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Abstr

The energy and angular distritutions of nuclei produced in inter-
actions of 500 MeV/nucl “fAr projectiles with an Au target have been
investigated. Nuclei with charge 3 < 7 < 11 were observed. S: jle
particle inclusive spectra have been obtained at angles betweer 5°
oand €57, in the energy range 20 to 60 MeV/nucl.

The spectra decrease monotonically with the increasing energy,
angle, and charge. The distributions are consistent with an isotropi-
cally emitting source recoiling with an average velocity of -0.08 ¢
in the beam direction. Thermal model fits to the data yield tempera-
tures T of about T ~ 60 MeV. The low recoil velocity and high tempera-
ture are shown to be in conflict with energy and momentum conservation.
Two non-thermal models of emission involving expansion or rotation are
explored. A)though nzither of these models gives good qgantitative
fits to the data, they do much better than the thermal model if it is
constrained to be energy and momentum conserving.

The data for all energies, angles and species may be simply

parameterized. When transformed into a recoiling source frame with



= 0,08, all data points lie near (t4x) a common curve, for which

2
the Invariant cross section, f E% :ﬂgE’ falls exponentially with

B

o

increasing momentum, f « e-P/p"-, with a characteristic momentum

P = 340 MeV/c.
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n(t,%), is given by

n(t,0) = gy o [-(t-r(n))/oz(zw] ()

where N(2) is a nommalization constant and t(%) and o(%) are the average
lifetime and variance of the lifetime distribution for angular momentum

2, and
(&) = 1(0) (1-1/zmax) , a2)

o2 (9) = 2 (0) (1-2/8,,) , (13)

where T(0) and o(0) are the values for £=0. The quantities 7(0) and
o(0) are taken as adjustable parameters.

Since other processes are observed in heavy ion collisions limits
must be placed on the range of %£-values contributing to deey-inelastic
collisions. Figure 36 is a schematic view of the fractionation of the
2-distribution with respect to the various processes. At low £-values
the nuclei may fuse into a compound nucleus which can decay either by
the emission of light particles (i.e. n,p,a, etc.) or by fission. For

O no evaporation residues have been

very heavy systems like 197Au+ 8
observed (which would border on the realm of superheavy nuclei). For
lighter systems (e.g. Ag+Kr) evaporation residues have been observed,

105 Fission following fusion

but the cross section is small (< 100 mb).
is a rather improbable process for Au+Kr, as evidenced by the
Z-distributions which tend to peak near Z=36, but may occur for Ag+Kr
for the low %-waves as previously discussed. In the calculations no

lower R-cutoff is assumed for compound nucleus production; however, the



Introduction

High energy collisions betwean nuclel typically produce a
bewildering variety and number of particles, pions, nucleons, and light
nuclei. |If a heavy target nucleus is used, charged particle multipli-

cities frequently exceed 50,"2

with perhaps a similar number of unseen
neutrons and gammas.

One idea that has proven very useful in the analysis of relativis-
tic nucleus-nucleus collisions is that they proceed by formation of a
small number of discrete objects which subsequently decay into the
large number of fragments seen in the lab.

A common type of coillsion, which is thought to be peripheral or
grazing in nature, is one in which all fragments appear to have been
emitted from either the target or the projectile. Target fragments
are isotropically emitted in the iab with a relatively small amount of
energy, and projectiie fragments are emitted in a narrow cone at 0°
with velocities very near the beam velocIty-B'h'S However, frequently
collisions occur that defy such simple categorization. These colli~-
sions are thought to occur at smaller impact parameter where there is
a lot of overlap of the projectile and target nucleus. They produce

a spray of particles covering the forward hemisphere.l’2‘6

These par-
ticles are primariiy nucleons and light nuclei with energles often
exceeding 100 HeV/nucl6 and an occasional nuclear fragment as heavy as

cl.7’8 Success at understand-

oxygen with energies as high as 60 MeV/nu
ing this type of collision has been much more limited.
For intermediate bombarding energies, 250 S E < 400 MeV/nucl, the

proton spectrum above about 50 MeV/nucl can be qualitatively understood



in terms of a simple modelg"o in which the geometrical overlap regions
of the projectile and target fuse together and form a hot fireball
source. Unfortunately, no other nuclei appear to be coming predomi-

nantly from this source.a"'

This paper investigates the emission of
high erergy, E 2 200 MeV, composite nuclei in relativistic nucleus-
nucleus collislons. Data are presented on energy and angular distribu-
tions of nuclei produced in collisions of 500 MeV/nucl “°Ar project!les
with Au target nuclel.8 Nuclui with charges between 3 and 1] were
observed. Inclusive spectra between 20 and 60 MeV/nucl and 35° to 85°
were measured. These data are of particular interest because they are
the only data for projectiles heavier than Ne and they cover an
unusually wide range of fragments. Comparisons are made with similar

7,8 For a brief account of this

data using lighter projectiles C, Ne.
comparison see references 8 and 25.

In an attempt to interpret the data, thermal! equilibrium, final
state interaction and thermal-reaction equilibrium models of composite
nucleus emission are considered. These rpodels are shown to require
parameter values that are far from those allowed by energy and momentum
conservation. Two models are developed which involve thermal emission
from a rotating or expanding spherical source. Neither of these models
yields good quantitative fits to the data but they are a large improve~
ment over energy and momentum conserving thermal models.

Although no satisfactory mechanism of composite nucleus emission
is found, the data for all energies, angles and species may be simply
parameterized. When the data points are transformed into a recoiling

source frame with frame velocity BO = 0.08 all dats points lle near



{+ix) a common curve, for which the invariant cross section,

2
f E% %ZT’ falls exponentially with increasing momentum,

f = e-p/pc, P = 340 Mev/c.



Experimental Technigques

A. Exposure arrangement at the Bevalac

The experiment was carried out in a 48" long by 24" in diameter
cylindrical vacuum chamber in Biomed Cave | at the Lawrence Berkeley
Laboratory Bevalac.

A 50 um thick Au target was placed in the center of the chamber
and positioned at 45° to the beam axis. The detectors consisted of
stacks of "Lexan" plastic charged particle detector sheets. Each stack
consisted of 100 75 um thick sheets, with a total thickness of .75 ¢m
or .90 g/cm?.

A total of 12 detector stacks covered the angular interval
between 10° and 90°. The total solid angle of the detectors was
1.45 sr.

The 500 MeV/nucl “®Ar beam was delivered in pulses of 1-2 x 107
particies per pulse for a total fluence of | x 10*! particles.

B. tLexan detector techniques

After the irradiation, sheets from the stacks were exposed to
ultraviolet light and etched in 6.25 N NaOH at 40°C. This produces a
visible etch pit or “track' along the path of a charged particle
(with Z 2 3) in the last few sheets before its end of range. The rate
of track etching VT of a fragment AZ, with charge Z, mass A and velo~
city 3¢ is given by VT « (Z*/B)n. where Z* is the effective charge and
Z* < Z.Iz For ranges R of about 100 um the range is roughly a power
law in. kinetic energy E, R = E!*® or R « 8%:%, Thus the rate of track
etching VT along the path of the particle at distances R from the end

of range is approximately given by VT - K(Z,A)R-a, where a = n/3.6.



For R = 100 um and the standard UV exposure o equals 1.6. By measuring
the etch rate at a known distance from the end of range it is possible
to determine the charge and mass of the particle. In practice resolu-
tion ;f adjacent isotopes is difficult, and was not done in this experi-
ment, although ®Li was identified by its unique Li - ®Be + 2a decay
and by a determination of its charge.

Since charge identification of a particle requires microscope
measurement of each event it is impracticai to measure and identify
more than ~10" particles. Because of the observed fall-off of cross
section with increasing charge most of the particles detected will have
a charge near the lightest detectable charge. The solution to this
problem is to vary the lightest detectable charge. The detection tech-
nique used in this experiment is to look for events that have etched
a hole all the way through a sheet (Fig. 1), by passing anhydrous
ammonia gas through them and onto ammonia-sensitive paper. For a fixed
etch time there is a minimum charge for which this is possible. All
lighter charged particles are not detected. Thus, by adjusting the
etch time it is possible to set the minimum detectable charge. Not
all particles above the charge threshold are in fact detected. The
reason for this is that if a particle came to rest too deep into a
given sheet the etch rates in the sheet Just before that one will be
toc low to form a pair of connected cones. This is shown for the par-
ticle on the right in Fig. 1. Conslder a particle coming to rest a
distance AX balow the surface of a sheet. Using eq. ! the minimum
etch time required to form a hole in the preceding sheet is given

approximately by



t{ax) = TGTK'T [[H"'AX]-(u-‘) - [Ax]'(u‘])] 1)

where H is the sheet thickness. |If the etch time t is less than

etch
t{AX) then no hole is formed and the particle Is not detected. Thus
there is a maximum distance below the surface (Ax)max that a particle
can stop and still be detected. (AX)max is given by t((Ax)max) = toren”
Assuming that for all particles, detected or not, AX is uniformly

distributed between zero and H, then the detection efficiency P equals
(Ax)max

i
charge, calculated in this manner, is shown in Fig. 2. The actual

P =

The detection efficiency as a function of etch time, and

(Ax)max used in cross section calculations was determined from a dis-
tribution of measured values of AX.

