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Wa report chargad particle exclusive dets for high multiplicity U ou U
svauts. Our enalyses eare based on cosparison with Cugnon’s intranuclear
cascade model, and the explosion-evaporation simulation of Pai and Randrup.
The sximuthal structura of the observed evants shovs evidence of collective
flows The widely used flow angle mathodology proves to be relstively

insensitive to collective effects under the conditions of the pressat

sxperiment. An isotropic pattern of sjectile smission is not reached at
maximum multiplicity.

8.-Y, Pung, D. Basvis, W, Corn, D, Rsane, Y.~H,
Re Ty Pos, G. VanDalen, and M. Vient
University of Californis, Riveraide, CA 92521

ABSTRACT

The dynamics of nuclear matter under conditions of high density and
tesperature is a topic of far-reaching importencs, with relevance to fields
Tanging from Astrophyeics to Quantum Chromodynsaics. Since the adveut of
the LBL Ravalac in 1974, sany models of nucleus-pucleus collisions et
ralativistic energice have been compared with sxperiment; diverse approaches
based on thermcdynamice, hydrodynamics or intranuclear caacades have been
found to be almost equally consietent with the available particle inclusiva
datas However, inclusive parametera tend to be dominated by properties of
the phase epaze, vith s relatively weak senaitivity to details of the
collision dynamics. Charged particle exclusiva dats are not smeared by

'hplet paramstar and reaction plane avaraging, and es demonstrated by vecent
results for “CAr and *Mp projectilee at tha Bevalac etrcemer ¢:hnbel:1’2 and
Plastie nu’. offer renevsd hope of unambiguously distinguishing between
existing wodels, With heavier projectiles, we expect any cooperative
behavior to become inereasingly prominent, due to reductions in eurface
effects end finite muleiplicity distortion. Thus, particle exclueive data

for the heaviest eysteme at the highast wultiplicities offer the ultimate
teet for any model,

In these proceedings, v report results of the first relativiastic
ureniua on urdufum axperiment with a A detesters The saximum ursnium
bonbarding energy of the Bavalac was used; the estimated incident ynergy at
the target vas 0,90 A Ge¥, The streawer chamber configuration, triggaring
mathod and particls {damtification eriteris were as previously dnulbu.z"
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except that the target, of thicknass 0.5 =a, was pleced immediately in front
of tha beam entrance window of the chambar. This pravantad the etrongly
ioniszing U’z+ projectile from entaring the ssusitive volume, and provided o
§rastar mean langth of secondary tracke - this aids in mainteining high
wultiple track efficiency in the prassnce of very high nultiplicities. W
circmvant the ecceptance loas @sgociated with thie target location by
relying on projactile-~targat Symmetry, i.a., wve confina our analyeis to
tracks with center of mase rapidity y“ 0. The overall detection
efficiency is estimated to be better then 85% for charged particles in this
region. Whils this value fa lover than for llghter"bem (such as Ar) at

sinilar anergy, the sdditional lossas for U on U sre well understood, end
can be accurately aimulated.

Central colliafon triggers hava been found to preferentially aelect
events with large transverse -o-entu-z's and so our analysis {s confined to
events triggered in the minimum biee aode; we anhance the fraction of small
impact perameter collisions by selecting evanta with high multiplicity., The
fully weasured U on U ssuple contaeins 41 events, each with 2120 obesrved
charged particles. This corresponds to the uppermost ~12% of the inelastic
wmultiplicity spectrum. In comparisons with wodels, ve salect this aame
percentage of the wultiplicity spectrum.

Pravious lnvntlgulon.l'a of nucleus-nucleus collisions have focused

attention on the thermalizstion ratio R = 2E[p‘| la£|p|| where ths
longitudinal mowenta Py are evaluated in the center of mass (cm) frame, snd
the sums extend over the observaed psrticles in an event. <B> is a measure
of nuclecr stopping pover, and is of fmportance in estimating the energy
density attained in the collieion; isotropic emission of the reaction
products yields <R)e], Figure 1 shows R for each U on U event in the
Predent sewple, plotted as s function of the observed nultiplicity of
charged patticles. Only tracks in the forward ca hemisphera contribute to R
snd to the plotted multiplicity. To oimplify wmodel comparisons, the wmosenta
of singly charged canpolltuz are weighted by 1/A, thua Biving the protons
in deuterons and tritons the Same waight as unbound protons. The lower
solid line in Figure 1 shows <K> for Cugnon’s intrsnuclear csscade
simulation”, suitebly filtered to simulate stresasr chambar inefficienciea,

The upper solid line in Figurs 1 shovs the cascade prediction with
non~colliding nucleons removed. ‘
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Figure ! indicates that even at max{mus multiplicity, complete nuclear
stopping ({R>~1) doas not cccur. Tha known stresmer chamber inefficiencias
can be neglected in interprating the valuea of R reached &t maximun
multiplicity. Moreover, the removal of caacads spactator nucleocns has such
8 anall effect that the observed transparency at maximum multiplicity csn
hardly be attributed entirely to nuclear matter outsida the geometrical
overlap region.

