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ABSTRACT
Low energy nuclear fragments (12 < A < 140) from the bombardment of Au by

20Ne projectiles are measured to yield

high energy protons, 4He, and
information»on the breakup of the target nucleus. We discuss the shapes of
the fragment energy spectra across this broad range of fragment mass and pick
out the fission component by its binary breakup. Multip]icitieé'of coincident
fast charged particles are presented as a measure of the degree of violence of
the initial stage of the collision. AnguTar distributions of light fragments
(8 <Z < 11) give the average velocities imparted to the residue in éentra1
collisions, and these values are compared to the results of cascade
calculations. Measurements of slow fragment multiplicities from central
events reveal a many-fragment final state. In the 1light of this finding we

deve]opva simple calculation of the Coulomb features of the observed spectra.

The applicability of a statistical breakup model is discussed.

(2ONe HF) E = 5GeV, 8 Gev, 21 GeV, 42 GeV:

“Me HF) E = 5 GeV: Au(p,HF) E = 4.9 GeV. Measured: d°s/dEdS,

Au(
associated multiplicites of fast charged particles, binary coincidences,

slow fragment multiplicities.
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The study of high energy nuclear collisions has been pursued- for many
years, beginning with. single particle inclusive measurements of target
fragments from proton-nucleus coHisions1 and more recently turning to heavy

ion collisions. 1In this recent work the emphasis has been on the hot regions

“of the interaction, where temperatures as high as 150 MeV have been

observed2~and where thermal models are quite successfu13. In this paper
we turn again to the breakup properties of the residue of a heavy target (Au)

'20Ne), using one of the most

struck by a ‘lighter projecti]e'(p,‘4He, and
comprehensive electronic detection system yet employed in such measurements.
The reaction mechanism is often divided into two steps, the first of
which consists-of a fast energy deposition stage during which fast Tight
particles are emitted and the nuclear remnants are excited. This first stage
can beAtreated, for example, as an -intranuclear cascade4ior more simply by a

3;. In each case the decay of the excited spectator-

thermal fireball mode]l
nuclear residue is considered as a slow second stage of the reaction.. There

is - a temporal separation-of the two stages and in the fireball model the fast

' and slow pfocesses are separated spatially.

Deficiencies in the fireball resu]tsz.rajse questions about the
¢ lean-cut spatial separation of the nuclear matter into participant and
spectator nucleons. The cascade approach describes a fast, initial stage of
the collision that stops at a somewhat arbitrary cutoff point. Below a
certain nucleon energy the cascading particles can not be correctly treated as
classical colliding objects and éke assumed to become part of the excited
spectator residue. In this model the temporal separation of the two-step

description is not entirely natural.
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~ However, the decaying spectator residue produces slow fragments that
exhibit spectra that are approximately independent of the mass and energy of
the projectiie. Any acceptable model must be able to describe this aspect of

their production independently of the properties of the hot primary

o

interaction region, which vary enormously with projectile energy. ’ ' -

In this;paper we ‘do not intend to put forward new models, rather we shall
present aspects of our multi-parameter data and deduce properties ofvthe
fragment production mechanisms directly. We begin by surveying the fragment
spectramacroés the‘bfoad range of masses observed. Measured’fast charged
particle muitiplicities are presented and reveal the correlation between the
violence of the initial collision and the mass ofvthé-fragments finally
emitted. 'Angu]ar:distfibutions are presented and forward velocities are
extkactéd‘fqr’the source of fragments emitted in.ceﬁtra1 coJ]isions,>dsjng the
t@d#éﬁéﬁlcgnﬁept. .We fall back to the cascade calculations t0'e1ucidafe the
diséuggibn;of these extracted ve]ocities; Coincidence heaéurement$'of3thé-
s1ow'ffégment§‘emitted from central collisions reveal a many-fragment breakup
meqhaﬁfsm. Based on this finding we exp1ore;the equilibrium Aspects'ofkthe
breakup within the framework of a statistical model, and we deve]op a

calculation of the Coulomb properties of the final state.
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- II.  EXPERIMENTAL DETAILS

The data presented in this papEr were obtained in the final verSion of a
detecior system that has served this group at the Bevalac for several years,
becoming more complicated with each successive experiment and culminating in
the version described here. Originally, very light reaction products and the
associated multiplicities of fast charged particles were studieds. .More
recént]y the system has been devoted to Measuring more massive fragmentsﬁ.
The latest version described here had a very general heavy fragment
measdrément capability and the theme of this experiment is to study the
physics of target breakup across a wide range of product mass, charge, kinetic
energy, and emission angle. The reactions studied lead iﬁ general to a many
body final state and with this in mind the detectors provided a multi-
coincidence capability. both among the slow fragments themselves and among
these and the fast light charged particles that penetrate the vacuum chamber.

Figure 1 shows the chamber layout. The slow target fragment detectors
were situated inside the thin-walled (3 mm) spherical aluminium vacuum
chamber; the‘fast particles were measured outside the chamber. A variety of
detectibn techniques were employed and the detector properties are discussed
with regard to each of these techniques.in the following sections.

A. Z-Identifiéatioh'Telescopes

Gas-silicon AE-E te]escdpes provided Z and energy measuremenf for Tight

fragmentsG.' These detector systems consisted of "an ionisation chamber of

CH, at a pressure of 30 Torr making a aE detector 20 cm deep. The detected

4
fragments were stopped and their remaining energy measured in silicon surface
barrier detectors 100 u thick. Four gas volumes were in use, each containing

three si]icon'E'détectors, making 12 independent telescopes.
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The four detector systems were centered at angles 6f -30°, +62°, f113°,
and +151° with respect to the beam axis (we denote the left and right
hemispheres oft the chamber, looking downstream, by positive and negative
angles, respectively). The most forward telescope was mounted such that the
three Si detectors were in the horizontal plane, at angles of 125°, -30°, and .
35°. The other teiescopes were mounted with their Si detectors aligned

vertically, with the central one in plane and the outer two at #5° out of

plane. Each Si detector subtended a solid angle of 2.9 msr. - Depending on

which.of these silicons were allowed to trigger in singles mode (see.Section F

‘vbe1ow) an angular distribution of dp to six points could be obtained.

- ..The pulse-height defect7 of the silicon detectors Was'determined by

measuring energy spectra of fission fragments from a 252

Cf source located at
the, position of the target, after removal of all intervening windows and gas
so.that the full energy of the fission.fragment was deposited in the silicon;
detector. We found that a value of 12 for the parameter A of reference 7 was
appropriate for all detectoré.

The E and AE energy.spe;tra‘were calibrated by comparing the siQna]s

produced by ZSZCfIfission fragments with and without the présence of CH4

gas in the ionisation chamber volume. This gave the slopes of the
" calibration. The offset was determined, in these and in all other heavy
fragment spectra, by observing thé position of the pedestal peak, caused by
gating open the chargefsensitive ADC with no signal at the input and
integrating the rectified nofse. The pedestal peak thus represents the origin
of tHe energy spectrum, | i

The identification was made, as in the previous work,6 on the basis of
a AE-E map. Having observed the position of the 6.1 MeV alpha particles from

252CF, the corresponding band was assigned as Z = 2 and the other visib]e

bands numbered accordingly, up to Z = 12.
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After_Z‘identification, correctibns were appiied to the energy of the
fragment for energy Toss 7

a) in half the target thickness,

b) in fhe ava1anche'codnter, for fhose two chambérs viewing the target

through the avalanche detectpr,

c) in the polypropylene window of the ionisation chamber, which had a

~ thickness of 30 ug cm—z, | |

d)  in the dead layers of CH4, 12 mm before the active AE volume and

12 mm between ihe AE volume and the silicon detector.

