaj energy. The INC calcu-
lations presented here estimate the number of free neu-
trons by subtracting the number of deuteronlike pairs
from all neutrons including those in clusters. The QMD
model combines the quantum features of the BUU model
with a long-range S-body interaction [17—19]. It is of in-
terest to compare the predictions of these models with
the measured differential cross sections. The spectra
measured in this experiment will test these models for
collisions of a light Ne projectile with a heavy Pb target
at an energy of 790 Mev/nucleon. A similar comparison
was done for collisions of La-La [25], Nb-Nb [26], and
Au-Au [26] at an energy of 800 MeV/nucleon.

Predictions of the double-differential cross sections for
Ne-Pb collisions are plotted in Figs. 5 —8, respectively, for
the BUU, INC, QMD, and firestreak models. The statist-
ical uncertainties in the Monte Carlo calculations are
comparable with the total uncertainties in the measure-
ments. Because the intranuclear cascade code calculates
too many deuterons at low energies as a result of contri-
butions from higher-mass composites, it does not yield re-
liable predictions of double-differential cross sections at
low energies. The BUU code used here is described else-
where [2,27[. Aichelin et al. [25] showed that inclusive
spectra are insensitive to the EOS used in nuclear trans-
port models and that models with and without
momentum-dependent interactions give similar inclusive
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FIG. 5. Predictions from the quantum molecular dynamics
(QMD) theory for the inclusive differential cross sections for the
emission of neutrons above 200 MeV from ¹Pbcollisions at
790 MeV/nucleon vs the laboratory emission angle. Symbols
denote the data: 0' (P), 15' (0 ), 30' (6), 50' (+), 70' (0), 90'
(+), 120' (Cl), and 160' (X ). The dashed lines represents the cal-
culation of the free neutrons obtained by subtracting neutrons
taken away by composite nuclei. The solid line represents the
calculations without accounting for the formation of clusters.
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FIG. 6. Predictions from the Boltzmann-Uehling-
Uehlenbeck (BUU) theory for the inclusive differential cross
sections from the emission of neutrons above 200 MeV from¹Pbcollisions at 790 MeV/nucleon vs the laboratory emis-
sion angle. Symbols denote the data: 0' (+), l5' (0), 30' (4),
50 (e), 70 (C'), 90' (+), 120 (0), and 160 (X). Solid lines
represent theory.
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FIG. 7. Predictions from the intranuclear cascade (INC)
model for the inclusive differential cross section for the emission
of neutrons above 200 MeV from ¹Pbcollisions at 790
MeV/nucleon vs the laboratory emission angle. Symbols denote
the data: 0' (Q), 15' (0), 30' (6), 50' ( Is ), 70' (Q), 90' (+ ), 120
(Cl), and 160' ( X). Solids lines represent theory.

cross sections. The BUU calculations of the spectra
presented here used a soft, momentum-dependent in-
teraction as specified by Welke et al. [27]. From Fig. 5

we see that the predictions of the QMD calculation un-
derestimate the magnitude of the difFerential cross sec-
tions even when the formation of composites is not taken
into account. The QMD calculation shown here takes
clustering into account in a crude way: If the spatial sep-
aration between the nucleons is less than 1.2 fm, then
these nucleons are counted as clusters. Because the ver-
sion of the QMD code used here carries out the calcula-
tion in the nucleon-nucleon center-of-mass system, it is
not expected to agree well for this asymmetric Ne-Pb sys-
tern. The BUU predictions, shown in Fig. 6, provide a
reasonable representation of the data except at the small-
est angles. We extended the BUU model to include an
effective mass correction to the collision integral [28].
This extension makes no significant change to the in-
clusive spectra except at O'. A detailed investigation of
the effect of this extended BUU model on other observ-
ables will be published separately. Aichelin et al. [25]
showed that the difference between BUU and QMD is
small for symmetric La-La collisions at 800
MeV/nucleon. The BUU prediction overestimates the
cross section at 0', whereas the QMD prediction underes-
timates the cross section at O'. From Fig. 8 we see that
the firestreak model overestimates the differential cross
sections in the low-energy region at the most forward an-
gles, and it does not account properly for the peak at 0 .
Compared with the data in Fig. 3 are BUU, INC, fire-
streak, and QMD predictions of the angular distributions
of the differential cross sections for emission of neutrons
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FIG. 8. Predictions from the firestreak model for the in-

clusive differential cross section for the emission of neutrons
above 200 MeV from ¹Pbcollisions at 790 MeV/nucleon vs

the laboratory emission angle. Symbols denote the data: 0 (Q),
15' (0 ), 30 (6), 50' ( a ), 70 (0), 90 (+ ), 120 (C3), and 160' ( X ).
Solids lines represent the model.

