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ABSTRACT

Recent experimental results from 4r detectors af the
Bevalac are presented, with emphasis on the Plastic
Ball. Topics discussed are stopping, compression,
collective f]ow,»and chemical and thermal freeze-out.

1. OUTLINE

Heavy nuclei, in central collisions at Bevalac energies, stop in
their center of mass producing a region of equilibrated, hot matter.
Some of thé.energy is stored as potential energy of compression. At
the same time the pressure builds up, producing a sidewise collective

flow of nuclear matter. The system then expands until the density is

reduced so that the chemical equilibria producing the 1jght composite
nuclei freeze-out, and then even further until the thermal two body
interactions freeze-out. Each of these points will be documented.

2. PLASTIC BALLL

The Plastic Ball covers the angular region between 10 and 160

*This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under Contract

DE-ACO3- 765F00098



deg. ' It consists of 815 detectors where each module is a AE-E
telescope capable of identifying the hydrogen and helium isotopes and
positive pions. The AE measurement is performed with a 4-mm thick
CaF2 crystal and the E counter is a 36-cm long plastic scintillator.
Both.signals are read out by a single photomultiplier tube. Due to
the different decay times of the two scintillators, AE and E informa-
tion can be separated by gating two different ADCs at different timeé.
- The positive pions are additionally identified by measuring their
delayed decay. - ' '

The Plastic Wall, placed 6 m downstream from the target, covers
the angular range from 0 to 10 deg. and measures time of f]ight,
energy loss and position of the reaction proucts. In addition, the
information from the inner counters (0 to 2 deg.) is used to produce a
trigger signal. ‘ '

3. STOPPING -

By measuring in each event the momentum distribution of the frag-
ments in the center of mass.system the degree of thermalization can be
determined. For an isotropically expanding system one.finds in the
center-of-mass frame from simple phase space considerations:

%; Pl = 2 Iyl Bt
The sums in eq. (1) contain the perpendicular, P> and longitudinal,
P> momentum components of all particles in an event. A global stop-
ping of the two nuclei in the center of mass system would show up by
the two sides of eq. (1) being equal, or p, even larger if flow into
the transverse direction exists. In the presence of transparen;y P
would always be larger. Isotropy is a necessary but not sufficient
condition for thermalization. If in addition the energy distributions
are of Maxwell-Boltzmann type the emitting system may.bé called
thermalized. _
Plastic Ball data
lines of the event yield accumulated with the minimimum bias trigger

2 are shown in Fig. 1. In Fig. 1 (top) contour
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are shown in the p  versus p plane for the Ca + Ca system. The peak

at small P, but ]aige p” coruesponds to peripheral reactions and is
dominated by projectile fragments. This contribution vanishes as the
trigger is changed to a "central" one. Fig. 1 (center) shows central
trigger events with a charged particle multiplicity larger than 30.
The maximum of the yield is shifted towards the diagonal but only a
. few events reach it, which corresponds to full stopbing of the nuclei. ‘
In the lower part of fig. 1 for the reaction of 400 MeV/nucleon Nb +
_Nb the central trigger events with charged particle multiplicities
1arger than 55 a]most fu1f111 the stopplng and 1sotropy condition
on the average.
Fig. 2 shows the same kind of plot from the Streamer Chamber3
for 770 MeV/A 4OAr on Pb with a high multiplicity cut. For this
central collision of a medium weight projectile on a heavy target
there is complete diving at the projectile into the target, again

leading to stopping in the center of mass cf the participants.

4. COMPRESSION

“An estimate of the energy tied up in compression at the maximum-
density phase of the collision has been given by Stock et al. 4,5
They used the streamer chamber to study 4OAr + KC1 as a function of
energy. At each energy the »~ yield was measured as a function of
proton partcipant number and extrapolated to b = 0, as shown in fig.
3. The results shown in fig. 4 indicate as a function of energy a
substantial reduction below predictions either of cascade calculations
or of a chemical model, though the theories agree with each other.
The interpretation offered is simple: at each beam energy, if the _
energy available for pioh production is reduced by the amount shown by .
the horizontal arrows in fig. 4 the correct number Of pions would be
obtained. The deficiency is attributed to energy required to compress
the nuclear matter, which is not allowed for in the theoretical re-
sults. Since the theories provide the density reached in the colli-
sion itlis possible to go one step further and derive an equation of
state for nuclear matter, as shown in fig. 5. Despite criticism of

o
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the procedure in detail, the concept has not been invalidated and it
remains as the only means so far of extracting an equation of state’

from experimental data."6

5. COLLECTIVE FLOW )

Direct evidence of the compression effects predicted by an equa-
tion of state would be collective flow of the nuclear matter upon re-
expansion. Data from 4x detectors like the Plastic Ball are ideally
suited for studying the emission patterns and event’shapes which might
be able to reveal this effect and distinguish between predictions of
cascade and hydrodynamical models.