In cases a) and b) effective thicknesses were used that took into account
the emission angle of the fragment. The source of dE/dx information was |
Northcliffe and Schi1]in98 in each case and the maximum correctioh fof
fragments of Z = 12 amounted to 10% of the fragments' enefgy.

B. Avalanche Detectors

Two parallel p]hte avalantﬁé detectors9 were placed on either side of
: thé target, 10 cm from the beam axis. These were very tHin (equivalent to
150.ug cm"2 of hydrocarbon), and fragments passed through to the TOF system
g described in sectijon C) below. The thinnes§ of the;e avalanche detectors
brovided a uniquely sensitive means of counting thelpresence or absence of
heavy fragments émerging'over.a large solid angle between o = 60° and o = 120°.
The ana]ogu¢ signa1 from these'detectors could be used with a soffwére
pu]se-height‘thresho]d-co?responding roughly to A = 30 so that when counting
heavy fraghents one cpu]d say with certainty that no a]pha partjc]es were .
contributing t0 the-yie]d{ With this'off—line threshold the ‘avalanche
detectors were used in their own right to count binary breakup eVentg

exhibitingfapproximate two_body,kinemaﬁics in the 1abdratory frame.
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Fragments detected by the AE-E telescopes at angles of 62° and 113°
passed through the avalanche detector on that side of the target, thus
allowing a determination of the detectidﬁ efficiéncy of the avalanche | -
detectors as a function of fragment chakge and energy.

One electrode of each detector was segmented into vertical strips, 4 mm
wide; read out throUgh a resiﬁtive divider to provide position information
along the horizontal coordinate. This and a fast timing signal were uéed as
the start information for the time of flight system described in the next
bsection. ﬁ

The position calibration was performed by detecting fission frégments

252Cf passing through the avalanche detector into one of the silicons

252

from
of the TOF system described below. The geometry of the Cf source and of
the si]icoh detector determined the mean horizontal coordinate of the poﬁnt at
which the fragment penetrated the avé]anche detector so that by looking at
avaTanche position spectra in cqincidence with different silicon detectors a
ca]ibration.was achieved.
| C. Time 6f'F1ight System

Two arrays of 100 g thick silicon surface barrier detectors Were arranged
at @ = 90° on either side of the beam, viewing the targét through the thin
avalanche detectors. These‘were the ehergy measuring stop detectors forming a
TOF systém with the avalanche counters as the start. One array consisted of

o

three horizontal rows of four detectors, centered at angles of +80°, +85°,
. LI
+90°, and +95°; the angles of the three rows with respect to the horizontal

o

plane were -5°, 0°, and +5° (see Fig. 1). The bpposite detector array spanned
the angular range from -75° to -100° in 5° intervals, and the rows were at
“angles of 0°, 5°, and 10" with respecﬁ to the horizontal plane. Thus;
correlation angles between coincident fragments could be measured over the

range 155°-195°, and out-of-plane angles up to 15° were included.
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The detectors were at a rad1us of 40 cm from the center of the chamber,
resu]twng in a flight path of about 30 cm for the veloC1ty measurement .
Individual A.reso1ut1on was notrposs1b1e w1th such a short flight path:
however, broad binning in A was required in any case because of the low
counting statistics. The avalanche detectors became 100% efficient for
fragments with A larger than about A = 15. Data from these silicon arrays are
presented for A > 20. Punch through causes no problems for these heavier
fragments and for 20 > A > 50 the acceptance includes all the yield; the
spectra peak well above the 1Qw energy threshold. For heaviea fragments the
experimental low energy threshold cuts significantly into the yield and we
observe only the high energy portion of the spectra.

‘The placing of the detectors around e = 90° on either side of the beam
allows close examination pf angu]ar correlations between binary pairs of
fragments and the study of perturbations of two body breakup kinematics.

The pulse-height defect and epergy calibration were determined from
Cf fission fragment spectfa in the same way as for the silicon detectors
1nvthe AE-E telescopes. The ca]ibration of the TDCs, which were started by -
the avalanche detectors andvs;opped by the silicons, was achieved by observing
the time spectra of the fission fragments and the 6.1 MeV alpha particles from
252Cf;

After the mass of each fragment was determined, corrections to the
measured ehergy were calculated due to

a) energy loss in the avalanche counter

b) energy loss in ha]f‘the'target thickness.

In aoth cases effective thicknesses were used depending on the fragment
emission'ang]e. The source of dE/dX information was Northcliffe and
Schi]lingB,” The maximum correction, for the slowest, heaviest fragments

investigated, amounted to 20% of the energy of the fragment.
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‘D. Target
The target was a se]f—suppbrting gold foil 500 ug/cm2 thick, prepared
by vacuum evaporation and mounted on a frame by means of several nylon
filaments, ~10 uym thick, resulting in a nearly weight]ess support. Tt was
placed at an angle of 15° to the beam, making it effectively thick in the beam
direction, but thin for fragments emitted near 90°. This orientation
preserved the‘senéitivity of the detectors but caused problems knowing how
much of the beam missed the target. The target presented quite a small area
to the beam (1 ¢cm x 1 cm), which is notoriously unsteady at the Bevalac. The
result “is an uncertainty in the absolute normalisation of the
double-differential cross sections presented here (see Section IIIA for
estimates of this uncertainty).
E. Multiplicity Array
Oltside the thin-walled (3 mm) spherical chamber the 80-fold paddle
multiplicity array counted the number of fast charged particles emitted into
mééf'o?"ihe forward hemfsphere in each event. This system has been described
eTgeWheke5’6 and was improved in this césebby accumu]ating an ADC word for
‘?‘éach scintillator. This a]]owed greater confidence in setting pulse-height
* thresholds off-line, above the backgroﬁnd due to neutrons and gamma rays but
below the smallest signals pfoduced by charged partit]es, namely those from
minimum jonising protons, which deposited 1 MeV in the scintillator paddles.
Table 1 shows the minimum energy at which a given type of'particle can
penetrate the vacuum chamber to fire a scintillator.
F. Data Acquisition and Processing
- The data acquisition system. was made up of commercially available CAMAC
hardware and will not bevdescribed in detail. However, a few words must be

said about the triggering scheme,. which is shown ‘schematically in figure 2.

-

=
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Each silicon detector, from the ion chamber telescopes or the TOF system, had
the ability to trigger the CAMAC readout if an incident fragment deposited in
it sufficient energy to produce a signal above the hardware'thresho1d. - The
silicon detectors could be switched from singles to coincidence mode in any
combination. A1l the detectors operated in coincidence mode all the time.such
that any pair of silicon detectors firing resulted in a coincidence event
readout. However, only those detectors selected by the experimeﬁter and
switched to singles mode could cause a singles event readout, corresponding to
an event with only one fragment detected. In addition, signals from the TOF
system silicon detectors were required to have an accompanying avalanche
signal (from either avalanche detéctor) before they were candidates to form an
event trigger of any kind.

The experimenter could adjust the data rate for long-term beam intensity
fluctuations by switching detectors into and out of 'selected singles'. Data
could be taken with the emphasis on either fragment-fragment coincidences or
on singles. Thus the data stream consisted of a mi*tdre of singles, two-fold,
and higher coincidences between any combination of fragment detectors. The
proportion of coincidence to singles data depended on the numbef of silicon
detectors switched into 'selected singles'. The multiplicity array was read
out following each silicon detector trigger.

Data were accumulated with a dead time of approximately 50% and monitored
by a puiser system, which sequentially pulsed the differenf groups of
detectors during data taking, producing pulser events in the data stream for
the purposes of gain stability checks, detector dead time and accidental
background measuréments.}

The major data analysis program read the raw data tapes written by the

on-line computer and produced output intermediate tapes of physical quantities
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(fragment Z, A, energy, 6, #, etc.) while preserving the event-by-event

structure of the data stream. Smaller programs subsequently performed more °

particular analyses using the intermediate tapes as ‘input; for example, one

such program calculated single fragment. inclusive cross sections.

