PHYSICAL REVIEW C VOLUME 54, NUMBER 4 OCTOBER 1996

Radial flow in “CAr + °Sc reactions atE =35-115 MeV/nucleon

R. Pak! D. Craig,! E.E. Gualtieril S. A. Hannuschké, R. A. Lacey? J. Lauret? W. J. Llope? N. T. B. Stonel
A. M. Vander Molen! G. D. Westfall! and J. Yeé
!National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824-1321
2Department of Chemistry, State University of New York at Stony Brook, Stony Brook, New York 11794-3400
ST.W. Bonner Nuclear Laboratory, Rice University, Houston, Texas 77251-1892
(Received 21 November 1995

Collective radial flow of light fragments frori?Ar + 5S¢ reactions at beam energies between 35 and 115
MeV/nucleon has been investigated using the Michigan State UniversityAtay. The mean transverse
kinetic energyE;) of the different fragment types increases with event centrality and increases as a function
of the incident beam energy. Comparison of our measured valugs ohows agreement with predictions of
Boltzmann-Uehling-Uhlenbeck model and WIX multifragmentation model calculations. The radial flow ex-
tracted from(E;) accounts for approximately half of the emitted particle’s energy for the heavier fragments
(Z=4) at the highest beam energy studif80556-281®6)00510-9

PACS numbsdis): 25.70.Pq

Collective maotion of nucleons in heavy-ion collisions of- (BUU) model and WIX multifragmentation model calcula-
fers a glimpse at the true many-body effects not present itions showing agreement with our measured values of radial
simple superpositions of individual two-body interactions.flow observables are presented. We shall show that the rela-
Derivation of an equation of statEOS for nuclear matter tive contribution of collective radial flow extracted from the
has been the main motivation for studying the collective ef-mean transverse kinetic energy accounts for approximately
fects resulting from these collisions. Collective radial expan-half of the emitted particle’s energy for the heavier frag-
sion of particle emission from central nuclear collisions,ments g=4) at the highest beam energy studied here.
termed radial ﬂOW, was Ol’iginally postulated to explain the The present measurements were carried out with the
observed differences in the slopes of the inclusive pion angyichigan State University # Array [22] at the National
proton energy spectiid]. Radial flow was primarily attrib-  gherconducting Cyclotron LaboratofySCL) using beams

limit [1'2.]' Consgqu.ently,.t.he fragm_ents acquire a net OUt'35 and 115 MeV/nucleon in 10 MeV/nucleon steps. Beam
ward radial velocity in addition to their random thermal com-

. éntensities were approximately 100 electrical pA. Prior to
single-particle energy spectrum. After directed collectiveth_IS experiment, the MSU# Array was upgraded with the
transverse flow was demonstrated to be a signature of hydréligh Rate Array(HRA). The HRA is a close-packed pen-
dynamical compressidi8], a study of transverse energy pro- tagonal configuration of 45 phoswich _detectors, spanning
duction[4] was undertaken, aimed at accounting for the disJaboratory polar angles 326,,,=18°. With the HRA we
crepancy between the measured and calculated thermal me@htainedZ resolution up to the charge of tHéAr projectile
transverse energies. In that investigation, approximately 4098nd mass resolution for the hydrogen isotopes. The array has
of the total kinetic energy in the center-of-mdssn) frame  good granularity, minimum dead area, and high data rate
was reported to be converted into compressional energy ifapability. Low-energy thresholds for the HRA are approxi-
the moment of highest densify¢]. Subsequent works—12| mately 13, 15, 32, and 37 MeV/nucleon, for fragments with
for heavy systems at relatively high beam energiedQq0 Z = 1, 3, 12, and 18, respectively.

MeV/nucleon has also revealed that radial flow is a major The main ball of the MSU # Array consists of 170
contribution to the energy dissipation in the disassembly prophoswich detectorgarranged in 20 hexagonal and 10 pen-
cess of excited nuclear matter. tagonal subarraysovering 18%< 6,,,<162°. The 30 Bragg
Indications are that radial flow persists down into thecurve counter§BCC’s) installed in front of the hexagonal
intermediate-beam-energy regified—2(Q and is also impor- and pentagonal subarrays were operated in ion chamber
tant for spectator emission from the excited projectilelikemode with a pressure of 125 Torr obks gas. The hexago-
fragment8,20]. This radial flow phenomenon may even lead nal anodes of the five most forward BCC’s are segmented,
to the transient formation of hollow structures such asresulting in a total of 55 separateE detectorsthe BCC's
bubbles or toroids[21] at these projectile energies. We served as\E detectors for charged particles that stopped in
present results from a systematic study for the incident bearthe fast plastic scintillator of the main baliConsequently,
energy and impact parameter dependence of collective radifthe main ball was capable of detecting charged fragments
flow for a relatively light system in this energy regime. Com- from Z=1 to Z=16, with mass resolution for the hydrogen
parisons to predictions of Boltzmann-Uehling-Uhlenbeckisotopes in the phoswiches. Low-energy thresholds were ap-