FIG. 9. Predictions for the inclusive double-differential cross
sections for neutron emission at 15' from ¹Pbcollisions at
790 MeV/nucleon vs the neutron kinetic energy in the laborato-
ry. Solid, dashed, dot-dashed, and dotted lines represent predic-
tions from BUU, INC, firestreak, and QMD models, respective-

ly. Symbols denote the data.
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above 200 MeV. The INC prediction fits best except at
0, QMD underestimates the data, and BUU overesti-
mates at 0' and 90', and firestreak overestimates at 15'
and 30' and underestimates at 70 and 90 .

For double-differential cross sections at the six polar
angles (8) 15'), we find that the BUU, INC, and fire-
streak models agree generally with the data, particularly
at 50 and beyond, and that the QMD calculation un-
derestimates the differential cross sections at all angles
for this asymmetric ¹ Pb system. Although the BUU
calculation fits the data best, none of these models can
reproduce the peaks at small angles (8~15'). These
forward-angle peaks result from neutron evaporation
from the projectile; none of the models describe this pro-
cess well. In Figs. 9—11 we compare our measurements
at three representative angles (viz. , 15', 50', and 90') with
the predictions from all four models: QMD, BUU, INC,
and firestreak. Discrepancies exist at 15' for each model;
BUU, INC, and firestreak agree at 50', whereas QMD
underpredicts; INC and firestreak agree with the data at
90' and for neutrons above about 150 MeV; BUU agrees,
whereas QMD underpredicts.

The comparisons of the calculated spectra with mea-
sured neutron spectra at 0' in Fig. 12 show that a good
description of neutron evaporation is needed to account
for the measured spectra. Because the BUU calculations
include too many free neutrons by not subtracting those
that coalesce into clusters, the BUU calculation predicts
higher cross sections than those observed.
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FIG. 11. Predictions for the inclusive double-differential
cross sections for neutron emission at 90' from ¹Pbcollisions
at 790 MeV/nucleon vs the neutron kinetic energy in the labo-
ratory. Solid, dashed, dot-dashed, and dotted lines represent
predictions from BUU, INC, firestreak, and QMD models, re-
spectively. Symbols denote the data.
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FIG. 10. Predictions for the inclusive double-differential
cross sections for neutron emission at 50 from ¹Pbcollisions
at 790 MeV/nucleon vs the neutron kinetic energy in the labo-
ratory. Solid, dashed, dot-dashed, and dotted lines represent
predictions from BUU, INC, firestreak, and QMD models, re-
spectively. Symbols denote the data.

FIG. 12. Predictions for the inclusive double-differential
cross sections for neutron emission at 0' from ¹Pbcollisions
at 790 MeV/nucleon vs the neutron kinetic energy in the labo-
ratory. Solid, dashed, dot-dashed, and dotted lines represent
predictions from the BUU, INC, firestreak, and QMD models,
respectively. Symbols denote the data.
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V. CONCLUSIONS

%'e measured inclusive neutron spectra at eight angles
0', 15, 30, 50', 70', 90, 120', and 160 from Ne-Pb col-
lisions at 790 MeV/nucleon. Neutrons evaporated from
an excited projectile appear in the spectra at 0 . Compar-
isons of the spectra with predictions from the BUU, INC,
firestreak, and QMD models show that none of these
models account for the evaporative peak at 0', that QMD
underestimates the spectra of the double-differential cross
sections at all angles and energies, and that BUU, INC,
and firestreak agree generally with the data and particu-
larly at 50' and beyond. Also, predictions of the angular

distributions of the differential cross sections do not agree
with the measurements over the full angular range.
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