¥

€
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IIT. DATA

In this section we have subdivided the data into self-contained topics,
each showing one aspect of the measurements and presenting discussion of the
points raiséd. We have arranged these topics in a pedagogical sequence so
that discussion relies as far as possible on points that have already been
made. We hope that in this way we can develop a broad view of the overall
featﬁres of the reaction mechanisms as well as bringing out the details.

| A. Single Fragment Inclusive Spectra

In the spirit of a survey of the features of the fragment spectra, across
the fu11 range of fragment mass, we present spectra from the TOF system in
three mass bins 28 < A<31, 8 <A<89, and 120 < A < 139. These data are
summed over detectors situated at angles from e = 75° to e = 100°, over which
range no significant change in the spectra is observed. |

Figure 3 shows these double differential cross sections from the
bombardment of Au with‘5 GeV Ne projectiles. The solid circles afe the
singles cross sections. The triangles represent the spectré of events
satisfying a binary veto requirement that uses the large area avalanche
detector on the opposite side of the target to the direction of emission of
the measured fragment. Setting a software threshold on the pulse height of
this opposite avalanche counter, corresponding approximately to a fragment
mass of A = 30, the binary veto requirement is satisfied if there is no
coincidence signal in the avalanche counter above this threshold. This vetoes
events in which a coihcident heavy fragment is emitted in the opposite
direction and thus eliminates processes'exhibiting approximate two-body
kinematics in the laboratory frame. The spectra of light fragments'typified
by the mass bin 28 < A < 31 in Fig. 31 show that only a small pfoportion of

the fragments are thus vetoed and, furthermore, that there is no
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particular part of the energy spectrum that is associated with suchwbihary-
events. This can be interpreted as an indication that such light fragments
are not formed to any significant extent in two-body processes. “

- In contrast, the spectra of medium-mass fragments (Fig. 3b) show the
contribution of binary fission as a substantial fraction (~50%) of thé
fragments, removed by the binary veto in the energy range 50-80 MeV. This
binary component is due to fission of target‘residues'bnTy a few mass units
lTighter than the target and moving slowly in the laboratory frame. 10

The heavier fragments show only a sma]l'broportfon of fission in the
high-energy ‘tail of the spectrum (Fig. 3c). The detailed argumehts leading to
the conclusion that the binary intermediate mass fragments are from

10,11 a]ong

conventional statistical fission are presented by us elsewhere
with a method, based on measuring the number of fast charged particles:emittéd
in the event, of sepérating the fission spectrum from that due to othér”
| mechanisms; The non=fission mechanism has been'loose1y termed
'deep—spa]]ation"énd we will bring out some of the featufes of this pFS&ééér
in the discussions below. | R
For e = 90° figuré 4 shows the double differénfiaT cross sections for iﬁé
Tightest mass bin, 28 < A 3_31, for each of the six Au projectiieé used. The

6,13 and falls within the ehefgyl

Coulomb-like peak has been studied before
acceptance of these detectors up to a fragment mass of A = 40. Also shown on
‘this figure are slope parameters (T) from an exponential fit to the high
energy tails of the curves. Figure 5 shows the 90° spectra for the
intermediate mass bin 80 < A < 89, which exhibit a fission fragment peak at
about 60 MeV above the’éxponential tail of thé:deep—sba]1ation'spéctrum.

After'sepakation by mU]tip]icityll the fission fragﬁent spectra are shown in

figure 6 and the deep spallation spectra in figure 7. 1In the latter case

'
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~exponentials have been fitted to the spectra and the slope parameters (t) are

shown on the figure; they are considerably lower than was the case in the

- lightest mass bin. The data falling into the third mass bin 120 < A < 139 are

shown in figure 8. There is a small fission component in this mass region,
but the spectra are essentially exponential, with small slope parameters as
shown on the figure. The extracted_slope parameters are discussed further in
section G below.

Although the fragment double-differential cross sections are presented in

mb sr'l

Mev“1 there is considerable uncertainty in the experimental
absolute normalisation in some cases, due to the small target size and the
large beam spots at the Bevalac. Table 2 gives the estimated systematic

errors on dzc/dEdQ, which are constant for each bombardment. The error bars

~on the figures represent the statistical errors and are good for comparisons

among data from a given bombardment, but not for cross comparisons between
different bombardments.
B. Associated Fast Charged Particle Multiplicities

By means of techniques discussed previous]y5 we have used the 80;fold
array of scintillators (called paddles) to count the number of fast charged
particles emitted in coincidence with the heavy fragments detected inside the
vacuum chamber. The number of fast charged particles emitted is a direct
measure of the violence of the initial collision. We use the term 'observed
multiplicity' (m) to represent the number of scintillators hit in a single
event. This quantity is detector dependent in as much as the array is made up
of discrete elements covering only part of the solid angle. The experimental
energy thresholds for the different particle types counted in the
scintillators are shown in Table 1. We can study the observed multiplicity

distribution P(m) associated with a variety of triggering fragments. The
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detecior dependence can be removed from the observed multiplicity distribution
and the true differential mean multiplicity (d<M>/dQ) can be calculated as a
function of e at three angles (15°, 33°, 63") corresponding to the three -
paddle rings. Extrapb]ation and integration over 4q givé the mean
multiplicity <M>. The necessary mathematics are presented e]sewhereS.

The aluminium mountings of the detectors inside the scattering chambers
shadowed some of the 80 paddles, causing an effective increase in the
detection thresholds over thé values quoted in Table 1 and a consequent
reduction in the yield. This was a small effect; the measuked‘mu1tiplicities
werénﬁithin'IO%'of those reported in referénce 6, where the same paddle array
was d;ed‘with no shadowing inside the chamber. |

| Figure 9 shows the normalised observed mu1tip1icity distributions

aséociated with fragments of charge 6 5;2 < 10 detected at various'ang1es, for
twd'bf'thé bombardments. This figure'demonstrateé the independence of the
distributions on the angle at which the fragment is emitted, as has been:‘
observed prevﬁously’for.mu]tip1icity distributions associated with lighter
fragmentés.ﬁ

_ 'Ug{%g]this result we combine data associated with fragments from several
of‘thé TOF_détectors situated around e = 90°. Figure 10 shows the observed
mu]tgpjicity distributions P{(m), normalised to unity, associated with
ff;;héhts in each of the three mass bins 28 < A < 31, 80 < A §_89, 120 < A i.
139‘for three bombardments, 4.9 GeV protons + Au, 5 GeV Ne + Au, and 42 GeV
'.Ne'+'Au; Shown in figure 11, for 5 GeV Ne + Au, are contour plots of fragment
yield versus fragment energy and associated observed multiplicity. The
distributions P(mf are approximately symmetric curves except in the

intermediate mass bin (80 < A < 89). 1In this case the contour plot shows two

components due to deep spallation and fissionll, the latter contribution



- =15~
causes the asymmetry on-the Tow multiplicity side‘of the distribution P(m).
Oiher thaﬁ this fission contribution, the distributions show a smooth
variation from High observed multiplicity associated with light fragments to
lower observed multiplicity associated with heavy fragments. Figure 12 shows
contours of fragment yield against fragment mass (A) and associated observed
multiplicity (m), the fission yield is visible as a low multiplicity component
at A = 90, otherwise the trend 1sISmooth. From this plot alone we can say
that the heavy fragments (A 2 120) we observe are fromra different class of
“events from those producing light fragments (A < 20) and the heavy fragments
should not be regarded as residues left behind after the emission of ‘the light
fragments.