Etch times of 50, 30 and 10 hours were used. The carresponding
charge thresholds as shown in Fig. 2 were 4, 5 and 7 respectively.
Figure 3 shows a plot of etch rate vs. range for 500 events from the
30 hr etch. Due to the spread of ranges and the relatively small num-
ber of higher charged events the charge resolution is not very striking.
Since the range dependence of the etch rate is known VT @ R718 it s
possibie to adjust the etch rate for range differences and compare etch
rates at a common range. Thus it is useful to define the range
adjusted etch rate, VT(@IOO pym) = VT(R)(RIIOO um) 1%, which is the
measured etch rate corrected to a common range of 100 um. Figure 4
shows histograms of number o% events vs. range adjusted etch rate,
VT(@IOO um), for the three different etch times. Individual charge
peaks are observed. The charge assignments are based on measurements,

shown In Fig. U4, of ®Li and ®B nuclei which are identified by their



2a decay. The final histogram in Fig. &4 in which charges 9-1i were
detected used a slightly different processing scheme, 1/4 the normal
W dose and a 20 hr etch. Reducing the UV dose had the effect of
shifting the sensitivity down so that only particles with Z 2 9 would
be detected. This avoided the use of a very short etch time for which
the ammonia detection scheme is unreliable. The 10 and 50 hr etches
were cross checked with the 30 hr etch where the absolute °Li, °8
charge calibrations was availakle. The 1/4 normal UV dose and 20 hr
etch data was cross calibrated with the 50 hr etch.

The BLi data were obtained by microscopic scanning for trach s
that end with the characteristic 2a decay of °Li. The contribution of
background ®8, which can be distinguished from ®Li by its higher etch

rate, has been found to be negligible.



Experimental Results

A complete list of all the measured cross sections is given in
Table 1. Cross sections at selected angles are plotted in Fig. 5a,b,

c as a function of kinetic energy/nucleon.

The cross sections shown in Fig. 5a,b,c display a number of
common features. They fall monotonically with increasing energy/
nucleon and angle. The energy spectra fall approximately exponentially
with Increasing energy/nucleon. The slopes of the energy spectra
steepen with increasing mass. The cross sections at fixed angle and
energy per nucleon fall off with increasing fragment mass, about a
factor of 107 between °LI and Na,

Figure 6 shows the energy spectrum at 55° for cach species. ihe
abscissa in this case is total kinetic energy rather than energy per
nucleon. Seweral regularities appear when the data are plotted in this
way. Unlike Fig. 5a,b,c, the slopes of the energy spectra are roughly
independent of fragment size. Also the cross section falls much more
slowly with increasing fragment size, only about a factor of 10 between
8 and Na.

The fact that the spectra for the different species have similar
slopes and magnitudes when plotted as a function of total kinetic
energy suggests that total kinetic energy is perhaps a more relevant
variabie than kinetic energy per nucleon.

The angular distrioutions, although not the same for all species,
show no systematic dependence on fragment size. A typical set of
angular distributions, for B, is shown in Fig. 7. Typically the

angular distributions are flat at small angles and steepen somewhat

beyond 60°.



Figure 8 shows the data from a similar experiment,8 400 MeV/nucl
20Ne + U + X, where 6Li, B8 and C fragments were measured. 7 2 cross
sections have similar energy and angular dependences. The primary
difference is that the cross sections with 2%Ne projectiles are about
a factor of 4 smaller than those with “%Ar projectiles. Although the
beam energy/nucleon and target are not identical in the two experiments,
they are similar enough to suggest that the increase in cross sections
in this experiment is primarily due to the doubl!ing of the projectile
mass.

Several key features of the data are worth noting:

1. Fragment spectra are smooth and fall monotonically with
increasing energy and angle.

2. The soectra fall approximately exponentially with increasing
energy.

3. The slopes of the energy spectra are roughly independent of
fragment size when plotted as a function of the total kinetic energy
rather than kinetic energy per anucleon.

4, Fragment cross sections fall off much more slowly with
increasing fragment size, when compared at the same total kinetic energy
rather than kinetic energy per nucleon.

5. Fragment cross sections are about a factor of 4 higher with
500 Me¥/nucl “®Ar projectiles than with 2°Ne projectiles of comparable

energy per nucleon.



Summary of Existing Models

A. HMNodels of composite nucleus emission in relativistic proton
nucieus coilisions
Before relativistic heavy ion data became availatle, several use-
ful moudels had already been developed to explain certain features of
composite nucleus emission in relatlvistic proton-nucleus collisions.
Evaporation models envisioned composite nuclei thermally boiling

13,14 These

off the surface of 2 recoiling exclted target nucleus.
models were used to flt the energy spectrum at one angle for nuclei
with energles £ § 100 MeV. Agreement with the angular distribution was
not good. Typlcal parameters for 5 GeV protons on a uranium target are
temperatures T = 12 MeV and recoll velocities Bo = volc = 0.006.'4
Theoretical attempts to explain these parameters reached the conclusion
that the temperatures were unexplainabiy hIgh.’h Another difficulty
with this model was that the talls of the energy spectra were too high
and flat, being characterized by ''local' temperatures of about 20 MeV.
No attempt was made to explain the absolute or relative yields of the
fragments.

i5

A second model was developed by Butler and Pearson to explain
the emission of relativistic deuterons in 25-30 GeV proton-nucleus
collisions. Their model was that, if they had sufficiently similar
moment=, nucleons in the nuclear cascade could coalesce to form
deuterons by interacting with the residual nucleus as a third body.
Both of these models have been modified and adapted to explain compo-
site nucleus emission in relativistic heavy ion collisions.lo']6

8. The "Fireball'" model of proton emission in relativistic heavy

ion collisions.



A number of different models have been developed to explain proton
emission in relativistic heavy ion collisions. They include analytic
and numerical hydrodvnamic calculations and Monte-Carlo cascade calcu-
Iations.”-23 both of which attempt to follow the detailed time evolu-
tion of the collision.

The ""Fireball'" model developed by Westfall et al.9 is perhaps the
most successful and certainly the simplest model of proton emission.
The model! treats both target and projectile as spheres with nucieons
distributed uniformly throughout their volume. In a classical picture
as two spheres graze each other they form clean, cylinder-like cuts in
each other. In the '"Firebal!l' model the nucleons in these cylinders
mix together and thermally equilibrate to form the fireball. The hot
recoiling fireball then completely boils away to form the observed
nucleons. At a given impact parameter the fireball can be character-
ized by the number of nucleons, recoil velocity and temperature, all of
which can be calculated from geometry and energy and momentum conser=
vation. The calculated cross sections, for beam energies,

E s 400 MeV/nucl, are generally within a factor of two or less of the
measured cross sections and have roughly the right slopes of energy
and angular distributions. Data for 2.1 GeV/nucl 2°Ne + U are much
more isotropic than predicted by the "Fireball' model and the absolute
magnitiudes are not predicted well. These shortcomings are perhaps
partly due to the target failing to stop the projectile at such high
energies. The success of this model in predicting proton cross sec-
tions suggests that {t would be a good starting point for coalescence~

type calculations of composite nucleus emission.

n



C. Final state interaction model of composite nucleus emission in
relativistic heavy ion colllsions
The final state interaction or coalescence model of Butler and

15

Pearson “ was extended by Gutbrod et aﬂ.'6 to explain emission of com-
posite nuclel in relativistic heavy ion collisions. {In the model of
Guthrod et al., if Z protons and N neutrons all had momentum vectors
differing by less than a coalescence radius Py these nucleons would
form a nucleus‘mz)A provided it corresponded to a bound nucleus. Thus,

given the nucleon differential cross section the cross section for a

nucleus of mass A is given by
2 3 - 2
d % L lmpo vy YA-1f d%0; \A @
pedpdd Al 300 psdpd)

Cross sections o, and g; are nucleus and nucleon cross sections respec~

tively and are evaluated at the same momentum per nucleon with Lorentz
factor Y. a, is the total reaction cross section. The coalescence
radius P, is the only adjustable parameter.

This model successfully accounted for the systematic increase in
slope of energy spectra with increasing mass when plotted as a function
of energy per nucleon. {t satisfactorily fit cross sections for pro-
duction of H and He isotopes with Py values of about 100 MeV/c, on the
order of the Fermi momentum of light nuclei.

In spite of this success there are several difficulties and
Inconsistencies within the model:

}. There is no requirement that the nucleons be spatially close
enough to become bound.

2. Spin and isospin statistics are not taken into account. This
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is not really a serious problem for H and He isotopes, which have oniy
ground states, but becomes important for heavier nuclei which have a
large number of excited states.

3. Since eg. 2 is very nonlinear in the nucleon cross section,
using a nucleon cross section that is an average over many collisions
Is incorrect, particularly since the multiplicity is known to vary
enormously from event to event.

4. Since the nucleon-spectrum is depleted significantly by the
formation of nuclei in this model the nucleon spectrum in eq. 2 is not
the observed nucleon spectrum but is rather a 'primordial'* spectrum
including all nucleons emitted in nuclei.

D. Reaction equilibrium model of composite nucleus emission in
relativistic heavy ion collisions

Mekjianzu adapted the formalism previously used to explain atomic
and nuclear reaction equilibria in stars to explain the production of
composite nuclei in relativistic heavy ion collisions. Mekjian assumed
that after the fireball of Westfall et al. was formed, nuclear reactions
among the nucleons would occur that would form composite nuclei within
the fireball. Consider a volume Vo in equilibrium at a temperature To'
The number of nuclel contained within the volume NG(Z,N) of type

(Z+N)Z is given by

(AT ) 1%\A-
N (2,N) -( > ) f(:;\“’ (N (1,007 (v (01N, (3)
o

where A(T ) = hc(anpcszO)'*. A=2+NandN (1,00, N(O,1) are the

number of protons and neutrons in the volume Vo respectively, and



£(zZ,N) = A3/2 exp(E (Z,N) /kT ) f (25+1) exp(~E /kT) . (b)

Ee is the ground state energy of the nucleus and Ej and Sj ara the
excitation energies and spins of states of the nucleus. The sum
extends over all states of the nucleus.

