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In-Plane Retardation of Collective Expansion inAu + Au Collisions
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Using charged-particle-exclusive measurements of+AAu collisions in the Bevalac’s EOS time
projection chamber, we demonstrate the advantages of an alternative representation of the squeeze-
out phenomenon where the speed of collective expansion is slowest in the plane of the reaction, and is
modulated sinusoidally according to fragment azimuth relative to this plane. This simpler representation
facilitates a highly comprehensive description of light fragment spectra and the three main categories of
collective motion: sideward flow, squeeze-out, and radial expansion. [S0031-9007(96)00270-0]

PACS numbers: 25.75.Ld, 25.70.Pq

In order to probe the early, high-density stage of ascription of collective motion and single-particle spectra
nucleus-nucleus collision, it is necessary to focus on obfor light fragments, with small and well-quantified detec-
servables that become established during this early phageyr distortions.
and then remain almost constant as the system evolvesThis Letter is based on Ad- Au data from the EOS
towards its final state. Hydrodynamic [1—3] and nucleartime projection chamber (TPC) at Lawrence Berkeley Na-
transport [4—6] models indicate that in collisions attional Laboratory. This TPC is the principal subsystem of
nonzero impact parameter, fluidlike sideward deflectiorthe EOS detector; it has rectangular geometry and operates
of fragments (“sideward flow”) has this desired property.in a 1.3 T magnetic field. Details about the detector and
These models also support the interpretation that sidewaiits performance can be found elsewhere [18—-20]. Follow-
flow provides a useful relative measure of the peak nucleang the convention introduced by the Plastic Ball group, we
pressure generated in the collision. The “squeeze-outtharacterize the centrality of collisions in terms of baryonic
phenomenon [7-10], a preferential emission of fragmentfragment multiplicityM as a fraction oM ,.x, WhereM .«
perpendicular rather than parallel to the reaction plane, i&s a value near the upper limit of the spectrum where
reported to surpass [11] or at least match [12] sidewardhe height of the distribution has fallen to half its plateau
flow in this regard. The fragments emitted from heavyvalue [21]. Mull through Mul4 denote the four intervals of
ion collisions are inferred to undergo another type ofM with upper boundaries at 0.25, 0.5, 0.75, and 1.0 times
collective motion—an omnidirectional expansion (“radial M,.x, respectively, and Mul5 denotéd > M,,,x. The
flow”) [13-17]. guantum molecular dynamics (QMD) [6,22] model indi-

There have been earlier measurements of single-particleates that Mul3, Mul4, and Mul5 correspond to mean im-
spectra and of aspects of the three types of collective mgact parameters of 6.1, 4.3, and 2.3 fm, respectively. For
tion cited above, in some cases as a function of a centrabur study of collisions at constant beam energy, we ana-
ity observable and in some cases for different fragmenlyze data atE,..., = 0.6A GeV, where a relatively large
species, but these results have been derived from a vaample of events (31000 with Mul3 and above) has been
riety of detectors and separate analyses. In this Letteprocessed.
we (@) introduce a more complete yet simpler and more Important advantages of the EOS TPC are its good parti-
intuitive description of squeeze-out, (b) use a nucleacle identification [19], the fact that it can be simulated with
transport model to argue that the in-plane retardation ofjood accuracy, and its seamless acceptance that is consis-
collective expansion is sensitive to nuclear incompresstently high in the forward half of rapidity space. Using
ibility, and (c) present a unified and comprehensive dethe projectile-target symmetry of the At Au system, the
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backward half of rapidity space is replaced by a reflection ¥
of the forward half. Using various event generators, we %
have compared the observables under investigation before I
and after filtering through a detailestANT-based simula- <
tion of the TPC. We infer that detector distortions are no ~ §
N
3
I
g
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larger than the symbol sizes or error bars in all figures.
In establishingP; = ¢; — ¢g, the azimuthal angle of

fragmenti relative to the estimated reaction plane, we 0.2 04

use the vectoQ; = 1., w(y;)p; to define ¢x [23], my—m (GeV)

where j runs over all baryonic fragments, is center- ool T T & EE& ]
of-mass rapidity for fragment divided by the projectile B A S
rapidity, andp* is momentum in the plane perpendicular 020055 f5 g Gt EE 1

to the projectile direction. We use the weighting factor R B

w(y;) = y;/ max]y;l,0.8), which results in a smaller = mgmg

re(ay<i]t)ion ypjlc/sme )fjligélersign than the standard weighting E 60mﬁ%§@%ﬁﬁiﬁm - Zﬁ%

prescription [23]. s I i |
The squeeze-out anisotropy is known to be most readily 90 180 270 90 180 270 90 180 270

detected at midrapidity [8,9], and is enhanced when ' (degrees)

observed in a coordinate system in which the sideward

flow effect is canceled by applying a CM frame rotation FIG. 1. The upper panels show deuteron transverse mass