Figure 13 shows tfue mean multiplicities of fast charged particles <M>
assdciated with fragments over the full mass range from several bombardments.
For the 42 GeV Ne + Au, 21 GeV Ne + Au,‘and 8 GeV Ne + Au cases, all light
fragments, up to A = 40, come from collisions of the same average degree of
violence (same average fast particle multiplicity). At Tlower bombarding
energies, 5 GeV Ne + Au, the fragments with A = 30 have the highest associated
muitip]icity. Lighter fragments appear; on the average, to emerge from
slightly 1ess violent collisions.

Fbr all'four Ne bombardments shown in figure 13 the mean associated
“multiplicity dips to a minimum at the expected-maés of fission fragments, due
to-the very low multiplicity fission component, rising again slightly as the
trigger fragment mass becomes too large to be consistent with a fission
mecﬁanism. Using the fact that the fission component can be identified by the
low associated observed multiplicity of fast charged particles (fig. 11b and
reference 11), one-can.ca1cu1ate mean multiplicities associated with only the

deep spallation component. These are shown as open points on figure 13. The
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result is a rather smooth trend of decreasing mean associated multiplicity of
fast charged particles with increasing mass of the triggering fragment. At a
fixed projectile energy, when one considers those events for which the
violence of the initial stage of.the collision and the fast particle
multiplicity are greatest, the Au target residue is seen to break up most
violently into the smallest pieces. One may consider the spallation process
giving heavy fragments and the more violent breakup mechanism that gives light
fragments simply as opposite ends of a spectrum of violence of the late-stage
breakup, positively correlated with the violence of the initial fast_staée of
collisions induced by projectiles of a given energy.

The measured multiplicities of fast charged particles give an indirect
experimental estimate of the mass number of the targef spectator residue. The
residue is defined to-be that nuclear material left behind after the -emission
of the fast light particles from the hot region of primary interaction, and we
estimate its mass number before it undergoes its inevitable breakup into slow
nucleons and fragments. We make these estimates for central collisions in
which there are few undetected leading particles. According to thermal models

3, less than 20% of the yield of the fast charged particles

of the spectra
1ies undetected below the scintillator paddle thresholds shown in Table 1;
this we neglect. We have converted the measured mean multiplicities of fast
charged partiC]es.associated with the emission of a fragment of mass number
A = 30 (central collisions) to the corresponding number of emitted nucleons,
using the single particle inclusive cross sections for fast hydrogen and
helium isotopes of reference 5 and the measured fast-neutron to fast-proton
ratios of reference 12. Subtracting the resulting number of emitted fast
nucleons from the mass number of the target-projectile system gives the

estimated residue mass numbers of Table 3, shown for Ne + Au at four

projectile energies.
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Summarising the findings of section A,and B, we find that the energy.
spectra of fragments of a given mass (A) are approximate}y.independent of
projectile energy, even though the violence ofvthe initial fast stage of the
collision (as meaéured by the fast particle multiplicity) increases
dramatically with increasing proje;tile energy.  On the other hand, at a given
projectile energy, the more violent (high multiplicity) collisions lead, in
the mean, torthe product ion of'1ighter fragments than do the gentler, Tower f
multiplicity co]]isions.‘ Central collisions that at low bombarding energies
just above. the Coulomb barrier broceed through a fusion/fission or (HI,xn)
channel are much more destructive at the high projectile energies studied
here. - At these energies only very gentle peripheral collisions can lead to
fission, where the fissioning system is now the remnant of the Au target
nucleus, analogous to Coulomb fission of the target at low energies.

C. Angular Distributions of Slow Light Fragments

In figure 14 we show, for each bombardment, double differential cross
éectionsvmeasured at four angles e = 30", 62°, 113°, 151°, for Z = 8
fragments, which are typical of the light fragment region. It has become
standard practice to extract the velocity of a moving, emitting source of
fragments from such data as these. This has been done in the framewofk of the

‘two-step vector mode]'13

, which in its simplest form involves the fo]]owing
assumptions.

a) There is a single moving source that emits fragments with edua]
probability in all directions in ﬁts rest frame.

b) The energy spectra of the emitted fragments are independent of the
angle of emissfon in the rest frame of the source.

These assumptions are not entirely consistent with the measured data;

references 6 and 13 contain discussion of the deficiencies of the model.
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Because of the observed inconsistencies and the 1imited,n5ture of our angular
distribution measurement we have extracted source velocities in the simp1e§t
way, from the change in the energy ét which the spectrum peaks in the
laboratory frame as a function of angle e. We have thus 1gﬁored the
inconsistencies and regard the'resu1£s as an estimate of the forward velocity
trdnsferred to the Au target residue during the %nitia] stage of the
collision. By measuring 1fght fragments (10 <A< 30) we arevobserving rather
violent central td]]isions, since these fragments have a high associated
multiplicity of fast péftic1es. | |

Table 4 shows the mean of the forward source velocitiés-extrécted from
tHe.spectré of fragments with 8 < z < 11 for each of the bombardments of Au
studied. The velocity transferred during a central collision of Ne + Au
decreases with increasing projectile energy in this domaih of hiéh projectile
' energy. For the pkoton and 4He projectiies the trénsferred forward velocity
is }ess than for Ne.at thé same total incident kinefﬁc.enefgy. |

In order toAthain'the energy integrated ahgu]af distributions of‘thééé
fragments (do/dQ), the energy spectra of ng. 14 must be extrapolated'tovboth
lower and higher energies; The high—ehergy»extrapo1ation was doné with an
expOnentié1'function; and the Tow-energy one by meahs of a qUadratic’functidn
going to zero éross section at zero energy. In no case was the correction for
these extrapoTatiQns greater than 12%. The differential cross sections thus
ca]cu]aied are showﬁ for the Ne projectiles in Fig. 15, norma]iied to unity
for the 30° telescope for ease of Comparison. The change in laboratory
angular distribution from foward peaked at the two lower Ne energies to nearly
isotropic at 42 GeV is clearly shown. The distributions for the proton and

4He projectiles are intermediate between those fbr 8 GeV and 21 GeV Ne.



-19-
Similar changes in the angular distributions for light fragments with

bombarding energy have been observed with protons.]‘4‘17

Depending on the
fragment studied, at proton energieé above about 10 GeV a peak in the angular

distribution at e = 60°-90° appears, and at 400 GeV the cross section is

v]arger‘at backward angles than at forward angles.16 It seems possib]e that
such phenomena might be observed for Ne projectiles of higher energy than is
now available.
D. Intra-Nuclear Cascade Calculations

| The intranuclear cascade code of Yariv and Fraenke]4 has been employed
in an éttempt to describe the initial stages of the observed nuc1earv
collisions. These calculations describe the multiplicity of emitted fast
nuc]eonsvvéry well. In particular, if one considers multiplicity
~distributions associated with a fast proton trfgger particle emitted'at 90°,
the calculated charged particle multiplicity distributions are in good
agreement with the data4.

Here, however, we have measured mean multiplicities associated wifh the
production of fragments. The results of cascade calculations support the idea
that light fragments are produced in Qio]ent central collisions. The cascade
ca1culations reproduce the measured multiplicities of fast charged particles
associated with the detection of fragments fn the mass range 10 < A < 30 for
calculated collisions in which the impact parameter is small.

Now consider the calculated properties of the target residue. The

cascade excites the target nucleus by two processes.
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a) Knocked 0ut‘nuc1eohs 1ééve'Hdies and the calculation of the |
correspond}ng'excitation energies débends on the knoQ]edge of the mean
nuc leon binding energy in the:térget nucleus. This process leads to a
mean momentum transfer equal, in the first ofder, to the mean of the

: isotropicé11y.distributed'Fermi momeﬁtum 6f‘the holes, which is zero.