0556-2813/96/541)/1681(7)/$10.00 54 1681 © 1996 The American Physical Society



1682 R. PAK et al. 54

proximately 18, 3.5, and 7 MeV/nucleon for fragments with 140 : — —

Z =1, 3, and 12, respectively. Data were taken with a mini- [
mum bias trigger that required at least one hit in the HRA [ | ® central, 0, = 90°t15° ]
(HRA-1 data and a more central trigger where at least two [ | © allb, 8, =90°%15 o
hits in the main bal(Ball-2 data were required. The radial 0o [ | ™ central, all B, (x3/2) oo ]
flow analysis described below was performed with the Ball-2 - | O inclusive (x 3/2) ST ]
data. > wl 1

The importance of selecting central events to search for &, o NS :
radial flow signal has been emphasizZdd9,12,14,17 be- A g “m
cause stopping power, compression, and equilibration are exs™ ® [ T ]
pected to be greatest for collisions at small impact param-Y /,;53;3_—-"/ = e
eters. We assign the impact parameberof each event op gow o uel o o ]
through cuts on centrality variabl¢&3] measured with the e 13
improved acceptance of the upgraded MSi Array. The 20 - 1
centrality variable chosen for the present analysis was the
midrapidity charge of each eve®,,, as defined in Ref. ol v

0 1 2 3 4 5 6 7 8 9 10 1 12 13

[24]. Using methods similar to those detailed in Regf5],
Z. is found to be an appropriate variable to use as a cen-
trality filter for this system over the range of beam energies FIG. 1. Mean transverse kinetic energy frdffar+ %S¢ reac-
studied and does ”Qt autocorrelate with the radial ﬂOV\_/ Obiions at 115 MeV/nucleon versus fragment mass number for various
servables. Events with largé, correspond to events with  cenrality and angular gating conditions as defined in the inset and
smaller impact parameters. the text. The lines are included to guide the eye.

As an example of the method used for impact parameter
sele_ction, events with midrapidity charge in the top 10% Ofcally shows the largest values fOE,), demonstrating the
the impact-parameter-inclusivé,, spectrum for the Ball-2  jmportance of satisfying both conditions in searching for a
data were assigned to the most central bin. This correspongggial flow signal. The trends are essentially preserved for
to a reduced impact parameterlof(b/b,,,) <0.32 as cal-  the protons, deuterons, and tritons although the differences
culated through a simple geometric prescripti@8], where  petween data types are not as pronounced due to contribu-
bmax represents the largest impact parameter leading to gons from preequilibrium emission, and because radial flow
triggered event. Comparison of events from the Ball-2 trig-has been shown to be smaller for lighter particle species
ger to those from the less selective HRA-1 trigger implies[1,5,14,17. These selection criteria were applied to the data
that by,=0.88+ 0.04(Ry 0+ Rarg » WhereR i+ Riarg IS the  in the analysis described below.
sum of the projectile and target radii. This results in a cor- |n Fig. 2 we display the dependence (&) on the inci-
rectedb=0.28 for the top 10% most central Ball-2 events. dent beam energy for the different fragment types at two
Details of this correction method and the remaining reducededuced impact parameter bins. The data are 4Ur+
impact parameter bins used in the analysis below are givef°Sc reactions a#, ,,=90°+15°, and the errors shown are
elsewherd 26]. statistical. The reduced impact parameter bins were deter-