: : spectra atb’ = 0 (solid circles) andd’ = 90° (open circles),
through an angl® in the plane of the reaction [9,10,24]. i_np units of track$(event/(GeV)3)/unit of y'. T(hep CUIves aze

In a picture where the event shape in momentum space s using Eq. (1). The lower panels present best-fit Eq. (1)
represented by an ellipsoid whose major axis is tilted aparameters over the complete rangedof The open symbols

angle ® from the beam directionz}, the rotated; axis Wwere generated by reflection of the closed symbols.

lies along the major axis of the ellipsoid. In the present

work, we rotate all events in the same multiplicity intervalin Fig. 1 show the y?-minimized fit of Eq. (1) to the
through the same angle, and determimédoy maximizing in-plane spectra, and the dashed curves show the same
squeeze-out. However, we find that the rotation angle fofor the out-of-plane spectra. We constrain the area under
minimum flow (determining flow by any one of a variety each fitted curve to match the data, @hdnd 8 are the

of methods [23,25,26]) coincides within uncertainties withonly free parameters. As expected priori, the fitted
maximum squeeze-out. We use primed symbols to denoteurves for the in-plane and out-of-plane spectra are the
quantities evaluated in the rotated coordinate system. Faame within errors gb’, = 0.

simplicity, we present all measurements in the estimated The lower panels of Fig. 1 present the fittédand g3
reaction plane; rms dispersion angles [23] in determining/alues as a function ab’. If we plot over the range 0o

this plane are 22 18°, and 2% for Mul3, Mul4, and Mul5, 180, results are consistently symmetric abdut = 90°

respectively, aFp..m = 0.64 GeV. within statistical uncertainties. Therefore, we choose to
Figure 1 presents results fod.6A GeV Au+ Au reflect all fragments into fiveb’ bins spanning a single
collisions, showing spectra of transverse mass =  quadrant. Since it is customary to display squeeze-out

(p'2 + m*)'/2 for deuterons emitted near center-of-massover 360 of azimuth, our five independent fit points
rapidity (| y’| < 0.4). The open circles label out-of-plane have been reflected 3 times to generate the data in the
fragments ¢’ = 90° or 270° = 18°) and the solid circles lower panels of Fig. 1. The data in Fig. 1 are consistent
are for in-plane fragmentsd( = 0° or 180° = 18°).  with the expansion velocity having the forfa(®’) =
Squeeze-out manifests itself as an increasing divergenggy, — AB co2d’, and withT being constant as function
between these two spectra with increasirlg. of ®'. Values of y? per degree of freedomvj for the

If fragments are emitted from a thermalized sphericafits are typically 0.8. When we assume constgnand
shell at temperaturd’, expanding with velocity3, the  a sinusoidal modulation of the parametgy the y2/v

expected distribution im ; andy has the form [13,17] increases by a factor of about 3 for in-plane spectra, and
) typically increases to about 10 for out-of-plane spectra.
. dN — N, cosry[smha (y +T,) — T, COSM} In all remaining fits tom, spectra, we constrain both the
midm,dy a vertical axis intercept andl to be independent ab’, and
X exp(—y/T,), (1) Wwe determing3(®’) by minimizing y2. Adjusting 8 so
that them', spectra have the same integrals as the data
where T, =T/m, costy, a = Byp/T, and y = yields the same results within statistical errors.