" The inclusion in the calculation of energy dependent nuc leon—nuc leon
cross sections and the treatment of the interaction of the knocked-out
nucleon with the nuclear mean field by refraction at the field boundary

‘introduce-sécond order deviations from zéro mean momentum transfer.

b) "$low'casCade nucleons, which cahﬁot be treated as classically

’éaséading'partic1és, are assumed to be abédfbed by'the‘residua1 takget

nu;]ear{maffer if their.energy falls below a thfesho]dlg. In this way

| the taréet résfdue is excited and at the same time receives a finite mean

momentum transfer in the direction of the beam. |

Because of prohibitive computer costs we have_not 1nvestigated the
effects of véryfng the.parameterSFOf the cascade calculation. Howevef, by
‘ considefing poinfs a) and b) above ahdvby Comparihg measured and calculated
values of the forward Cthonent of Qe]ocity transferred to the target residue
during the initial co]]isioane can draw some ‘conclusions about the validity
of the treatment of the residue excitéiion’procesé in this particular cascade
calculation. | |

We define the muitip]icity'of a cé1cu1aféd cascade event by counting the
number of fast charged pions and protons above the experimental thresholds of
~Table 1. Noting that the contribution of He isotopes (and higher charges) to
the measured multiplicity is rather small (&10%) we assume that the.cascade
multiplicity of charged pions and protons is equivalent to the measured

multipljcity. This assumption has worked well in the past4. In figure 1b6a



~21-

"~ we show contours of numbers of calculated events against multiplicity (M) and
residue forward velocity (8“). Figure 16b shows contours of nqmbers of
calculated events against multiplicity (M) and target residue excitation.
These plots are shown for those cases that are amenable to calculation by a
cascade code, 5 GeV, 8 GeV, and 21 GeV Ne + Au. At higher energies the
inelastic nucleon-nucleon processes are prohibitively complicated.

The arrows on the multiplicity axes indicate the measured values
associated with fragments of 10 < A < 30. By looking at the cascade events
within a narrow window around these measured multiplicities we can extract the
calculated mean forward residue velocities <s”> and the calculated mean
residue ekcitation energies of those cascade events that are expected to lead
ultimately to emission of fragments of mass 10 < A < 30. A similar procedure
is adopted using the measured multiplicities associated with fission to
extract the calculated forward velocities and excitations of the more
peripheral cascade events expected to lead to fission. We have experimental
values for e”: for 10 < A < 30 production theée come from section C of this
paper, for fission the experimental numbers are from reference 10, which is
another report from this collaboration. These experimental values are
compared with the cascade values extracted from figure 16 in table 4. In
every case this particular cascade calculation underestimates the forward
velocity transferred to the Au target residue, most noticeably at the lowest
projectile energies. This is probably due to an underestimate, in the cascade
calculation, bf the effect of slowed, captured cascade particles, which are
most important at the lowest energies. Such_an underestimate implies that the
calculated values of the residue excitation energy shown in table 4 are too

small, particularly for the 5 GeV Ne + Au case. We regard these calculated

values of the excitation energy as a rough Tower limit.
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E. Multiplicity of Target Fragments

We have presented some convincing pieces of evidence indicating that
slow, light target fragments (A < 40) are produced in the more violent central
collisions. In section A we showed sing]e particle inclusive spectra for
these light fragments. These spectra exhibit high energy tails with slopes of
the order of 25 MeV, indicating a high-excitation of the target residue. We
also pointed out that at a given project11e~energy the observed’mu1tip1icity
of fast charged particles from the events that produce fragménts is largest
when the fragment mass is small (gﬂO). Thus the more violent initial stage of
a central collision, during which a 1afge number of measured fast charged
partic]es are -emitted, leads to a highly excited residue. Here we consider
the possibility of a multiple breakup of the spectator mattér in such central
collisions:

In this section wg éxamine events that lead to the production of a
fragment'bf:mass 20 < A,S 40 at o = 90°, as a signature of the breakup of a
highly excited target residue from a central collision. Mean mu]tip]icitiés
of slow, light fragments (Z = 2-27) emitted from the same event as the
measured A = 20-40 fragment and detected inside the scattering chémber'have
been extracted froh coincidence measurements. |

Méan.multiplicities of the associated fragments in the range Z = 6-2/
were extracted fﬁom.the slow fragment coincidence measUrementg using the
following prescription. The differential mean mu]tip]%city of fragment 2
associated with'fragmeht 1 is given by the relation: |

d<M(X13X2)> do]Z(XI’XZ) dU(XZ)

dx, dx, 9%, dxy

whére X; reprééents variables Qi (éng]e),kEi (energy), and Zi or Ai

(charge or mass, whichever is measured) for fragment i. In the reactions to
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be considered here, par;ic]evl (the trigger partic]e with which particle 2 is
~associated) is detected in the TOF array at e = 90° and has a mass between A =
20 and A = 40. Particle 2 is a fragment_detected in an ion chamber telescope
~at o = 30°, 62°, 113°, or 151° with a charge between Z = 6 and Z = 27.  For
these masses and charges 90% of the singles cross section lies within the
kinetic‘energy acceptance of the detectors. The four point ahgu]ar
distribution for the coincidence measurements is shown in Fig. 17 for 5 GeV
and 42 GeV Ne + Au. These distributions ref]ect.the observed singles angular
distributions,_fair1y isotropic for 42 GeV Ne + Au and forward peaked for 5
GeV Ne + Au. This Jack of specia] angular corre]ation suggests that the
reaction meqhanism giving rise to the singles inclusive cross sections.is also
responsible fpr the coincidence events, i.e. it suggests that the cojncidence
reqqirement does not select out a different mechénism.

. The mean mu]tjp]icity_of asSocjated slow fragments is found by
extrapolating the four point angular distributions of Fig. 17 over 4r and
depends on some assumptions about the out-of-plane dependence. Two different
possible assumptions were tried:

a) a¢ distribution symmetric about the beam and

b) symmetric about the direction of the mass 20-40 fragment detected at

90 degrees.. .. |

\Both results agregd.to within 12% with the result obtained by simply

i averagfng the four points and multiplying by 4r. We have adopted this simple

averaging - in the ana)ysis pre;entéd here.

In addition to measuring mean,multip]icities of fragments with Z in the
range 6 to 27 we have extended our ané1ysis down tovZ = 2, .below the original
design Timits of the detector telescopes. This introduces uncertainties in

individual Z identification due to small delta E signals and causes the Tloss
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of higher energy fragments due to theirvpunching through the silicon
detectors. A comparison of our measured singles cross sections with Ne + U
data3 at 42 GeV shows agreement to within 5% for the summed Cross sections
from Z = 2 to 5. However, the large relative cross section for 4He
apparently contaminates our lithium identification leading to a factor of 3
error in the Z = 3 cross section.

In figure 18 the resulting mean multiplicities of the fragments
associated with the A = 20-40 trigger particle are shown as a functibnvof
their charge. In the region Z = 6 and above, the error bars show only
statistical uncertainties while in the region Z = 2 to 5 the error bars also
include the uncertainties due to the Z misidentification mentioned above. The
mean associated multiplicity increases rapidly with decreasing Z‘value to
approximately 3 for He particles. For comparison the Z dependence of the
singles cross section is also plotted. The Z dependence of the associated
mean mU]tiplicities and of the singles cross section are essentially the same,
giVing a second indication that the reactions Sampled in these coincidence
measurements are the same reactions giving rise to the inclusive cross
sections.