This establishes the relative ylelds of composite nuclei as a
function of the density of neutrons and protons. The relationship

between the proton and composite nucleus cross sections then becomes

d2g(Z,N) d%(1,0) A
G “[ ED ] : (5)

The functional form of the result is in fact exactly the same as with
the final state interaction model.

The most serious difficulty with this model is that it assumes
that reaction equilibrium has time to occur. Rough calculations indi-
cate that a nucleon might suffer ~10 or fewer collisions22 before the
fireball system breaks up. Even for deuterons to be in reaction equi-~
librium would require a major portion, more than 20%, of the n + p
cross section to be n + p + nucleus + d + nucleus*.

The most important feature of this model is that it demonstrates
that, for thermal nucleon spectra, the coalescence model is equivalent
in form to the simple assumption of thermal equilibrium between com-
posite nuclei and nucleons. Thus, if the proton spectrum can be
characterized as being emitted from a recoiling source with source
velocity Boc and source temperature T, both the coalescence and reac-
tion equilibrium models predict the same results, namely that compesite

nuclei can be characterized by the same source velocity Boc and source



temperature t. This may be simply shown from eq. 5. A thermal nucleon
source viewed in the source (primed) frame has a proton cross section

2
given by d°6(1,0) « exp(=E'/t). From eq. 5 the cross section from mass

dQQ' dE!
d%0(Z,N) ' 7y 1A '
A fragments in the same frame Is o {exp{-E'/T)]" = exp(-AE'/T).

AE' is the total kinetic energy of the mass A fragment. So mass A
fragments are isotropic and thermal when viewed in the source frame of
the nucleons. Thus, composite nuclei have the same source velocity and
source temperature as nucleons in both the coalescence and nuclear

reaction equilibrium models.

15



Comparison of Models with the Data

Since no measurements exist of inciusive proton cross sections in
Ar + Au collisions, tests of the coalescence and reaction equilibrium
models of composite nuclei must be indirect. I|f composite nuclei are
emitted from a blob of nucleons recoiling with source velocity Boc and
in thermal equilibrium at source temperature T then both models predict
that ail composite nuclei should be characterized by the same source
velocity and source temperature. Al) species can be individually fit
by such a model, but not all by a common value of Bo and 1. For the
fits the cross section i{s given by %%—E- K ::—, vET e-E'/-r where P' and
E' are the momentum and total kinetic energy of the fragment in the
source frame which has a source velocity Bo and P and E are the same
quantities in the laboratory frame. In each case a good fit was
obtained when the one standard deviation ervor of the cross section was
taken to be given by counting statistics plus 5% of the cross section.
Figure 9 shows in Bo-'r space 90% confidence level contours of the
vaiuve of Bo and T for each species. Although there is a general clus-
tering around B = 0.08 and T = 60 MeV, there is very little overlap
of the contours. Thus the reaction equilibrium model does not fit the
data and neither does the coalescence model if one assumes thermal
nucleon spectra.

A more serious difficulty than the lack of agreement on a common
value of Bo and T is the problem of explaining the generally low Bo
and high T. First consider the composite nuclei to be emitted from 2
hot recoiling blob of nuclear matter formed by Np projectile nucleons
inelastically colliding with NT target nucleons. There is a unique

relation between 8 and T shown in Fig. 10 that is determined by energy
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and momentum conservation only. The high and low Bo ends of the curve
correspond to mixtures consisting primarily of projectile and target
nucleons respectively. If one considers partially elastic collisions
the projectile and target nucleons form separate blobs. The open curve
in Fig. 10 is for 50% elasticity, the low Bo branch is the target
nucleon blob. The rectangular box at low Bo in Fig. 10 contains all
the 90% confldence contours of the data. Most of the mixing curve lies
at values of Bo much higher than the data box. Figure 11 shows the
individual confidence level contours of Fig. 9 with the mixing curves
superimposed. Note that no contour intersects the curves. Points on
the mixing curve with roughly the right values of Bo have temperatures

° have found that thermal

a factor of 3 to 4 too low. Gosset et a?.]
fits to B spectra from 400 MeV/nucl Me + U yield temperatures a Yactor
of two higher than expected. They suggest that this discrepancy may
be explained by the fact that formation of composite nuclei in the blob
should raise the temperature of the system by reducing the number of
particles. However, in order to raise the temperature bf‘a factor of
4 the average mass of incipient fragments in the blob, including
nucleons, would have to be 4 n$, that is four nucleon masses. In the
case of 400 MeV/nuc) 2%Ne + U where light fragment data are available
it is known that nucleons are the dominant species emitted and that
alpha particle yields are more than an order of magni tude lower.10
Thus, this mechanism cannot be the primary cause of the temperature
discrepancy.

A more direct test of the coalescence model is to check if any

proton spectrum of arbitrary form can correctly generate the spectra

for all speclies. Equation 2 may be used to calculate an unknown



proton spectrum based on a known composite nucleus spectrum, although
it is normally used to do the reverse calculation. Since the coales~
cence formula contains an adjustable normalization parameter Po itis
not possible to calculate the magnitude of the proton cross sections
required to fit a gfven composite nucleus spectrum, but it is possible
to calculate the shapes of the proton spectra. Figure 12 shows the
proton spectrum required to fit the Ne fragment data. Below it are
the measured proton spectra of Westfal) et al.IO for 250 and 400 MeV/
nucl 2%Ne + U. Note that the calculated proton spectrum is qualita-
tively quite different from either measured procon spectrum. The cal-
culated spectrum rises slowly wlth‘increasing energy and is nearly

isotropic, in the laboratory frame. The slow variation with energy

d?o d%o (178, )
and angle Is because deElproton = [Hﬁalee Ne

lated proton spectrum varies as the 20th root of the Ne spectrum,

thus the calcu-

taking Ne to be 2%Ne. A factor of 10 difference in cross section
between two points at the same energy and different angles in the Ne
spectrum results in a 12% difference in cross section in the correspond-
ing proton points. With the calculated proton spectrum it is possible
to calculate the shape of all other composite nucleus spectra. Figure
13 shows the calculated boron spectrum and compares it with the data.
The calculated boron spectrum falls off more slowly with increasing
energ. and angle than the data. The differences are not as striking

as for the calculated proton spectrum, because

deE,B [dﬂdEIN ](Aboron/Aneon), and the masses of boron and neon are
comparable.

Two conclusions can be drawn: (1) Although the spectra of com-

posite nuclel can be qualitatively fit by thermal models, the ‘values



of the parameters weeded are in gross disagreement with energy and
momentum conservation. (2) Although the coalescence model can crudely
fit the observed composite nucleus spertra, the required proton spec~
trum Is quite different from measured spectra for similar reactions.
The required proton spectrum, if parameterized in terms of a thermal
model, is also in gross disagreement with energy and momentum conser-
vation.

{t hardly seems surprising that emission of composite nuclei con-
taining 10-20 nucleons cannot be explained by the reaction equilibrium
or coalescence models. |t would be very hard to understand how such
processes could ¢~cur for all but the lightest composite nuclei. The
failure of thermal models to explain the data suggests that other means

of energy transfer to compdsite nuclei should be considered.
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Non-thermal Models of Composite Nucleus Emission

The difficulty with thermal models, as discussed in the previous
section, 1s that the parameters required to fit the data have a low
value of Bo % 0.08 and a high temperature T = 60 MeV, which is incompa-
tible with energy and momentum conservation. The root of the diffi-
culty with therma) models is that they require ail species, including
nucleons, to have total kinetic energy spectra in the source frame
that differ only by constant factors.

This section will explore mech=nisms that preferentially give the
energy of a system to the higher mass fragments. The models are all
based on the same idea, that If moving matter breaks up, each plece is
given energy in proportion to its mass. In other words, the velocity
of the emitted fragment is the relevant quantity, not its kinetic
energy or momentum.

A. Spinning, exploding target

The first model to be considered is based on the process called
""target explosion' by Westfall et al.9 They assumed that at suffi-
ciently small impact parameter, the entire projectile might stop in the
target and form a large, hot recoiling system of nucleons. Westfall
et al. suggested that this process might explain the discrepancles
between the fireball mode! and measured proton spectra at low energies,
£ < BC MeV. For 500 MeV/nuc! “%Ar + Au the velocity and temperature
are Bo = 0.18 and T = 40 MeV. |IF this process occurs at non-zero impact
parameters, the angular momentum of the system is non-negligible, that
is, a significant fraction of the center of mass energy is rotational
energy. My modification of the target explosion model is to assume

that it occurs in non-zZero impact parameter collisfons and is the



principal source of composite nuclei. Specifically, my model takes
the projectile, target, and composite expluding system to be spheres
of radius R = 1.2 fm(A)lla. It assumes that the explosion process
occurs for all impact parameters b such that the projectile [s com-
pletely engulfed within the target, i.e., b g (RT-RP), where Ry and Rp
are the target and projectile radii.