1/4/1 — B2 It has already been demonstrated that Squeeze-out is normally characterized in terms of the
midrapidity spectra observed in the EOS TPC in thecof®’ component in the number or total energy of frag-
unrotated frame are well described by this functional formments as a function ofb’. Since this component in-
when averaged over all azimuths [17]. The solid curvesreases markedly withe, , a complete characterization of
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squeeze-out in this framework would involve many sepathis analysis. The results in Fig. 2 demonstrate that the
rate anisotropy measurements. The most detailed squeezariation of the mean radial expansion veloci@y with

out analysis to date [10] was confined to the low endfragment mass and the increase in squeezeA@itwith

of the p, acceptance. In contrast, the amplitui@ of  fragment mass are both consistent with the momentum-
the sinusoidal modulation of the expansion velocity is aspace power law fo4* = 2 and3. Minor departures from
single parameter that constitutes a new and simpler dehe power law at theo level are apparent for spectra based
scription of the squeeze-out phenomenon over the entiren the proton momentum-space dengiffA* = 1); how-

m', range. In this simpler picture of squeeze-out, out-of-ever, proton spectra are known to be distorted by baryonic
plane expansion proceeds relatively unhindered, whereasd nuclear resonance decays [17]. These considerations
in the reaction plane, the additional rescattering causes @ompted our choice of deuterons for the various spectra
slower collective expansion. presented in Figs. 1 and 3.

It has been known since the 1970s that the observed in- The generally good adherence to the power law means
variant momentum-space densjpy for fragments with  that transport codes of the Boltzmann-Uehling-Uhlenbeck
mass number and momentumip closely follows the type [4,5], which determine only the evolution of one-body
Ath power of the observed proton density at momentum  phase space and generally do not explicitly treat composite
p —a result that is consistent with composite fragment forfragments, can be compared readily with our data if the
mation through coalescence [27]. This momentum-spaceormalization of spectra for the different fragment types is
power law also elucidates the observed increase in sidénown. These normalizations are provided in Table I.
ward flow per nucleon with fragment mass [28]. Assum- Next, we turn to Fig. 3 and the rapidity’) dependence
ing Eg. (1), the momentum-space power law requires thef ® (the angle between theandz’ axes),8, and AS.
slope parameter to be the same for ald if 8 = 0, but  The parameteT is consistent with being constant over the
otherwise, it results in botjg andT varying withA. To  analyzedy’ region, and is so constrained in Fig. 3. The
investigate the mass dependencg¢b’), Fig. 2 presents uppermost row of panels demonstrates tBats not in-
the fitted in-plane and out-of-planefor fragments of mass dependent of’ (as implicitly assumed in analyses based
A, and compares these with various fitt@dvalues based on the sphericity tensor [25], which fits an ellipsoid to the
on applying the power law with exponeAfA* to spectra event shape) but instead peaks at midrapidity. In the un-
for massA® < A. InFig. 2, we constraiff for a spectrum rotated coordinate system, sideward flow effectively ob-
derived from applying the power law to data for maSs  scures squeeze-out except at midrapidity. However, Fig. 3
to be the same as for the species with larger massgith-  reveals no decrease in squeeze-out away from midrapidity,
out this constraint, fitte@@ and7 values change little, but in qualitative agreement with an earlier analysis [10]. The
uncertainties become larger. The reported departures froourves in Fig. 3 show quantum molecular dynamics [6,22]
power law behavior at low, [28] are not prominent on transport calculations after processing through the detector
a logarithmic scale such as in Fig. 1, and are neglected isimulation chain. The dashed (dotted) curves are for a stiff

(soft) momentum-dependent equation of state. We infer
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FIG. 2. Fitted 8 values at®’ = 0 (solid circles) andd’ = FIG. 3. They’ dependence of three observables which de-

90° (open circles); on the horizontal axis, the notatipp scribem; spectra, reflecting information about sideward flow,
signifies results for fragments of mads while p;- signifies mean expansion velocity, and squeeze-out in three multiplicity
that the momentum-space density for fragméhtvas raised to  gates; in conjunction with data in Table I, spectra for light frag-
the powerp and then the fit by Eq. (1) was performed. The ment species other thah= 2 can be inferred. The right-hand
horizontal lines serve only to guide the eye and are centered oset of panels presents excitation functions for the same three
the points forp,. guantities and for the paramet&r
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TABLE I. Fitted values of Eq. (1) ap’ = 0 for light fragments in0.6A GeV Au + Au
collisions. The units are tracksveny (GeV)3/unit of y/, and fitting uncertainties range from
1% to 4%.

Mul3 Mul4 Mul5
y' P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4
0.1 116 18.1 6.2 1.0 166 27.0 96 20 226 336 120 24
0.3 128 19.6 8.4 1.6 154 272 110 24 212 332 118 24
05 158 242 106 50 190 30.2 6.6 56 210 316 11.2 48
0.7 232 352 174 96 230 37.2 84 6.8 228 330 124 28
09 264 396 202 156 244 3838 96 9.2 226 298 114 3.0
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