In addition to selecting central collisions to search for amined as in Ref[26] (the values ob/b,,, correspond to the
radial flow signal, reaction products should be measured aipper limit of each bin For the more central events dis-
90° in the center-of-mas&.m,) frame to suppress the con- played in the lower panel, the values (@&;) show a mono-
tamination by spectator emission and directed flow effectsonic increase as the beam energy increases for all particle
[1,5,7,12. We show in Fig. 1 the effect of placing various types which becomes particularly dramatic for the larger
centrality and angular gating conditions on the data. Thenass fragments. This is in striking contrast to the more pe-
mean transverse kinetic enerdf,) is plotted versus the ripheral event set shown in the upper panel, for which the
mass number for fragments up to carbon from°Ar+  values of(E,) exhibit a gradual increase as a function of
5S¢ reactions at a beam energy of 115 MeV/nucleon. Théeam energy regardless of mass. The difference in the values
errors shown are statistical. A systematic increase in the vabf (E;) at each beam energy in the upper panel between
ues of(E;) for central events without any angular dsblid  fragment types is mainly attributed to the difference in the
squares is observed for all fragments over the inclusive low-energy thresholds in the BCC's for the different particle
(open squarggiata set. The values ¢E,) for these two data types and should not be interpreted as a deviation from ther-
types have been multiplied by a factor of 3 halves for com-mal equilibrium. This differencéan effect also present in the
parison to the data at 90° in the c.m. fram& (,=90°) in  lower panel can be made to vanish if an artificial common
accordance with Ref5]. The values of E;) again show an threshold equal to the low-energy threshold in the BCC's for
increase for all fragments over the inclusive values, whercarbon is made in the software on the other particle types.
only fragments at 90* 15° in the c.m. frame with no restric- The apparent leveling dfE;) for heavier fragments in cen-
tion on impact parametdopen circleg are considered. The tral collisions at beam energies below 55 MeV/nucleon is
azimuthal rings of detectors at laboratory polar angles correalso mainly an artifact of these low-energy thresholds.
sponding to this range of angles in the c.m. frame were used At the higher beam energies, where low-energy thresholds
to construct this gating condition. Finally, the central eventhave a less significant effect, the dramatic increase in the
set at 902 15° in the c.m. framesolid circles systemati-  values of(E;) for the heavier fragments produced in central

Mass No. A
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Beam Energy (MeV/nucleon) energy imparted to the fragments in the nuclear disassembly

process, we used a BUU model calculati#8]. In this
FIG. 2. Mean transverse kinetic energy of fragments fromModel the nucleons are assumed to interact with a collec-

40ar 4453 reactions at polar angleks ,=90°+15° versus inci-  tvely generated mean field and with each other through two-
dent beam energy for two impact parameters bins. Predictions frofR0dy collisions which respect the Pauli exclusion principle.
the fireball mode[27] are shown in lower panéhsterisks Shown in Fig. 4 for centrat®®Ar+*°Sc reactions at four

bombarding energies are results {&) of the nucleons as a
collisions is linked to larger values of the radial flow energy.function of time. The calculations were performed at a fixed
This is in contrast to expectations of a purely thermal sourcémpact parameter ob=0 for an EOS with compressibility
for which the different particle types are emitted with the k=240 MeV and were not corrected for effects due to de-
same mean kinetic energy. For comparison we show in theector acceptance. The uppéower) panel shows the mean
lower panel the predictions of a purely thermal model calcutransverse kinetic energy per nucleon when only particles
lation, the fireball mode27], at each of the projectile ener- that move in a medium whose density is légseatey than
gies (asterisks These calculations were not corrected forone-eighth of the normal nuclear density;=0.168
detector acceptance effects. The large valueEgf for the  fm ~2 were included in the calculation. For particles in a
heavy fragments4=4) in central collisions at the higher medjum withp/p,< %, we found that collisions are no longer
beam energy underscore the importance of radial flow in theficiently frequent to allow conversion of thermal and
nuclear disassembly process for these events. compressional energy into collective radial flow, so that

To examine more thoroughly the impact parameter depenteeze-out has occurred for these nucleons. The dashed line
dence of(Ey), we present in Fig. 3 the mean transverse Ki-in the |ower panel represents the value of two-thirds the

netic energy for the different particle types plotted versus thg-ermj energy of the initial configuration of the system before
reduced impact parameter at four incident beam energiegne collision occurs.