Table 1 liste <> valuea for U on U in two multiplicity bins, and for
comparison, date for 1.2 A GeV Ar on KC1 (350 events) is slso ahown. The Ar
on KC1 eanple corresponds to the uppermost 12% of the inelastic multiplicity
spectrus, e ia tha cese for the U on U eventa. For each set of events, the
multiplicity binning was chosen ao that the ssmple waa divided squally
betveen the two bins. A noteworthy feature is the observed <R> for U on U
in the upper multiplicity interval; this value is unexpectedly low, as
Jjudged aither from comparison with the cescade simulation, or from the
fusignificant increase in <R> going from Ar to U. One possible reeson for
this effect is the deforaed shape of uranium nuclei - deformations csn
decrease the average number of psrticipant nucleons near zero impact
psrameter. However, preliminary simuistions using e wodified version of
Cugnon’s cesesde code incorporating spheroidsl nuclear shapes suggest that
the uranium defn)rul‘.lonB is not large enough to explain the cbserved effect
within the framework of the cascsde model. Further messurenents are in
pfo;ren to allow this question to be studied with better stalistics.

Ve AGeVUon U 1.2 A GeV Ar on KC1

low mult high mult low mult high mult

Bxpsrimsat 0.58:£0.02 0.61:0.03 0.5120.01 0.59:0.01
Cascade 0.58 0.69 0.52 0.59

Teble 1: Values of <R> in two wmultiplicity intervels (sea text).

The moat commonly lug'elt¢d9-12 snd nplt'.indl_3 prescription for a more
detailed shape anslysis of &x dets {s based on the ganeral spharicity matvix
S conatructed from cm momentua cowponents '1' s“ =T vPIPJ 3 1,5 =1,2,2
whera the sum extands over the observaed particles in an event, and retaining
the weighting used abovs, ve set w = llA2 for singly charged composites.

The eigaunvelues, ’n' of 8 define an ellipaoid, with vadii v'fn. Ve follow
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the convention fl H fz > 23 20, and use Ol and 01 to denote the polar snd

azimuthal angles, relative to the beaew axis, of the sigenvactor
corrasponding to !l' A peak awey from ol-o in the dietribution of £low
anglas, ledco-Ol, is considered to be a signature of collective flw.“'u
i.e., 1t signifies a sidevards deflection of the momentum flux in excese of
the random deflaction attributabdle to finita multiplicity,

Figure 2(a) shows the observed flow angle dutribuuonu for U on U.

Figure 2(b) shows the same distribution for events generated by Cugnon‘s

cascade code. The experimental results, as presented in Figure 2, indicate

& collective flow signature thet 1s not subetantislly greater than the

cescade model prediction, and ara also consietent with zero nw.“'“

An anslysis based on dNIdcu-Ol distributions ie lees than 1decl for

detecting possible Cooperative behavior, psrticulerly in a small eample. It

constrains events to fit an ellipeoidal shape, reducea the wealth of detail

in &n exclusive dats to Just one paraweter, and greatly incresses the
statisticel weight of events with small el. Furthermore, Ol can be quite
sensitive to imperfections in model -lnulations.z

present 3-dimensionsl plots of P = transverse proton and pion umoments
summed within bine of rapidity, yc., and ezimuth, ¢,
resolution through binning,

As an alternative, we

Apart from & loss of
thie prescription easentielly preserves all the
information contained in the original measurementa, To coherently average
" the plote over a number of evente, ve estimate the azimuth .b of the

resction plane for each coiliafon, and rotate the event through -Ob about
the beam axis, .b cen be estimated from the missing tranaverse momentun
vector for tracks with Yen >0, or from the .l velue yielded by the
sphericity anslysis; both methods sive ajuilar results.

Figure 3 shows the <pt>(y“,0) plot, spenning all Yea valuee, for a
Subsample of 20 evente. (For the remainder of our sample, tracks which
clearly lay at ’c- < 0 were not ®easured.) While there is evidence of the
expected forward-backward Symmetry, the effects of terget absorption and
lower detector efficiency for Yem < 0 are also spparent. Wa confine
quantitetive compsrisons with wodels to the forwerd henisphere (Pigure
4(a)). The predictions of Cugnon’s cascade model, end of tha statistical
explosion-evaporation coda of rai and hndrup.ls

Sre shown in Figures 4(b)
and 4(c), respactively. The statiatical code

incorporates phenomenclogical

P S,
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collective effacts, but these ara switched off in Figura &(c); the azimuthal
Structura in this figure is partly the result of statisticel fluctuations
coherently aligned by tha # rotation procedurs, and partly dus to angular
divergence of the incident baam (s small background effact which is
incorporated in the stresmer chamber filter). In the case of the cascade
simulation, additional azimuthal correlations can ariea as s resul:c of
geomatrical ehadowing ."““.9.11.16