The calculation | have done {s a Monte Carlo routine that proceeds
by the following steps:

i. Pick a point of impact from which an angular velocity and
axis of rotation are calculated.

2. Calculate the angular momentum of the system and its tempera-
ture. The temperature is a function of impact parameter beccuse the
rotational energy Is, and the thermal energy plus rotational ener,y
must equal the constant center of mass energy.

3. Pick a "point of departure'* for the composite nucleus randomly
out of the entire volume of the '‘target explosion' sphere. Pick a
thermal energy and direction of motion measured in the local rest frame
of the medium.

4., Transform the particle first out of the rotating medium into
the center of mass frame of the ''target explosion'' system and then
finally Into the laboratory frame.

The results of this calculation are shown for oxygen in Fig. 14
and compared with the data in the same figure. The model is unsatis-
factory, predicting much too rapid a fall~off with increasing angle.
Further, it leads to a turnup In the backward direction at low
energles, E £ 10 MeV/nucl, that could be tested experimentally. Later

| will consider a modified version of this model.
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8. Expanding target explosion

Bondorf et al.2! noted that the fireball of Westfall et al.’
would expand and cool after formation, converting thermal energy to
energy assoclated wiih a velocity of expansion. They solved the prob-
lem of an expanding gas sphere in a vacuum and analytically did the
transformations and averages to calculate a laboratory cross section.
Although thelr calculations were for emission of nucleons, it is
possible to extend the calcutation to the emission of composite nuclei.
It is necessary, however, to make the following assumptions:

1. That the concentration of composite nuclei in the nucleon
gas Is sufficiently small that it does nct alter the behavior of the
nucleon gas.

2. That the ratlo of denslty of composlte nuclei to density of
nucleons is independent of position.

3. That the composite nuclei flow with the expanding nucleon
gas and are in local thermal equilibrium with the gas.

Figure 15 shows the calculated energy spectrum for oxygen for a = }.

a is the one free parameter of the mode] which determines the radial
distribution of the gas. The radial distribution is given by

p(ri '% [1-(%)2]“ where r is the distance from the center of the
sphere, R is the radius of the sphere and A is a constant fixed by the
number of particles in the system. The distribution is very isotropic
and has a rising energy spectrum, not at all like the data. The
isotropy and rislng cross sectlon are also features of the calculated
nucleon spectra at low energies. Varylng the parameter o between 0 and
10, covering the complete range Bondorf and co-workers believe to be

physically reasonable, does not alter the basic discrepancies with the
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data.

It is possible, however, to introduce several, more sensitive,
free parameters into the calculation. Bondorf et al. assume that the
coupling of thermal energy to energy of expansion stops when the expan-
sion veloclity equals the "thermal velocity.'' The time at which this
occurs is called the time at breakup, t,- Once breakup occurs the
energy and angular distributions of nucleons are fixed. In the calcu-
lation of oxygen spectra for Fig. 15 it was assumed that they remained
coupled to the nucleon gas until time t, was reached. It is possible
that composite nuclei decouple from the nucleon gas at a time, td s ty
before the nucleon gas breaks up. It is also possible that the
collislon is not completely inelastic, that is, the elasticity € > 0
and the projectile and target separate after the collision. Figure
16 show the results for ty=0.5¢t, c=0.3anda=10, which is x2
minimizing best fit to the data for a § 10, x2 does not appear to
have a minimum as a function of a for a $ 100, however, xz only drops
by about 1% between o = 10 and a = 100. This calculation gives curves
that fit the data much better than the previous one. The angular dis-
tribution is less isotropic and the energy spectrum falls with Increas-
ing energy. Unfortunately the flatness of the energy spectrum at low
energies is in systematic disagreement with the data.

One possible difficulty with both of these non-thermal models is
that they assume that the elasticity of the coliision is constant,
independent of impact parameter. In order to calculate the elasticity
as a function of impact parameter it Is necessary to know how much
momentum a projectile nucleon loses as it passes through a thickness T

of target nuclear matter. Sobel et al.zo suggest that the final
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momentum of the projectile nucleon Is given approximately by

P = Po exp(-T/Tp). Po and P are the initial and final momenta of the
projectile nucleon in the collision center of mass frame. Tp is the
momentum transfer length which is about 2.5 Fermls for beam energies
300 MeV/nucl < Ebeam < 600 MeV/nucl. The elasticity can be calculated
using this formula and taking the naive assumption that the projectile
may be treated as independent nucleons passing through an undeformed
target nucleus. The result of this calculation is shown in the top of
Fig. 17a for 500 MeV/nucl “PAr + Au. Note that the elasticity is sub-
stantially greater than zero over a fairly wide range of impact para-
meters. The remaining parts of Fig. 17 show the target recoil B, the
target internal energy per nucleon, and the target angular momentum as
a function of impact parameter for 500 MeV/nucl “°Ar + Au. Using these
values of kinematic variables, | have recalculated the results of the
spinning and expanding target explosion models. Figure 1B shows these
results for oxygen fragments, for which an average was done over all
impact parameters. |In the case of the expanding target explosion model
the parameters a and td were calculated to best fit the data and have
values a = 10, td = 0.4 tb. The upper two graphs of Fig. 18 show for
comparison the oxygen calculation using the thermal model, for which
the colilsion was assumed to be central and complete}y inelastic, and
also an impact-parameter-averaged thermal modei with parameter values
given in Fig. 17a,b. The oxygen data are superimposed on each figure.
Clearly none of the models represents the data well. The angular
distributions are substantially too steep in each case. The thermal
models are by far the worst. The steepness of the angular distribu~

tion is due to the high recoll velocity of the target in central



collisions. !t is possible that the most central collisions are so
violent that they do not produce large fragments such as oxygen. In
any case, it is interesting to see what happens when small impact para-

meters are excluded. Figure 19 shows the same calculations as Fig. 18

except that the most central 20% of the cross section has been excluded.

The results are considerably better than before for the nonthermal
models. They are more nearly lsotropic, in agreement with the data.
The expanding target explosion mode! appears to give the best fit to
the data, but it still has a systematic fiattening at low energies
that is uncharacteristic of the data.

The fraction of cross section excluded, 20%, was chosen arbitrar-
ily. It may be possible to achleve good quantitative fits to the data
with the expanding target explosion model by carefully adjusting the
limiting impact parameter within which central collisions are to be
excluded, along with the other adjustable parameters o and td‘ To
achieve a good fit with several adjustable parameters would not be too
surprising. | believe it is highly significant, however, that much
better representations of the data can be obtained with simple non-
thermal models involving expansion or rotation processes than with
purely thermal processes.

A model for fragment productlon that treats the coupling between
therma: energy, expansion energy, and energy of rotation may be
necessary. This might be possible to do with a Monte Carlo routine or
may require a full hydrodynamic calculation simila: to those already

used to predict proton spectra.
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A Universal Curve of Invarlant Cross Section vs. Momentum

Although no model has been found to fully describe the data, the
data do show some surprising regularities. For example, as mentioned
previously, the slopes and magnitudes of energy spectra appear much
more comparable when comparing different species {f the cross sections
are plotted vs. total kinetic energy rather than energy per nucleon.
There are other ways of plotting the data that make this result more
striking. An important step in looking for regularities in the data is
to eliminate the distortion associated with emission from a recoiling
source. This can be crudely done by transforming back into an average
source frame with velocity Bo = 0.08. For convenience in doing trans-
formations It is easier to use the Lorentz~invariant cross section
f = (1/p)d?c/d0ME rather than the laboratory cross section.

Figure 20 shows the invariant cross section plotted vs. the
momentum p' in the recoiiing frame with B = 0.08. The data for hoth
400 MeV/nuc) 2°Ne + U and 500 MeV/nucl “Ar + Au reactions show similar
features. In both reactions all data points fall on a straight Yine
within a factor of about *4 or less, thus corresponding to an exponen-

25 It seems surprising that over 200 data

tial fall-off with momentum.
points, in the case of “%Ar data, at all energies, lab angles, and for
all species from Li to Na, which vary by a factor of ~10% in iavariant
cross -ection, would fall so close to a comon line. It is interesting
that the slopes of the curves for the two reactions are not the same.
The “PAr curve is fiatter. The characteristic or e-folding momentum
for the 2°Ne reaction is Pc = 230 MeV/c and for the “"Ar reaction is

P = 340 MeV/c.

The transformation of the data for aill species into a common frame

26



27

is a reasonable first step but can be refined considerably. A more
useful technique for studying the energy or momentum dependence of the
invariant cross section Is to calculate the value of the laboratory
momentum for a fixed value of the invariant cross section. A plot of
points of constant invariant cross section on a graph of transverse
momentum p; vs. longitudinal momentum Py should lie on a circle if
emission is isotropic from sources with a single velocity. Actually
this is only true in the nonrelativistic limit. The circles become
ellipses when relativistic calculations are done. However, in the
case of the data presented here ellipse eccentricities e never exceed
e = 0.0]1 and this refinement may be neglected. Figures 2ia,b,c are
plots of this type in momentum space for the data presented here. The
points do fall quite well on circles as demonstrated by the "‘eyeball"
circles drawn through them. From the displacements of the circles
along the Py axis the velocity of the ''source' may be calculated. An
important observation can be made from these plots, that the ''source'
ve.ocity increases with increasing fragment momentum or decreasing
invariant cross section. This is even more clearly demonstrated in
the analysis of ref. B of 400 MeV/nucl 2%Ne + U data. The roughly
uniform increase in momentum radius with each ~3 fold decrease in cross
section graphically demonstrates the exponential dependence of cross
secticn on the momentum In the source frame p'. The approximate con-
stancy of radius for a given invariant cross section, independent of
fragment mass, demonstrates that the invariant cross secgions for all
specles lie near a common universal curve.