The associated multiplicities are nearly the same for 4He and 20Ne
projectiles with 5 GeV kinetic energy, somewhat smaller for 4.9 GeV proton
projectiles. This is apparent in figure 19 where the associated
multiplicities are summed from Z = 2 to Z = 27. There also appears to be only
a small decreése as the neon projectile kinétic energy increases over ther
range from 5 to 42 GeV. Note that over this energy range the mean associated
multiplicity of fast, light charged particles, measured‘in the 80-fold
scintillator array, changes by a factor of 3b(an average of 13 fast charged

particles are associated with a fragment of 20 < A < 40 from the reaction
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5 GeV Ne + Au, increasing to an average value of 42 associated with a fragment
20 < A < 40 ffom the reaction 42 GeV Ne + Au). Apparently the slow fragment
assocjated multiplicities do not depend strongly on the violence of the
initial stage of the collision, measured by the fast particle multiplicities,
as it changes with.projectile energy.
F. Charge-Yield Curves

Having concluded that several slow frégments are present in the final
state of a central collision of Ne + Au and having measured their mean
multiplicities, we now compare the cross seétion for 1ight fragment
production, measured as a function of fragmenf charge, with the results of a
statistical ca]cuiation of residue breakup. The calculation is by Faf'and

Randruplg’20

and allows the excited residue to break up simultaneously into
several pieces, weighting each possible exit channel by its final statéAphase
space. Subsequent evaporation of the fragments is included. This model -
follows from earlier, 1es$ complete chemical equilibrium ca1cu1ations.3’21

The model has two parameters, an effective volume (x) and the available
energy for nucleon in the residue (e). X = 1 represents breakup over a volume
equal to that of the residue at normal nuclear denéity and 1is Qsed here. The
results are somewhat dependent on the value of x, see references 19 and 20.
With a given value of yx the shape of the charge-yield curve depends strongly
on the available energy in the system, which is varied to fit the experimental
‘data.

Figure 20 shows the results.. The open points are from reference 22 and
are a measurement of hydfogen and helium yields at high emission velocities,
extrapolated to include the yield of low energy particles. THis extrapolation
misses the large yield of alpha particles at a kinetic energy of about 20

13

MeV3’ and grossly underestimates the true yield; however, this
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extrapolated high energy mea§ufemEnt can be regarded as the approximate
contribution to the total yield from the primary interaction region, where the
temperature is high. The dependence on Z of this contribution is fitted -
roughTy by the calculation with available energy ¢ = 155 MeV per nucleon.

The solid triangles at Z =2 and 6 < 7 < 12 are data from this
experiment. Also shown is the yield of helium jsotopes from the interaction
of 42 GeV N + U.3 In these cases the whole yield of alpha particles is
included. We find a value of ¢ = 20 MeV per nucleon to be appropriate to
describe the charge-yield curve up to Z = 6. |

The yields of fragmenté with 6 < Z < 12 arise from cehtra]-co]]isions, as
indicated by the Uniformjy high associated multiplicity of fast charged
particjes~shown in figure 13. We must be sure that most of the hé1éﬁm'yie1d
comes from this same class of events, otherwise fitting the Z = 2 and Z = 6
points of figure'ZO with a single value of ¢ wqu1d be meaningless. - Figure 18
shows that the singles charge-yield curve has the same shape as that obtained
from central events triggered by the emission of a fragmeht of A = 30. Thus
onewould infer that slow fragments from Z = 2 to Z = 12 are produced for the
most part in the éame class of events. This imp]ies that a sucessful
statistical breakup calculation should fit the shape of the entire range of
data in figure 20 with a'common.value of e. To our knowledge the model cannot
-reproduce the measured shape above Z = 6. This may be due to the breakdown
of statistical assumptions or the onsét of nonequilibrium behaviour.

We can discuss the temperature of relative motion of the fragments if we
note that such a quantity represents an average over many-fihite events. Such
an averaging procedure is equ{valent to increasing the size of a single event
to reach the thermodynamic 1limit and it is in this sense that we speak of

19

temperature. The calculation of Fai and Randrup with y=1 and ¢ = 20 MeV

N
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produces fragments with a mean mass number A = 2.4 and after energy is taken
up to break the binding the temperature of the relative motion of the
frégments is T = 24 MeV. This quantity is experimentally accessible and is
discussed further in section G.

G. Coulomb Features of the Spectra

In figure 21 are shown the spectra of fragments of different Z values for
the reaction 5 GeV Ne + Au. In figure 14 are the angular distributions of the
fragments of Z = 8 from each of the reactions. These figures, together with
spectra of figure 4, illustrate the behavior of the peak in the light fragment
spectra and the evidence for its association with the Coulomb potential of an
emitting system.

a) The peak moves to higher energies as the Z of the fragment increases
(fig. 21) as would be the case if the fragment were ehitted in the Cbu]omb
field of a larger system.

b)  The peaks move to Tower energies and become slightly broéder as the
energy of the projectile is increased (fig. 4). The initial stages of the
collisions are more violent at the higher bombarding‘enekgies and the mass and
charge of the residual system from which the 1light fragment is emitted are
thus smaller, giving a lower Coulomb energy. The peak is broader because the
more violent initial stage leaves residues with a broader range of excitation,
mot ion, and size.

c) A conventional picture is.one in which the Coulomb barrier against
light fragment emission can be ca]cu]ated after reckoning the residue size by
measuring the mass removed from the target during the initial stage of the
collision (fast particle mu]tip]iéity) and allowing this residue to split into
two touching spheres,'one of which is the fragment to be detected, the other
becomes a massive slowly moving residue. Such a calculation gives a Coulomb

barrier too large to explain the data by approximately a factor of two6’13.
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In section E we presented the measured mean multiplicities of light slow
fragments (Z < 27) emitted in coincidence with a trigger fragment of mass
number between 20 and 40. These results indicate that the collisions that
lead to the emigsion of 20 < A < 40 fragmeﬁts typically involve several slow.
light fragments in the final state. Furthermore, in the case of 42 GeV
Ne + Au, the number ofrnucleons represenied by the slow fragment multiplicity
and by the multiplicity of fast charged particles, together with an estimate
of the unobserved neutrons,  is large enough to account for the complete mass
of the-target and projectile system. Table 5 shows the mass balance for 5 GeV
and 42 GeV Ne + Au. The fast charged particle mu]tip]icitieé are converted
appkoximate]y to_numbers of nucleons using the single particle inc]usive éross
sections for- hydrogen ahd helium isotopes fkom reference 5 and including an
estimate;fof the qnobserved fast neutrons, in the same way as in section B.
The slow fragment multiplicities of figure 18 give an estimate of the number
of nucleons represented by assuming that these fragments have mass numbers
edua]lto twice the measured value. The number of slow protons (not fast
-enough to penetrate the vacuum chamber and hence not counted in the
scintillator array) are obtained by extrapolating the re§u1ts shown in figure
19 to Z = 1, based on‘the cross sections measured for slow, low-Z fragménts by

Poskanzer et a1.13

Reference 12 provides measured neutron/proton ratios,
whiéh are subsequently used to estimate the numberé of slow neutrons.