The sphericity tensor

Fis = z; pi(v)pj(v}w(v) | (2)
is calculated from the momenta of all measured particles for each
event. It is appropriate to choose the weight factor w(v) in such a
way that composite particles have the same weight per nucleon as the
individual nucleons of the composite particle at the same velocity.
For the Plastic Ball analyses the weight w(v) = 1/2m(v) (kinetic
energy flow) is used. Another coalescence-invariant weight 1/p(v) has
been used in the analysis of the Streamer Chamber results to be shown.

The sphericity tensor approximates the event shape by an ellipsoid
whose orientation in space and whose aspect ratios can be calculated
by diagonalization. The shapes predicted by hydrodynamical and intra-
nuclear cascade calculations are quite different. The hydrodynamical
model predicts prolate shapes aTong'the_beam axis only for grazing
collisions but with decfeasing impact parameter the fTow angle in-
creases, and reaches 90 deg. (with oblate shapeé) for zero-impact-
parameter events. Simp]e cascade calculations on the other hand
predict zero flow angles at all impact parameters.

Approximately 50,000 Plastic Ball events accumulated with a
minimum-bias trigger have been analyzed for both Ca and Nb colli-
sﬁon$,7 The distribution of the flow angle e (angle between the
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major axis of the flow ellipsoid and the beam axis) is shown in fig. 6
for different multiplicity selections. A striking difference between
the Ca and Nb data can be observed. - For all but the highest multipli-
city bins the.distribution of the flow angles for the Ca data is
peaked at. 0 deg. For Nb, however, there is a finite deflection angle
increasing with incfeasing multip]icﬁty. The same analysis has been
performed with filtered events from a cascade code calculation (fig."
6). For both systems studied the distributions are always peaked at 0
deg. It is not so evident that the Ca + Ca collision differs from its
simulation with the cascade model, whereas a new co]1ec£ive phenomenon
definitely appears in the larger-mass system which is not accounted
for by the present cascade models. ‘

In this analysis each event was parametrized by an ellipsoid, but
it is of interest to study the shapes in more detail. The fact that
finite flow angles are seen in the data indicates that in those events

*a reaction plane exists that'is defihed by the flow axis and the beam
axis. All events can be rotated by the azimuthal éngle ¢ determined
by the flow analysis so that their individual reaction planes all fall
into the x-z plane, with the z axis being the beam axis. For those
rotated events the invariant cross section in the reaction plane .
[dzo/dy d(pX/m)] can be plotted, where px'is the projection of the
perpendicular momentum into the reaction plane and y is the center-of-
mass rapidity. In addition, because of detector inefficiency near the
target rapidity, the graphs in fig. 7 have been reflected about 90
deg. in the center of mass for didactic reasons.

The highest level contour, near projectile rapidity and just above
the horizontal axis, results largely from the projectile remnants and
indicates a definite bounceoff effect. The bounceoff process is a
slowing down of the projectile frégments and a sidewards deflection in
the reaction plane. The data show that the multiplicity dependence of
the orientation of the outer contour Tines from the lower left to the
upper right follows the trend indicated by the flow-angle distribu-
tions (fig. '6). However, the position of the bounceoff peak from the
projectile remnants chénges only slightly with multiplicity. Thus one
can conclude that- the strong sideward peaking seen in fig. 6, which we

v
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will call side splash, is mainly due to thé midrapidity particles. It
should be noted that the bounceoff and side-splash effects appear to
be in the same plane.
The hydrodynamical prediction of the flow angle seems to be
qualitatively in agreement with the measurement, but the present
- models do not predict two separate effects as seen in‘the data.
Streamer Chamber data for an asymmetric system is shown plotted
the same way in fig. 8. It is for low Mp, 3 fm<b< 5.5 fm (the
cut shows the region of detector inefficiency near the target). The
graph shows an average sideways deflection of the participants. How-—
ever, for this asymmetric system the events become spherical at high
multiplicity corresponding to complete diving of the projectile into
the target.

6. CHEMICAL FREEZE-OUTS

One of the major goals in the study of composite particle produc-
tion is to extract information about the size and density of the par-
ticipant volume. The d/p ratio determines the volume of the system at
freeze-out. To determine the density one needs the number of baryons
in this volume. We define Np as the participant baryon charge mul-
tiplicity. It also counts those participant protons bound in clusters
(d, t, 3He, 4He). These contribute up to about 40% to Np. Since
only the participant multiplicity is wanted, cuts are applied to eli-
minate the contribution from the spectators. The participant baryon
charge mu1tip]icity, Np, will be abbreviated to proton multiplicity.