It 1s now possible to plot the invariant cross section vs. p'

independent of any simplifying assumptions about the source recoll
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velocity. Figure 22 shows such plots for the 500 MeV/nucl “°Ar + Au
and 400 MeV/nucl 2%Ne + U data and also for previous 2.} GeV/nucl

12¢ & Ay data.zs The abscissa is the source velocity determined graphi~
cally. The data for “"Ar and 2°Ne look much like those in Fig. 20.

The '2C and 2%Ne data have very similar slope and magnitude. Perhaps
the differences in mass and energy per nucleon tend to compensate for
each other.

The simplicity of this result seems to suggest that an equally
simple model should account for the basic features of the data: low
source veloclity, exponential fall-off of the cross section with either
total energy or momentum, and similar values of invariant cross sec-
tions from species to species evaluated at the same momentum in the
source frame. Certainly any mode) that attempts to explain the yields
of composite nuclei{ must naturally account for the very slow fall-off
of cross section with increasing fragment mass when compared at the

same total momentum.
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Summary and Conclusion

| have presented data on the emission of composite nuclei in
collisions of 500 MeV/nuct “%Ar + Au and attempted to explain it in
terms of five different models. The first three models, thermal, final
state interaction, and reaction equilibrium, have been developed by
others and appiied to previous data. The fourth model of a spinning
target explosion was developed in this paper. The fifth model of an
expanding, exploding target, which was previously developed to explain
proton emission, was modified in this paper to expiain composite nucleus
emission. MNone of these modeis provided quantitative fits to the data
without introducing free parameters.

T;e thermal and reaction equilibrium models are the same regarding
their predictions of the shapes of energy and angular distributions of
composite nuclei. The distributions should be isotropic Maxwellian
distributions when transformed back into some recoiling source frame.
Although good fits of each species individually are obtained with the
thermal model, the values of the source recoil velocity Bo and tempera-
ture T obtained are not consistent with being the same for all spacies.
A more serious difficulty is that all the values of Bo and T are incon=-
sistent with rather simple energy and momentum conservation considera-
tions. Typically values of T are about a factor of four higher than
expected for the value of Bo obtained.

A direct test of the final state interaction model weould require
a knowledge of the as yet unmeasured proton cross sections for
500 MeV/nucl “%Ar + Au. However, by assuming the model is correct, it
is possible to use composite nucleus spectra to calculate the shape

of the proton spectrum or other composite nucleus spectra. The shape
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of the proton spectrum calculated from the Ne fragment data is quali-
tatively different from any measured proton cross section for relati-
vistic heavy lon collisions. The shape of the boron cross section
based on the neon spectrum falls more slowly with increasing energy

and angle than the data. This result is typical of those obtained
with other palrs of species, namely, that proton spectra based on high
mass fragments give energy and angular distributions for lighter species
that are significantly too flat. Thus, although the final state inter-
actlon model may explain the emission of composite nuclei as heavy as
alpha particles, it does not seem to work for the heavier composite
auclei.

Nel ther the spinning nor the expanding target explosion mode! in
simplest form offers adequate fits to the data. However, a modified
form of the expanding target explosion model seems promising since
this model fits the data much better than thermal models that are
required to be energy and momentum conserving. It seems likely that
a correct accounting of the connection between expansion, rotation,
and cooling would be necessary to make the target explosion model
viable. Since such a calculation would be quite complicated and
would require many simplifying approximations a hydrodynamic calcula-
tion might be a better approach.

Cespite the fallure of these models the data demonstrate striking
regularities. Al} fragments appear to be isotropically emitted in a
recofling source frame. The invariant cross sections viewed in the
source frame fall exponentlally with fragment momentum in the source

frame P!, The invarlant cross sections have no obvious fragment mass

dependence when compared at the same P',
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It seems likely that an explanation of the anomalous flatness of
the energy spectra of composite nuclei will involve models with a com=
blnation of acceleration mechanisms such as thermal, expansion, and
rotation. If this is so0, then information on the emission of large
composite nuclel will be most helpful in revealing the nonthermal

acceleration mechanisms.
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Table 1.

Table Captions

A complete list of the data presented in this paper. E+
and E- define the upper and lower limits of the energy
interval over which the cross section was averaged. o+

and o- are 68% confidence limits on the cross section.
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TABLE 1.

Cross

Species Angle 8 *A87  Energy E £+ E- Section o o+t o-
{deg) {deg)  (MeV/nucl)  (HMeV/nucl)  (MeV/nucl)  (ub/MeV-sr)  (ub/MeV-sr)  {ub/MeV-sr)
8. 10 2 8.0 3.6 6.7 1.85x102 2.49x102 1.36x102
8 40 2 1.4 12.7 10.3 1.42x102 1.96x102 1.06x102
8L k0 2 13.6 1.6 12.3 1.91x10% 2.68x10% 1.34x10%
8, 4o 2 30.3 3.2 29.5 3.10x10" h.s2x10'  2.09x10
8 60 2 8.0 9.9 6.7 1.68x102 2.12x10% 1.33xM, -
8 60 2 1.4 12.9 10.3 1.11x10? 1.58x102 7.66x10"
8, 60 2 13.6 14.8 12.3 7.70x10" 1.06x102 5.51x10
8. 60 2 19.9 21.0 19.0 5.20x10" 7.76x10" 3.40x10’
8. 80 2 8.2 10.2 6.0 1.36x10% 1.98x10° 3.15x10"
8 80 2 12.6 14.3 1.1 5.90x10" 7.76x10°" 4. 4x10'
8, 80 2 17.7 19.1 6.4 3.10x10" 4.95x10" 1.87x10"

+Angle and energy llmits define the interval over which the cross section was averaged, whereas cross
section limits are 68% confidence level 1imits on the cross section.
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Cross

species Angle 0 A0 Energy E E+ E- Section o o+ a-
(deg) (deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/MeV-sr)  (ub/MeV-sr)  (ub/MeV-sr)
8. 80 2 2k.7 25.9 23.6 3.60x10" 7.10x10' 1.60x10"
8, 80 2 30.5 2.5 30.4 1.15x10" 2.06x10" 6.00x10°
(9)ge* 55 5 30.0 3.6 28.9 1.99x10" 2.31x10" 1.67x10"
(g, 55 5 33.3 35.2 31.7 1.53x10" 1.80xi0' 1.38x10"
9ge 55 5 37.2 3.5 3.0 6.80x10°  9.50x10°  4.80x10°
(9)g, 55 5 u.s 4.2 39.8 3.00x10° 4.40x10° 2.00x10°
(9, 65 5 30.2 31.6 28.9 7.30x10° 9.80x10° 5. 40x10°
(9, 65 5 33.3 35.2 31.5 4.00x10° 5.40x10° 2.90x10%
(9)g, 65 5 37.2 38.5 3.0 6.20x10° 8.80x10° 4. 30x10°
9)ge 65 5 41.5 43.2 39.8 2.70x10° 4.00x10° i.80x10°
(9, 75 5 27.5 29.5 25.4 7.20x10° 8.50x10° 5.90x10°
(g, 75 5 32.5 34,1 30.9 3.30x10° 5.30x10° 2.00x10°
g 75 5 38.0 39.8 36.2 3.10x107" 1.02x10° 5.40x1072

*
( ) denotes the isotope that was assumed in calculations where isotope resolution was not achieved.
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Cross
Species Angle 0 A0 Energy E E+ E- Section © o+ o-
(deg) (deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/Mev-sr)  (ub/MeV-sr)  ‘ub/MeV-sr)

(9, 85 5 27.5 29.5 25.4 2a7x00°  3.16x10° 1. 46x10°
(9ge 85 5 32.5 3.1 30.9 3.90x10°  6.00x10°  2.46x10°
(9, 85 5 38.0 39.8 36.2 ° 6.30x10°"  1.46x10° 2.20x10""
(g 35 5 30.7 32,7 28.7 1.15x10 1.32x10" 9.76x10°
(g 35 5 37.4 39.4 35.4 4.12x10° 5.12x10° 3.30x10°
(g 35 5 43.4 45.3 0.4 2.05x10°  2.87x10° 1. 44x10°
(i 35 5 47.1 49.3 448 9.98x10™"  1.38x10°  7.15x107"
(Mg us 5 30.7 32.7 28.7 1.07x10" 1.24x10" 9.04x10°
(1) 15 5 37.4 39.4 35.4 b.12x10° 5.12x10° 3.30x10°
(1)g 45 5 43.4 45.3 R 4.09x10° 5.16x10° 3.32x10°
(1) 45 5 7.1 19.3 by.8 8.3:2x10"'  1.19x10° 5.74x10"
(1) 55 5 22.2 241 20.3 1.91x10" 2.27x10" 1.57x10"
1)y 55 5 27.2 29.3 25.0 1.60x10" 1.13x10" 8.76x10°
(11g 55 5 30.5 33.1 27.9 7.24x10° 7.95x10° 6.53x10°
(Mg 55 5 32.1 34.8 29.4 4.87x10° 5. 4lix10° 4. 30x10°
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Cross
Species  Angle 6 A8 Energy E E+ E- Section o o+ g-
(deg) (deg) (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/MeV-sr)  (ub/MeV-sr)  (ub/MeV-sr)