Table 5 shows that there 1sva‘considérab1e unobserved mass at 5 GeV but
that in collisions leading to fhe emission of fragments of A = 30 at 42 GeV,
the trigger fragment, the fast particles, and the 51OW'charged particles and
neutrons account for almost the entire mass of the target-projectile

combination. At this high energy there is no unobserved heavy residue in

these“co1]isions.
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Based on th1§ bbservation we dévelop the following calculation of‘thé
Coulomb properties of the final state, with a view to calculating the observed
fragmeht energy spectra at 90° and learning the relationship between the slope
of the observed sectra (T) and the temperature of the relative motion of the
fragments immediately following the breakup. |
In the case of 42 GeV Ne + Au, the forward momentum transferred to ihe
nuc lear residue during the initial stage of the co]Tision is small (<e“> =
0.006, section C). The light fragment energy spectrum (28 < A < 31, fig. 4)
is measured at 90° in the lab and would, to a good approximétion; be un&hanged
by a tfansfofmation to a frame of reference moving forward with this mean
velocity. We will calculate the Coulomb properties of the final state in this
Avs]&wly moving frame and combare thé results to the spectra measured‘atl§0° in
the 1aboratory for the 42 GeV Ne + Au casé. | |
" The mass balance of Table 5 shows that aftér the initial emission of fast
charged particles and after the sTow neutrons are accounted fbr, théré‘rémains
a system of Z = 41, which breaks up into the light é]ow charged fragments.
Using a Monte Carlo technjque we generate the 1éte'stage-of an event
consisting of'a variable.number of fragments of varying éharge, one of which
is constrained to have Z = 15, A =30 since we wish to compare thé re§u1ts to
the measured spectra‘frqm events triggered by the detection of such a fragment
(28 i A i 31 at @ = 90°). The Z distribution of the remaining fragments is
cdnstrained to follow the shape of the measured mU]tip]icity distribution of
slow charged fragments shown, for 42 GeV Ne + Au, in figure 18. Fragments are
piékéd'from the distributions and assigned velocities such that they a11
satisfy a Maxwell-Boltzmann kinetic energy diétrfbution wfth témperature T,
until the summed charge of the fragments reaches 41 and represents the entire

charge of the residue. For simplicity the fragments are arranged kahdom1y in
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space on the corners of a cubic lattice and the initial density of fragments
(o), along with the tempera&ure (T), are regarded as variable parameters. The
fraghents are allowed to move apart on-classical trajectories under the
inf luence of the Coulomb field and the asymptotic kinetic energies are
histogfammed. ~The calculation is repeated for 5000 events. We have ignored
the possibility of shape distortion of the residue, causéd for example by
hydrodynamfc flow, and the possible effects oh such a Cou1omb calculation as .
this. | |

The idea is that the calculation should begin after the late-stage
bre;kup, when the fragments are no ]onger in nuc1ear contqct. Under.these :
circumstances the system is é]assica] and nonrelativistic, and
Maxwell-Boltzmann statistics are appkbpriate.. The Coulomb force is considered
exp}icit]y only after the breakup brocess is cqﬁplete5 The sizes of the
_fragment§ are préscribed by the data,'and‘we wish to determine the 1nitia1
temperatyre that corresponds'£o.thebobserved va]ﬁe 6f T.

| The average Monte Carlo event has 13 charged,fragments in fhe range 1 < 7
< 30 and a total momentum in the calculation frame of =2 GeV/c, oriented
randpm]y. The enseﬁble of many such events is statistically equjvalent’to.a_
single thermodynamic ensemb]e19 and jt is in this sense that we speak of
temperature. _ | -

Figure 22 shows the results and the 42 GeV Ne + Au data. The best fit {s_
obtained with an initial temperaturevT _ 20 MeV and initial density one fifth

3

that of nuclear matter 5 x 10'3 charged fragments fm ~, corresponding to

fragments initially 5.8 fm apart. Calculations beginning earlier than this,

at lower temperatures (e.g. 15 MeV) and higher densities (e.g. 1 x 10'2

charged fragments fm"3) give poorer fits. This is interpreted as meaning
that at these higher densities the internal nuclear degrees of freedom of the

fragments are still important. (These are ignored in the calculation.)
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As the expansion pfogfesées,”all fragménts experience an inékease in
their apparent temperatures (7). Alpha particies change from T = 20 MeV to an
asymptotit value of T = 26 Mév, the A = 30 fragments change from T = 20 MeV ﬁo
T = 34 MeV. The peak of the initial Maxwe 11-Bolt zmann distribﬂtibn broadens
" and moves to higher energies. A]though the final temperature caiculated for
the A = 30 fragments is somewhat larger than that of the data we conclude that
a temperatufe of T = 20 MeV is appropriate to describe the average re]atiVe
mot ion of the fragments immediately after they are formed. |

The extracted value of T = 20 MeV should be compared with the final
ensemble temperature of T = 24 MeV produced by the statiética] breakup
’calculation of Fai and Randrup at an excitation of 20 MeV per nué]eon. We
regard these values as encouragingly consistent, indicating that an excitation
around 20 MeV per nucleon is appropriate for the spectator residues in central
coTlisions of 42 GeV Ne + Au. Furthermore, the close similarity of the
fragment speétra as the projectile energy is changed suggests that this 20 MeV
breakup exéitation is rather universal.

When the energy of the Ne projectile is reduced to 5 GeV the Z dependence
of the slow charged particle md]tip]icity from central collisions, shown in
figure 19, changes s]ight1y.» These coincidence measurements show relatively
more yield at higher Z values (figure 18) and the integrated slow fragment
mu]tip]icity\is about 20% higher than at 42 ‘GeV (figure 19). The measured mean
size of the residue, shown in table 3, is significantly larger at this lower
ehergy, A = 170 instead of A = 110 with 42 GeV Ne. The increased slow fragment
multiplicities reflect this increased residue size but cannot account for all
of it; The reaction mechanism must be such as to heat only part of the larger
residue to the breakup excitation leaving a région of.1ower excitation to form

slowly moving heavy fragments, which are undetected in this experiment.
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Whatever the details of the mechanism, the multi-fragmentation of the
residue of centrai collisions is 1ike1y to proceed‘rapidly. ‘The concept of»a
two-step reaction, which’has been so usefq] in analyzing theseAco11isions,

" seems still to be valid, even thoughtthe time scales of the initial cascade
and the residue breakup may be cbmparab]e.. This is demonstrated graphically
by the angular distributidns of the fast charged partié]es emitted from the .
pascade(aﬁd of the.slow charged bartjc]es}ffom fhe residue breakup. The
former are‘st}ong1y fprward beaked; ihg'jafter.are aimost isotropic in the

~ laboratory framevat'the highest projgctiie energy‘méasured'here (42 GeV'Ne).

A

-
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.IV. CONCLUSION

We have studied several features of the collisions of relativistic
projectiles with a heavy target, using a broad experimental approach. The
resulting data are not simply a large body bf cross sections but a necessarily
complicated mixture of different kinds of results. We have presented and
interpreted them, as far as possible, in a model independent way.

Fission is always present in these collisions and can be understood as a
peripheral process; conventional ideas are not challenged. Similarly, the
peripheral collisions leading to heavy residues with low excitation seem to
fit with a conventional evaporation scenario. However, the central collisions
leading to the multi-fragmentation of a highly excited residue are not part of
the conventional picture. The integrity of models of the residue breakup
mechanisms in these central collisions is yet to be firmly established;
however, a treatment that allows for fast, unrelaxed disintegration seems to
be appropriate, with a characferistic>excitat50n energy of 20 MeV per nucleon.
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- Table 1
Thresholds for Charged Particles Detected

in the 80-fold Scintillator Array

Particle *¢ -° L Energies

G e 710 Mev
g LR 25 MeV

Code e T 17 MeV per nucleon

A TR e " 13 MeV per - nucleon " :

3Hé5 R - o . .29 MeV per ‘nucleon:

4Hé”" T oo " : S 25 MeV per nucleon -
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" Table 2 -
Uncertainties in Absolute Normalisation

of the Fragment Cross Sections

Reaction Systematic Uncertainty
4.9 GeV p + Au | 309,
1.25 GeV/u “He + Au 304
250 MeV/u One + Au 50%
200 meviu One + Au 30%
1.05 GeV/u “Ne + Au  30%
20