The definition of d1ike is given by
She) + 3(*He) : (3)

d d + 3/2(t +

like =
and the quantity Plike is defined as

3 4
Plike =P td*+t+ 2(4He + "He) . (4)

The functional form of the observed d]ike/p1ike_ratios can be un-
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derstood in terms of the coalescence model. We have used an improved
version of the model which is a complete 6 dimensional phase space
ca1cu1atfon relating the radii of the deuteron and the particpant zone
to the coordinate space, and the temperature of the interacting region
to the momentum space. In this model the radius rp and the tempera-
ture T of the interacting region as well as the deuteron radius rq are
related to d11ke and. p] ke through

X

GicelPrike = (A = /D)L + 2r e )3

(1 + 2nrrl/3)73/2 | (5)

where the factor for (A - Z)/Z makes up for the difference between
neutron and proton number and m is the nucleon mass. The radius r
assuming a spherical source is parametrized as ry = 0((A/Z) )1/3
where A/Z is the factor converting the participant baryon charge mul-
tiplicity to participant baryon multiplicity. The reduced radius, o
is then related to the density by o = 1/(4nrg/3).

In the fits to the observed ratios, o and rq were free para-
meters. The temperature T was taken to be the mean temperature ob-
tained from Boltzmann fits2 to the proton spectra at 90 deg. in the
center-of-mass system. The fits to the experimental ratios were done
for Np > 5 and the results are presented as solid curves in fig. 9.
The r values are the rms values for a Gaussian density distribu-
tion. To convert these values to equivalent sharp sphere radii the
values have to be multiplied by \/5731 The mean sharp sphere o
values obtained from the four cases studied correspond to freeze-out

densities of 50 to 100% times normal nuclear density.

7. THERMAL FREEZE-OUT DENSITY?

Proton-proton correlations were measured with the Plastic Ball
which has several features that are of significant value in this
application: a large solid angle and rapid data-collection ability,
and the ability to detect most of the charged particles in each event,
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thus obtaining a direct measure of the participant multiplicity which
is necessary for the determination of the freeze-out density. The
main difficulty, that the resolution is limited by the finite angular
size of the detectdr modules, has been overcome‘by smearing the the-
oretical calculation, thus permifting a direct comparison with the-
measurement. , '

Proton-proton correlations came into use for source-size measure-
ments followng the correlation predictions of Kodnin'which, in
addition to the second-order interference effect due to quantum
statistics, also include nuclear and Coulomb-induced final-state in-
teractions between the two outgoing protons. At ap = 0 the correla-
tion function is zero as a result of the Coulomb repulsion. A peak in
the correlation function at ap = 20 MeV/c is generated by the attract—'v
ive nuclear force. The amplitude of this enhanced correlation is
strong]y,depéndent on the source-size parameter'rg and increases as
the source gets smaller. The degree of correlation between the two
protons is strongest when they are close in space, time, momentum. In
the general form of Koonin's calculation the proton source density is
treated as isotropic with a Gaussian distribution in space and time,
and the proton momenta are assumed to be independent of position. The
Gaussian spatial density, p(r) = exp[(—r/rg)z], may be thought of
as representing the proton positions at the point of their last scat-
tering. For our analysis we assume that the time parameter is zero,
i.e., all the protons are emitted at the same time. '

Radii have been extracted by comparing measured correlation func-
tions to theoretical predictions which depend on the source-size
radius. In practice, the correlation function is obtained from the
data as a function of ap (either one of the proton momenta transformed
“into the center of mass of the pair) by summing aT] p-p pairs, event
by event, in bins [Ntrue(Ap)] according to ap, and dividing by p-p
pairs from different events [Nmixed(Ap)] to give '

F(ap) = norm x N, .(ap)/N . .q4(ap) . , (6)

In forming the mixed-pair sums each proton was paired with each proton
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in the preceding five events so that the statistical error in the
ratio due to the mixed-event pairs could be neglected compared to the
true—péir statistics. It should be pointed out that the Plastic Ball
has a reduced efficiency for detecting pairs in the Tow-ap region
since these pairs will tend to go both into the same detector. How-
ever, the correlation function is well determined at ap = 20 MeV and
above and»thus gives a good measure of the radius. In fig. 10 we show
- an example of a measured correlation function along with the distorted
theoretical correlation function.

The extracted radii are shown as a function of proton multiplicity
in fig. 11. The error bars represent statistical errors only. For
both the Ca + Ca and Nb + Nb systems the radius increases with
mu]tip]igity. The radii are shown with a fit using the functioh rg =
r'o(NpA/Z)1/3/(-%)1/2 where ro_is.a reduced radius (inversely propor-
tional to the density). Np is the participant baryon charge multi-
plicity and A/Z has been included to reflect the presence of neutrons.
The extracted radii are the radius parameters for a Gaussian source
distribution, and so by inclusion of (%)1/2 in the above
function s becomes the radius parameter of an rms-equivalent sharp
sphere. The value ofvro extracted from the fits is 1.9 fm for the
two systems studied. Comparing this directly with ro = 1.2 fm, the
sharp-sphere o for normal nuclei, yields a participant-region

thermal freeze-out density about 25% of normal nuclear density.
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