(11)g 55 5 35.8 38.8 32.7 3. 1ix100 3.47x10° 2.75x10°
(1 55 5 38.3 0.2 35.4 2.75x10° 3.08x10° 2.42x10°
(Mg 55 5 43.2 47.2 39.1 1.09x10° 1.25x10° 9.29x107"
(N 55 5 7.4 50.0 4.8 1.09x10% ). hixto® 8.37x10""
)y 65 5 22.2 241 20.3 1.43x10" 1.79x10" 1. 1hxio’
(M) 65 5 27.2 29.3 25.0 6.03x10° 7.00x10° 5.06x10°
(1) 65 5 30.5 33.1 27.9 4.32x10° 4.87x10° 3.77x10°
(1) 65 5 32.1 34.8 29.4 3.09x10° 3.54x10° 2.64x10°
(1 65 5 3.8 38.8 32.7 2.16x10° 2.46x10° 1.86x10°
)y 65 5 38.3 w.2 35.4 1.49x10° 1.73x10° 1.25x10°
(1) 65 5 43.2 47.2 39.1 6.87x10"" 8.15x10"" 5.59x107"
(1jg 65 5 474 50.0 4.8 3.63x10"! 5.80x10"" 2.19x10”"
(1) 75 5 28.1 31.2 25.0 3.31x10° 3.76x10° 2.86x10°
(g 75 5 30.3 33.1 27.5 2.70x10° 3.12x10° 2.28x10°
(1) 75 5 32.1 34.8 29.4 2.02x10° 2.41x10° 1.63x10°

8t
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Cross

spectes A?gl;)e (323) (52353&:5) (nevizucl) (Mevs;ucl) (3255;3253) (ub/::v-sr) (ub/:;v-sr)
(1) 75 5 35.9 39.1 32.7 1.06x10° 1.34x10° 8.36x10”"
(1) 75 5 38.5 8.2 35.7 s.o9xi0”'  7.60x107'  3.33x107"
(1M 75 5 43.0 46.9 39.1 2amxi0”!  33uxe™! 1.37x107!
(1mg 85 5 28.1 31.2 25.0 1.96x10° 2.31x10° 1.61x10°
(11g 85 5 30.3 33.1 27.5 1.32x10° 1.69x10° 1.03x10°
(Mg 8s 5 32.1 34.8 29.4 7.07x10”"  1.07x10° 5.15x10""
(1) 85 5 35.9 39.1 32.7 3.85x10""  5.75x107"  2.52x107"
(1 8s 5 38.5 .2 35.7 wasxio”'  6.8sx10”' 2.8ix107"
(g 85 5 43.0 46.9 39.1 1.55x107"  2.60x107'  8.96x10°2
(12), 35 5 35.8 38.2 33.4 3.75x10° 4.37x10° 3.13x10°
(12)¢ 35 5 13.6 45.9 u.2 1.10x10° 1.43x10° 8.4lx10""
(12)¢ 35 5 50.6 52.8 18.3 7.65x10""  1.07x10° 5.38x10""
(12), 35 5 54.9 57.5 52.2 2.72x107"  3.9x10”'  1.83x107"
(12)¢ 15 5 35.8 38.2 33.4 2.74x10° 3.37x10° 2.21x10°
(12) 45 5 43.6 45.9 n.2 9.82x10""  1.29x10° 7.38x10""
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Cross
Species Angle 8 A8 Energy E E+ E- Section o a+

(deg) {deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/Mev-sr)  (ub/MeVesr) (ub/:;v-sr)
h2), 4 5 50.6 18.3 52.8 sazxo’! e.eexioTt 2.52x107!
(12) 45 5 54.9 57.5 52.2 2a2x107"  z26x10! 1L3txio™!
(2)¢ 55 5 25.9 28.2 23.7 9.45x10° 1.08x10 8. 1x10°
(12)¢ 55 5 31.6 34.1 29.1 2.47x10° 2.83x10° 2. 11x10°
(2)¢ 55 5 35.8 39.0 32.5 1.74x10° 1.93x10° 1.55x10°
(12), 55 5 37.7 40.6 3.7 1.37x10° 1.57x10° 1.17x10°
(12)¢ 55 5 n.7 451 38.1 5.8ux10""  s.70x0”! 3.98x107"
(12)¢ 55 5 bh.7 48.1 4.2 w.76x10”!  s.61x0”! 3.91x107"
(12) 55 5 50.3 55.0 45.6 2.55x107"  3.02x10”'  2.08x107"
(12)¢ 55 5 5.3 58.4 52.2 raoxio™!  2.0mx107! 6.82x1072
(12)¢ 65 5 25.9 28.2 23.7 5.45x10° 6.45x10° 4. 45x10°
(12)¢ 65 5 3.6 34.1 29.1 1.03x10° 1.32x10° 8.00x10""
(12)¢ 65 5 35.8 39.0 32.5 6.37x1077  7.53107"  5.21x107"
(12) 65 5 37.7 50.6 34.7 6.8ux10"'  8.5ux10"'  5.46x107"
(2), 65 5 0.7 45.2 38.1 2211000 s.02x10”' 1.69x107

oh



Species

A0

Cross

Angle © Energy € E+ E- Section @ a+ a-

(deg) fdeg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/MeV-sr)  (ub/MeV-sr)  (ub/MeV-sr)
(12)¢ 65 5 44,7 48.1 4.2 153107 2.18x107" 1.06x107"
(12)¢ 65 5 50.3 55.0 45.6 8.49x10°2  1.21x107"  5.86x1072
(12)¢ 65 5 55.3 58.4 52.2 4.80x102  1.nixio™! 1.70x1072
(12), 75 5 32.8 36.4 29.1 7.23x107"  8.33x107'  6.07x10”!
(12)¢ 75 5 35.5 39.0 32.0 2a7x1070 wauxio”t 2.4ixi0”!
(12)¢ 75 5 37.7 40.6 3.7 souxio”! L3xio”! 2.10x107
(12)¢ 75 5 43.1 48.1 38.1 6.8ux102  1.02x10”'  h.u7x1072
(12)¢ 75 5 50.2 54.7 45.6 9.65x1073  3.18x10"2  1.67x10”3
(12)¢ 85 5 32.8 36.4 29.1 asx10”" mnxio! 2.39xi07!
(12), 85 5 35.5 1.0 32.0 285107 3.30x107" 1.76x10”"
(12)¢ 85 5 37.7 40.6 3.7 p2x10”' 2.18x1070 6.37x1072
(12)¢ 8s 5 b3.1 18.1 38.1 8.55x1073  2.82x1072 1.48x1073
(1) 35 5 32.5 36.2 28.8 2.65x10°  3.27x10°  2.43x10°
(1) 35 5 34.7 38.2 3.1 1.47x10° 1.84x10° 1.17x10°
(k) 35 5 36.7 40.6 32.8 1.07x10° 1.34x10° 8.54x10™"

Iy



Cross

Spectes A?g;:)e (sﬁg) (ﬁzs;gzcﬁ) (Hevizucl) (MeVE;ucl) (:ﬁfﬁésfsg) (ub/::V-sr) (ub/:;v-sr)
8y 35 5 40.5 45.1 35.8 b.98x107"  6.32x107"  3.90x107!
(4} 35 5 4h.9 4.2 0.5 1.03x10”" 1.84x10”"'  5.38x1072
() 45 5 32.5 36.2 28.8 1.40x10° 1.76x107 1.vixie®
(k) 45 5 .7 38.2 30,10 1. 4ox10° 1.77x10° 1.10x10°
(14) 45 5 36.7 40.6 32.8 6.69x10""  8.90x10"'  4.98x10”"
Oy us 5 40.5 45.1 35.8 ro3x10”™! 5.26x107! 3.06x10”"
(4 45 5 449 49.2 4.5 7.73x10°2  1sxi0t 3.52x1072
(14)y 55 5 22.6 27.6 17.5 1.89x10? 2.13x10° 1.65x10°
sy 55 5 27.9 3.1 21.6 1.00x10° 1. 14x10° 8.61x10”]
(4 55 5 33.0 37.2 28.8 1.19x10% 1.41x10° 9.69x10”"
(k) 55 5 3.4 40.6 32.2 8.37x10""  1.06x10° 6.60x10°
(), 55 5 40.5 451 3.8 2307 3ioxi0”' 1La3xio”!
(14 55 5 4.9 49.2 40.5 5.15x10"2 1.19x107} 1.82x1072
(b 65 5 22.6 27.6 17.5 1.57x10° 1.79x10° 1.35x10°
W)y 65 5 27.9 34.1 21.6 4.64x10”" 5.80x10”" 3.70x10”"

T



Cross
Species Angle 6 A6 Energy E E+ E- Section © o+ -
(deg) (deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nuc!)  (ub/MeV-sr)  (ub/MeV-sr)  (ub/MeV-sr)