2.1 GeV/u ““Ne + Au 50%
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Table 3
Experimental Estimates of Spectator Residue Mass Numbers

~in Events Leading to the Emission of A = 30 Fragments

, Ap = Aproj * Atgt - <Meast nucleons
Reaction Estimated Residue Mass (AR)
5 GeV Ne + Au | - 170
8 GeV Ne + Au . 160
21 GeV Ne + Au - ‘ : 140

42 GeV Ne + Au . 7 | 110



Table 4

Forward Velocities and Excitation Energies of the Au Target Residue

_ - Mean Measured g Cascade . Cascade
Trigger Mean Measured Forward - Cascade Calculated Excitation Calculated Residue
Reaction Fragment Multiplicity <M> Velocity <g|> Calculated <g|j> Energy <E*> (GeV) Mass Number <A>
4.9 GeV  1light® 0.006 + 0.002 not not | ot |
p + Au fissionb) - 0.0015 + 0.0003 calculated - calculated ' calculated
5 GeV Tight 12 0.009 =+ 0.002 0.002 0.6 176
He + Au  fission 3 0.0012 + 0.0003 0.006 0.2
5 Gev  light 12 0.018 #0.001 ~ 0.007 0.8 178
Ne + Au  fission 3 0.0036 = 0.0004 0.001 0.14
8 GeV light 19 0.014 =+ 0.003 0.0075 1.0 - i 165
Ne + Au  fission -3 0.0030 + 0.00Q3 0.0007 ' 0.13
2l Gev  Tight 28 0.009 =+ 0.002 0.0055 1.2 141
Ne + Au  fission 5 - 0.0009 £ 0.0002 0.0003 0.15
42 GeV/u light _ 0.006 + 0.002 not _ not ' not

Ne + Au fission 0.0009 + 0.0002 ca]cu]ated; ; calculated calculated

a)The light fragments are from central collisions. Mean measured multiplicities <M>, used to extract
<8)>» <E*>, and <A> from cascade calculations, are associated with a fragment of mass 10 < A < 30.
The experimental values of <B8y> are extracted from spectra of fragments in the range 8 < 7 < 11.

b)Fission occurs in the most peripheral collisions. Fission events give <g)> via the two body breakup
kinematics!0 and the associated multiplicities are used to extract corresponding values of <B||> and
<E*> from the cascade calculations.

_Ls_
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Table 5
Mass balance for Ne + Au collisions leading to

- the Emission of a Fragment of A = 20-40

5 GeV Ne + Au | 42 GeV Ne *+ Au
Approximate Approximate
_ Mean Number of Mean Number of
Product ’ Multiplicity Nuc leons Multiplicity  Nucleons
Trigger fragment 1 30 : 1 30
Fast charged particles - 13 C 17 42 j 50
~ Fast Neutrons 29 29 60 o 60
Slow charged fragments 6 45 5.6 ' 39
(2 = 2-27) | S -
-Slow protons 6 6 “ 6 - 6

Slow Neutrons : 24 »:' 24 ﬁ_ . 24 .24

Total = 135 Total = 209
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Figure Captions

Fig.
- Fig. 2.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

3.

Layout of the scattering éhamber.-

Schematic diagram of trigger logic.

Double differential cross sections for fragments falling into three
mass bins a) 28 < A< 31, b) 80 < A< 89, and c) 120 < A < 129. The
solid circles are the unselected cross sections, the open triangles
are from events satisfying the binary veto requirement described in
the text.

Double .differential cross sections for fragments falling into the

. lightest mass bin, for each of the reactions studied. The

exponential slope parameters ({) are from a fit to the tails of the
spectra.

Double differential cross sections for fragments falling into the
intermediate mass bih, for each of the reactions studied. |
Double differential cross sections for fission fragments extracted
from the intermediate mass bin by the multiplicity technique of

reference 11, for each of the reactions studied.

. . Double differential cross sections for deep spallation products

extracted from the‘intermediate mass bin by the technique of

reference 11, for each of the reactions studied. The exponential

slope parameters (1) are from a fit to the tails of the spectra.
Double differential cross -sections for fragments falling into the
heavieét mass bin, for each of the reactions studied. The
exponential slope parameters (1) are from a fit to the tails of the

measured spectra.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

11.

12.

13.

14 ;

15.

42—
Fast charged particle observed multiplicity distributions associated
with fragments of 6 5_2 <10 meaéu?ed at various angles. - The
distribﬁtions are independent of the angle of emissionlof the
trigger fragment.
Fast charged particle observed'mu1tip11cify'distributions associated

with fragments at e = 90° -in each of the mass bins 4) 28'< A < 31,

~b) 80 < A <89, and c):120 < A < 129, for three of the reactions

studied.

Contours of fragment yield against associated observed multiplicity
ahg fragment.energy, for:the reaction 5 GeV Ne + Au producing:
fragments in the three mass bins a) 28 <A < 31, ) 80 <A < 89, and
c) 120 < A <-129. |

Contours of fragment yie]d against associated observed multiplicity
and fragment mass for the reaction 42 GeV Ne + Au. -

Measured mean multiplicities of fast charged particles associated
with fragments of mass A, ‘as a:function of A, for‘eéch of the Ne
bombardments.stddied. The'open points are multiplicities associated

with nonfission events. .-

- Angular-variation of the spectra of fragments of Z = 8 from the -

reactions a) 4.9 GeV p + Au, b) 5 GeV He + Au, c) 5 GeV Ne + Au, d)

©-8 GeV Ne + Au, 3) 21 GeV:Ne + Au, ‘and f) 42 GeV Ne + Au:

Angular distribution of - Z = 8 fragments from the reaction Ne + Au at

the four projectile energies. studied.



Fig. 16.

Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.
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Results of the cascade calculation of Yariv and Fraenkel for the

interaction Ne + Au at three of the measured projectile energies.
The plots show contours of numbers of calculated events a) against
multiplicity and target residue forward velocity (in uﬁits of v/c)
and b) agaiﬁSt multiplicity and target residue excitation energy
(GeV). The arrows on the multiplicity axes indicate the measured
multiplicities associated with fragments of mass A = 30, the arrows
on the absciésae show the corresponding calculated values of B and
excitation energy.

Differential mean multiplicities of fragments with 6 < Z < 27
assdciated with a trigger fragment of mass A = 20-40 detected at

o) = 90° from the reaction of Ne + Au.

Open circles show the mean multiplicities of fragments with charge Z
associated with a trigger fragment of mass A = 20-40 detected at o =
90° from the reaction Ne + Au. The histogram represents the singles
measurement of fragment yield as a function of fragment charge Z,
Sca]ed arbitrarily for comparison to the measured fragment
multiplicities.

Mean multiplicity of slow fragments with Z in the range 2 < 7 < 27

.associated with a trigger fragment of mass 20 < A < 40 detected at o

=~ 90°. The mean multiplicity is shown for three projectiles (p, He,
Ne) at 5 GeV kinetic energy and for Ne projectiles at four energies
5 GeV, 8 GeV, 21 GeV, and 42 GeV. |

Cross sections for fragment production from the interaction of 42
GeV Ne with heavy targets as a function of fragment charge (Z). The
statistical calculations of Fai and Randrup are normalised so that

the ¢ = 20 MeV curve passes through the Ne + Au data points.



Fig.-22.

-44_
Double differeﬁtia] cross’sections of fragments of various Z values
measured at o = 62° from the reaction 5 GeV Ne + Au.
Results of the Coulomb exbansion calcutation of the kinetic energy
spectra of A = 30 fragments emerging from the Au'target‘kesﬁdue

after a central collision induced by a 42 GeV Ne projectile.
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