Direct comperisone of the eimulations in Figuras 4(b) end 4(c) with the
experimental data in Figure 4(a) yield values of X* per degres of freedom
>10 in both casee. Howavar, factors other than collective behavior probably
contribute to these large discrepancies. Chenging the flow parameters of
the statietical modal (see below) results in the projection <pt>(!) -
I(pt>(yc.,0)d0 remaining almost constant while the ezimuthal structure
changes eignificently - yet <Pt>(’) for Figure 4(c) is markedly different
from experlnent.l To assese tha atetistical eignificance of the obaerved
azimuthel correlstions alone, 12 has been recalculsted by several wmethods
such that differencee in <pt>(y) do not contribute, including renormalizing
each <pt> v ¢ slice, and applying empiricel corrections to thezrnpldltlel
of the eimulated perticles. The smallest resulting values of x /dof for the
tvo forward rapidity slices - 3.4 for cescede, 3.7 for the statisticsl -o;nl
~ are atill too large to be explained in terms of rendom fluctuations. ¥
values are no smaller if variables independent of particle identification
are used, i.e., pseudorapidity =-ln ten/2, where 0 ia laboratory polar
angle, insteed of Yen? and number of particles instead of Py Aesuming that
the cescade code adequately simulates shadowing and other relevant
nucleon-nucleon effecte, the additional collective Flow observed in this
experiment is attributable to fluid-like cooperativa behavior.

The statisticel code incorporates two phenomenologicel collective
effects inspired by hydrodynamical wodel predictions: (1) a eide-splash
vhereby & perticipant nucleon moving at an angle ¢ to the evant flow axis
has & collective cm momentum P _cos¢ (the flov axia lies at a ca polar angle
arctan/[(b lltn)--ll. where b is iwpact parametsr); (ii) a apectator
bounce=off"" {mparting a tranaverss momentum par nucleon PVl4v(l-v)], vhere
v-blb‘“. Both collective effacta must be invoked to adequataly .
parameterize the observed ¢ atructura. In common with Plaatic Ball results
for Oud A GaV ¥b on Nb, gur data ere conefstant with the acimuths ef the

13
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side-splash and bounca~off being squal. The bast fit reduces X liof,
calculated us above, from 3.7 to 1.1, and corresponde to P = 0.2110.03
GaV/c and P, = 0.07:0.02 GeV/c, whila the mean valus of the term /[lov(l-v)]
for the lluhnd svants is 0.8. The errors quoted reflact the dispersion
arising from the different methods for iaclating the asimuthal correlations,
and from the differant plot variebles; the statistical errors ars several
tises smaller. Howaver, this analysis does mot teat the functionsl form of
the flow porameterization, and the fenerally poor agreement between the

statistical siwulation and experimsat limits the reliability of parameters
based on this code.

The fitted collective parameters indicate that the peak of dll/dconex
should occur near 10°. & value consistent with the obaerved distribution in
Figura 2(a). Moreover, the dll/dcolex distributions for the statistical

model, both with and without the fitted amouni of collective flow, are
coneistent with Figure 2(a).

We conclude that our data, consisting of 41 high multiplicity
collisions of 0.9 A GeV U on U, show signs of incowplete nuclear stopping
right up to maximum multiplicity. Ax analyeis in terms of 3-dimensional
plots of traneverse womentum versus cm rapidity and azimuthal sngle shows
significant aziwuthel correlations, indicative of collective flow. Cugnon’s
cascade simulation dose not reproduce these correlations. The widely used
flov angle methodology ylelds an inconclusive result, indicating that flow

angles are relatively insensitive to collective flow under the conditions of
the present experiment.
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to P. Danielewice, M, Gyulassy and A, Poskanzer for useful discussions. '
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FICURE 1: Ratio R for 4] obsarved 0.9 A Ga¥ uranfua on uranium

evants, as a function of the numbar of datected charged particles

with rapidity Yem 20. The lowar solid curve is the <R> prediction

of Cugncn’s cascade simulation, apprcpriately filtered. The uppac
solid curve {llustrates the effact of removing the spactator matter.
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FIGURE 2: (a) Flow angle distributios for cthe 41 observad high
multiplicity U en U avants, ») Correeponding pradiction for 100

filtered avente genarated by Cugnon’s cascade ¢oda. The vertical
axes are plotted ir arbitrary uaita.
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Pigure 3: Plot of <pt>(y“.0). averaged

over a subsemple of 20 observed U on U

eventa. Before aversging, eech event was

rotated about the beam axis to aligm ite

plane of preferred emienicn along ¢#=0. For

clarity, we hava chosan ¢=<30° to ba at the
of the azimuthal axis.
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FIGURR 4: (a) Plot of <pt)(y“.0) for the
full sawple of Al observad avants (3296
tracks with T %0). (b) <)!> plot for
Cugnon’s caecade soded (100 events).

(e) <p,> plot for the statisticel modal of
Fat and R adrup (200 events), assvming no
collactiva motion.