(1) 65 5 33.0 37.2 28.8 6.14x10""  ga7xi0™!  4.57x107"
(14)y, 65 5 36.4 40.6 32.2 3.42x107" b.98x10""  2.30x107"
(), 65 5 40.5 45.1 35.8 1.18x1077  1.98x10™"  6.70x1072
(), 80 10 22.6 27.6 17.5 2.65x10”" 3.36x107"  2.08x107"
(), 80 10 27.0 32.4 21.6 3.00x10°2  1.39x107'  5.69x1072
M 80 10 3.6 36.2 27.0 3.39x10°2  7.86x10°%  1.20x1072
(16} 35 5 3.3 39.5 31.0 6.78x107"  7.83107"  5.73107"
(16)g 35 5 37.9 .7 34,1 bsixio”!  s.7axio”! 3.suxi0”!
Q€)g 35 5 40.1 13.7 3.4 .3x107' hasxio”! 2.44x107!
(16), 35 5 13.5 18.5 38.5 2.52x107" 3.0ix107'  2.03x107"
(16), 35 5 48.3 53.0 43.6 2171002 . 5.03x1072  7.68x1073
(16)g us 5 35.3 39.5 31.0 nesxio”t  s.s5x10”' 3.81x107
(6), 45 5 37.9 0.7 341 s.87x1070  s.o2x10”' 2.97x107!
(e), 4s 5 40.1 43.7 36.4 Lazxio”! 2.27x107' 8.58x1072
(1), us 5 43.5 48.5 38.5 1.esx10”!  2.15x107" 1.25x10""
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Cross

Species  Angle & AD Energy E E+ E- Section © o+ o-
(deg) ‘deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  (ub/MeV-sr)  (ub/MeV-sr) {ub/Mev-sr) -

(16), i 5 48.3 53.0 43.6 3.26x1072 6.43x1072 1.49x10"2
(16) 55 5 23.6 28.3 18.8 1.69x10° 1.85x10° 1.53x10°
(16)q 55 5 26.7 31.8 21.5 7.56x10"" 8.58x10""  6.54x10""
(i6)y 55 5 30.8 36.1 24.5 4.94x10”" 5.66x107" 4.22x107"
(16)4 55 5 35.5 50.6 30.3 2.92x1077  3.48x10”"  2.36x10”"
(16)g 55 5 39.5 43.7 35.2 2.33x107"  3.06x10"" 1.75x10” !
(16) 55 5 45.8 53.0 35.8 2. 1x10"2 3.83x1072 1.22x1072
(16)4 65 5 23.6 28.3 18.8 1.12x10° 1.25x10° 9.86.307"
(16) 4 65 5 27.6 31.8 21.5 3.99x107" 4.73x107" 3.25xi07"
(16)4 65 5 30.8 36.1 25.5 2.52x10"" 3.15x10" ! 2.01x10”"
(16) 5 65 35.5 40.6 30.3 6.h9x1072 1.06x10™ ! 3.92x1072
(16)q 65 5 39.5 43.7 35.2 4.36x10"2 8.60x1072 1.99x10"2
(16)o 80 10 2.3 29.7 18.8 2.47x10”" 2.83x107" 2. 11x107"
(16) o 80 10 28.2 33.1 23.2 1.21x107" 1.59x10"" 9.10x1072
(16) 4 80 10 31.6 36.1 27.0 7.60x10"2 1.13x107" 4.97x1072

0



Cross

Spectes A?gl;)e (jﬁg) (szs;gch) (HeVE:ucl) (MeVE;ucl) (3§7;;3253) (ub/::V-sr) (ub/:;v-sr)
(16), 80 10 344 39.0 29.7 by2x10°2 7.91x1072  2.68x1072
(19)¢ 4o 10 22.8 27.3 18.3 s.e0x107! 6.boxio”! b.toxie™!
(19)¢ 40 10 26.3 30.3 22.2 3.20x107"  ho2ox10”' 2.40x107!
(19)¢ 40 10 R 35.1 27.1 1.80x10""  2.60x10"7  1.20x10”"
(19)¢ 4o 10 36.5 40.9 321 8.42x10"2  1.o5x107'  6.75x1072
(19)¢ 4o 10 39.5 13.7 35.2 6.46x1072  8.30x10°2  4.95x10"2
09 " 4 10 1.8 45.3 38.2 5.38x10°2  6.74x102  2.77x1072
(19)¢ 4o 10 47.4 54.9 39.9 9.kox10™3  1.37x1072  6.33x1073
(19)g 55 5 17.3 22.5 12,2 2.76x10° 3.63x10°  2.08x10°

(19)¢ 55 5 244 29.3 19.4 2.88x107"  3.30x0°'  2.4x107"
(19)¢ 55 5 27.6 32.9 22.2 1.38x107"  1.65x107"  1.ixio”!
(19)g 55 5 31.9 37.4 2.3 6.02x102  8.10x1072  4.43x1072
(19)¢ 55 5 38.4 45.3 3.4 2181072 3.25x1072  1.43x1072
(19)g 55 5 47.4 sh.9 39.9 ba7x1073 9.67xi073 1Lagxio”3
(19)¢ 65 5 17.3 22.5 12.2 8.60x10”"  1.ubxio? 4.90x10”"

Sh



Cross
Species Angle © *A0 Energy E E+ E- Section o o+ o-
(deq) (deg)  (MeV/nucl)  (MeV/nuc))  (MeVW/nucl)  (ub/MeV-sr)  (ub/MeV-sr)  (ub/MeV-sr)

(19)¢ 65 5 2.4 29.3 19.4 1.74x10”" 2.06x10”" 1.42xi0”!
(19)¢ 65 5 27.6 32.9 22.2 4.25x107%  6.35x10°2  2.78x1072
(19)¢ 65 5 31.9 37.4 2%.3 5.30x10°2  6.kxi0?  2.97x1072
(19)¢ 65 5 38.4 45.3 3.4 8.16x1073  1.61x10°2  3.72x1073
(19) 80 10 19.4 25.2 13.6 1.40x107" 2.30x10"" 7.90x1072
(19)¢ 80 10 24.7 30.0 19.4 5.23x10°%  5.37x10°2  3.32x1072
(19)¢ 80 10 28.7 34.2 23.1 1.60x1072  2.46x1072  1.01x1072
(19) 80 10 34.2 4.4 27.9 1.59x10°3  5.25%1073  2.75%107%
(200, 35 5 24.0 28.0 20.0 8.60x107" 1.03x10° 6.90x107"
(20), 35 5 28.3 32.3 24,2 2.70x10”" 3.60x10"" 2.00xi0”!
(20) 35 5 31.7 35.4 27.9 2.10x10”" 5.00x10”" 1.65%10""
(20}, 35 5 3.4 38.3 30.4 5.10x10™2 1.00x10”' 2.30x1072
(20} 45 5 24.0 28.0 20.0 5.70x10°"  7.50x1077 4.30x10°7"
(20)y, 45 5 28.3 32.3 24,2 2.90x10""  3.90xi0”!  2.20x107!
(20}, 45 5 31.7 35.4 27.9 1.78x107" 2.50x10”" i.10x107 !
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Cross

Species A?gl;)e (jﬁg) (szz;g:cf) (Hevszucl) (Hevs;ucl) (zzjﬁlsﬁsg) (ub/::V-sr) (ub/:;v-sr)
(20), 15 5 34.4 38.3 30.4 6.80x10°2  1.22x10""  3.50x1072
(200, 55 5 19.0 24.6 13.3 2.12x10° 2.49x10° 1.74x10°
(200, 55 5 24.3 28.5 20.0 5.80x107"  6.20x10”'  3.70x107"
(20)y, 55 5 28.5 32.7 24.2 2.70x10""  3.60x107'  2.00x107!
(20), 55 5 31.9 35.8 27.9 b.30x10°2  1.ooxio”!  1.50x1072
(20)y, 55 5 34.6 38.7 30.4 0.00x10° 3.00x10"2  o0.00x10°
(20), 65 5 19.0 24.6 13.3 1.19x10° 1.54x10° g.10x10""
(200, 65 5 24,3 28.5 20.0 3.30x107"  h.sox1oT' 2.4ox10”
(20)y, 65 5 28.5 32.7 24.2 1.iexi0”' 1.85x107'  7.00x1072
200y 65 5 3. 38.3 30.4 b.30x10°2  9.90x10°2  1.50x10"2
(200, 65 5 34.6 28.0 20.0 0.00x10° 3.00x10°2  0.00x10°
(20}, 75 5 20.7 32.3 24.2 6.20x10""  7.80x10""  s5.10x007"
(20),, 75 5 24,1 35.4 27.9 2.50x10""  3.60x10”" 1.70x107"
T 5 27.0 38.3 30.4 6.90x102  1.16x10""  3.80x1072
@0y, g5 5 20.7 24.6 13.3 2.60x10°"  3.60x1077 19010
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N Cross
Species Angle § +AQ Energy E E+ E- Section o

(deg) {deg)  (MeV/nucl)  (MeV/nucl)  (MeV/nucl)  {ub/MeV-sr) (ub/ﬁ:V*sr) (ub/:;v-sr)
(200, 85 5 24,1 28.5 20.0 7.4ox1072 1.46x107" 3.40x1072
(200, 85 5 27.0 32.7 24.2 0.00x10° 2.56x10"2  0.00x10°
(@3), 4o 10 24,6 35.8 27.9 1.31x10”" 1.64x10"" 1.04x10""
(23)y, ko 10 29.0 38.7 30.4 4.30x10"2 5.90x1072 3.10x1072
(23), 40 10 32.5 24.6 13.3 1.80x1072  3.00x1072 1.00x1072
(23)y, 4o 10 35.3 28.5 20.0 1.20x10°2  2.10x10"2  6.30x1073
(23}, 60 10 19. 4 32.7 24.2 3.15x107" 3.75x10”" 2.55x10”"
(23), 60 - 10 24.9 29.2 20.5 4.30x1072  6.10x1072 3.00x1072
(23)y, 60 10 29.2 33.6 24.8 4.30x10°2  5.90x10°2  3.10x1072
23)y, 60 10 34.2 39.7 28.6 3.20x1073  7.40x1573 1.10x1073
(23)y, 80 10 21.3 27.3 15.2 7.30x10°2  3.30x1072 5.70x1072
(23)y, 80 10 25.8 31.1 20.5 2.60x10°2  4.20x1072 1.60x1072
(23)y, 80 10 28.2 33.7 22.7 3.20x103  1.10x1072  s5.50x107"

8h



Figure 1.

Figure 2.
Figure 3.

Figure &4.

Figure 5.

Figure 6.

Figure 7.
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Figure Captions

Drawing of two etched particle tracks for the last three
Lexan sheets at the end of range of the particle. The

left particle would be detected in this experiment by the
hole in the middle sheef. The right particle would not be
detected.

Plot of the detection efficiency vs. etch time for charges
4 <235 9 using standard UV exposure.

Plot of etch rate VT vs. average range R for 500 events
from the 30 hr etch.

Histograms for number of events vs. etch rate for the four
different UV and etch times used in this experiment. There
is approximate vertical alignment of the first three sets of
histograms. The fourth set is shifted because of the shorter
UV exposure.

Plot of data for charges 3 < Z g 11 differential cross sec-
tion vs. energy/nucleon. Data at some intermediate angles
are omitted to avoid clutter.

a) °Li, Be, B

b) €, N, O

c) F, Ne, Na

Plot of the energy spectrum of all species at a lab angle
of 55°.

Plot of the angular distribution of Boroq for three

different energy intervals.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

3.

13.

14,

Plot of the 400 MeV/nucl 2%Ne + U data of ref. 8, differen-
tial cross section vs. energy/nucleon.

90% confidence interval boundaries on values of the two
parameters to a thermal fit to the data, the source velo-
clty Bo and the temperature Tot

Plot of all possible combinations of §_ and T_ assuming no
transparency € = 0 and 50% transparency € = 0.5. The box
at law Bo contains all the 90% confidence intervals of
Fig. 8.

Same figure as Fig. 9 except the theoretical curves of
Fig. 10 are shown.

Plot of proton cross sections from 500 MeV/nucl “®Ar + Au
+ P + X assuming the final state interaction model and
using the *Ar + Ay - Ne + X data. Proton data from ref.
9, 250 and 400 MeV/nucl 2°Ne + U + P + X are shown for
comparison.

Boron cross section from 500 MeV/nuci “%Ar + Au > B + X
assuming the final state interaction model and using the
calculated proton spectrum of Fig. 12. The measured B
data are shown for comparison.

Calculated oxygen spectrum for 500 MeV/nucl “OAr + Au

+ 0 + X assuming the spinning target explosion modei
developed in this paper.

Calculated oxygen spectrum assuming the expanding target
explosion model developed in this paper. Taking parameter
values a = 0.5, ty =ty that is no early decoupling from

the nucleon gas.



Figure 16.

Flgure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.
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Calculated oxygen spectrum assuming the expanding target
explosion mode! developed in this paper. Takiag parameter
values a = 10.0, td - Stb. that is early decoupling and
€=0.3.

a) Plot of elasticlty vs. Impact parameter and target
recoll B vs. impact parameter for 500 MeV/nucl “%Ar + Au.
b) Plot of target Internal energy/nucleon vs. impact
parameter and target angular momentum vs. impact parameter
for 500 MeV/nuc! “°Ar + Au.

Oxygen fragment spectrum calculated for four different
models. Results were averaged over all impact parameters
using the results of Flg, 17.

Same as Fig. 18 except the Impact parameter average
excluded the most central 20% of the cross section.

Plot of the invariant cross section vs. momentum P' in a
source frame recoiling with velocity 8 = 0.08. The points
are for all species, angles and energies. For the 500 MeV/
nucl *°Ar + Au and 400 MeV/nucl 2°Ne + U data of refs. 8
and 16.

Plots of contours of constant invariant cross section in

transverse momentum Pl vs. longitudinal momentum ﬁl space.

a) °®Li, Be, B
b) C, K, 0
c) F, Ne, Na

Circles drawn through the data are "eyeball' fits.



Figure 22.

Plots of fnvariant cross sections vs. radii of the momentum
clrcles P! of Fig. 21 also data from similar calculations
for 400 MeV/nuct 2"Ne + U and 2100 MeV/nucl C + Au of refs.

7, 8, 16, and 25,
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:‘.—é
Gl
w 2lea #® 2% b -
W
c ® 30°
) | 60°
~
Nb 1~ A 750 —
Y
100 250 MeV/nucl. 20Ne + U~ P + X data
L4 ° Py ® )
5 501 {
@ .
= . [ . .
5 A
£ —
— 20} 4 A
19 ] .
w
% 100}~ 400 MeV/nucl. 20Ne + U— P + X data —
3 CoL e L
50 |— . . s . s
4 A
A
A A
20 |- —
| | A 1
20 30 40 50

Energy/nucl. (MeV/nucl)

Fig. 12

66



dzo'/d.Q, dE (arbitrary units)

d%0/dQ dE (ub/MeV-sr)

20

10

1 | l T
500 MeV /nucl.
Oar + Au—B + X

FINAL STATE
INTERACTION
CALCULATION

75° 35°

5502

—

500 MeV /nucl.
“Oar + Au—>B + X

DATA

=

a
‘N\\I‘\~\\ \N\n 550
. . _
{ [ | A 75. |
20 25 30 35 40

Energy/nucl. (MeV/nucl.)

Fig. 13

67



dzo'/dﬂ dE {arbitrary units)

108

10

10

+\4+

80°

20 40
Energy /nucleon (MeV/nucleon)

Fig. 14

68



d20/dQ dE (arbitrary units)

2.0

1.5

1.0

69

A
® 35°
® 55°
®
4 go° s —
®
]
o —_
a
A
a=05
®
[ ]
A -
i | ]
20 40 60

Energy/nucl. (MeV/nucl.)

Fig. 15



dzo‘/d.Q. dE (arbitrary units)

80°

L |

35°

55°

20 40
Energy {MeV/nucleon)

Fig. 16

60

70



Elasticity

Vo/C)

Target recoil B, (B,

1.0

GRAZING
COLLISION

5

10

Impact parameter (fm)

Fig. 17(a)

n



(L1 *613

(wy) sejowpuod poduwy

Target angular momentum

Target internal energy/nucleon

{MeV-fm/c) x10° (MeV)
o 5 o o S 3 S
T I | | ]

ZL



dzo'/d.Q. dE (arbitrary units)

X
ok

THERMAL MODEI.
o1 {No transparency)

-

80° 55°
THERMAL MODEL
(Transparency)

1NN

o b

10—

0.1

\\%

50

_{

0 20 40

’ ® 35 55
+ & 55° +
+ so \#
l— 55¢° —
80° 80°
SPINNING TARGET EXPANDING TARGET
NUCLEUS MODEL NUCLEUS MODEL
1 L 1 L1 L 1 L1
20 40 60

Energy {MeV/nucl.)

Fig. 18

73



dzo-/d.Q. dE (arbitrary units)

100

10

o
\*+

THERMAL MODEL
{No transparency)

4
’4

o \ 45
[ ]
80° +|55°

THERMAL MODEL
{Transparency)

3s°

!

NN

NN

\ -

++ 3s°
A
SPINNING TARGET EXPANDING TARGET
NUCLEUS MODEL NUCLEUS MODEL
0.1 L 11 1 1 I N
0 20 40 0 20 40 60

Energy {MeV/nucl)

Flg. 19

74



|

pb
sr MeV?/c

|

1

dlo
P dE dQ

Invariant cross section, f =

T T T T T
0 % . 500 MeV/N -
N Ar + Av
® . o 400 MeV /N
o Ne + U
10-2-
8, '.00 .{
.l
o, O. ®
1073 "?’ o —
ol *.
ﬂun 4“ [ J
“rif, -
107 °§$:{'\’:." -
:::B Q‘.’:f.\
:Eg.‘..:.{.:. Q. .
10—5—' Ou::: - “..". e |
o0 o ® :.
104} %0 ¢ -
uo ° .4
10-7 . i ! l I
0 1 2 3 4 5

P’ '3eV/c) = momentum in frome

with 8 = 0.08

Fig. 20

75



.6!3

(e)1z

{GeV/c)

Transverse momentum
N

Jgpbecoceahradq

1x10~"
3x10™?
3x10-3
1x1072
3x10™*
1x10~4
3x10™%
1x19%
3x10°
1x10°¢

Be

!

A

i

0

2

4

0

Longitudinal momentum (GeV/c)

9t



*byy

(q)1z

Transverse momentum
(GeV/<)

4 0

Longitudinal momentum (GeV/c)

L



/8

(3/A%9) wnswouw jputpniibuo]
(4

0

4

0

[4 0

-

!

!

YT 0

>/ A29)
wnjuswouwl GSJBASUDJJ_

Fig. 21(c)



d
d

] 1
Invariont cross section, f = 7

102

104

10—

500 MeV/N Ar + Au |
(x107) .

2100 MeV/N C + Av

- (x10%) .
~ 400 MeV/N Ne + U N
| ! _
“c
- R —‘
I | 1 1 [
0 1 2 3 4 5

Momentum in moving frame, P’ (GeV /¢)

Fig. 22

79