Again the data are for*’Ar+*Sc reactions atfem= The results displayed in Fig. 4 clearly show that in either
90°+15° and the errors shown are statistical. The values 0f55e the maximum value ¢E,) increases as the projectile
b=Db/bmax correspond to the upper limit of each reduced im-energy increases. The present calculations are consistent with
pact parameter bin. Up to a projectile energy of 55 MeV/a scenarid17] in which the maximum density is reached
nucleon the data exhibit a constant value(gf) for each  when the colliding nuclei stop completely within each other
particle type, while above 55 MeV/nucleon a monotonic riseand the maximum flow energy is attained shortly afterwards.
in the values of E;) occurs as the impact parameter becomesA higher projectile energy results in more compressional en-
smaller. The rising value ofE;) with increasing centrality ergy stored during the collision, which is subsequently re-
becomes progressively stronger at higher bombarding enefeased as radial flow energy. The rate of this energy transfer
gies (the heavier fragments are missing in the lardesin, is very rapid with the entire process occurring in less than 60
because of the forward focusing effects in fixed target exfm/c. This tends to rule out evaporative decay processes as
periment$. This result is in qualitative agreement with pre- the source of intermediate-mass fragment produdtl@inl7]
vious data[4] and BUU model calculation§5] for light-  at these projectile energies. The maximum value§s¥ in
particle emission f§, d, t, and He) from collisions for the lower panel are the same whether only particles in me-
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FIG. 5. Mean transverse kinetic energy per nucleon of frag-
ments from central®®Ar+%°Sc reactions at polar angleg,
= 90°*15° versus incident beam energy compared with predictions
of BUU model calculations. The lines are included to guide the eye.
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These values, plotted as solid circles in Fig. 5, show good

agreement with the data for fragments witk 2. Although

45 . ) - . ._our BUU calculations involve only nucleons, we are still
Sc reactions at four bombarding energies as a function of time
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FIG. 4. Mean transverse kinetic energy per nucleon*fér +

able to delineate the approximate limits on the value of

rameter ob=0 for a medium EOS. The uppéower) panel shows (Et_> as a function of incident beam energy _reasonably yvell.
(E,) when only particles that move in a medium whose density isThis lends furthgr support to the interpretation of the d|§as—
less (greatey than one-eighth of the normal nuclear density areS€Mbly mechanism garnered from the model, as outlined

included in the calculation. above.
Using our measured values ¢,), we calculated the ra-

. , 1 ) , . dial expansion velocityy,,, for the heavier fragments at the
dium with p/po>35 are considered or all particles are in- pighest heam energy where the flow signal is the most pro-

cluded in the calculation, similar to what was reported inpnoynced. The mean transverse kinetic energy may be written
Ref. [17]. Although the maximum density attained by the 44

colliding nuclei was sensitive to the nuclear EQSlarger

compression is achieved for a soft EOS than a stiff E@if (Ety= 2 (Enermad + (Eradia) = T+ (Eradia)» (1)

EOS had only a minor influence on the mean transverse ki-

netic energy. The Coulomb interaction was also found tdbecause cross terms between the collective and the random
have only a small effect on the maximum value(&) for  thermal components vanish on the averf@e The sum of
40Ar + *°Sc, slightly decreasing the height of the first peakthe initial expansive flow and the Coulomb induced energy

from BUU theory[28]. The calculations are at a fixed impact pa-

due to the greater repulsion. can be nonrelativistically approximated p,10]:
To compare the data to the values &f) predicted by the
BUU model calculations, we replot the lower panel of Fig. 2 (Eradiad = Efiow™ Ecoulomb
rescaling the vertical axis to energy per nucleon as shown in 301 Z(Zs—Z,)€?
Fig. 5. This is done because our BUU calculations involve =—|=myc?B2,,+ % , 2
S

only nucleons; i.e., no fragments wiki>1 are produced in 5|2

the calculations. The data for deuterons and tritons are also .
displayed. The solid triangles in Fig. 5 are the maximumWhere subscrip$ refers to the source arfdto the fragment

values of (E,) at the respective bombarding energies ex-YPe: In this expression, we “"?“’e assumieg=39 and.
<=8 fm, representing the maximum Coulomb repulsion

tracted from the top panel of Fig. 4 for the case where onl - .

) ) ) ) s ) i from the equilibrated compound source. The radial expan-
particles in medium witfp/po<5 are included in the calcu-  gjon yvelocities determined in the present calculation are in-
lation. There is surprising agreement between these poinignsitive to the difference in source size with those reported
and the data for the protorispen stars To extract the maxi-  from fragment coalescen¢29]. A temperature parameter of
mum values of(E,) for the case where only particles in T=28 MeV for an incident beam energy of 115 MeV/
medium withp/p,> 3 are considered, two-thirds of the value nucleon was extracted from a single-source Maxwell-
of the Fermi energy for the initial configuratigdashed ling ~ Boltzmann(MB) fit to the proton energy spectrum for central
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TABLE |. The incident beam energy, the measured mean T T T T T T < T
transverse kinetic energy, the temperature, the radial expansion ve- 140 | data: WIX: s
locity, and the relative fraction of the radial flow energy for Be * protons A Z=4 * protons
fragments from central“°Ar+45Sc collisions at polar angles b o722 0z=s A Z=3 ]
Ocm=90°+15°. ©2=3  o0z=6 ez=6 o ¥

100 [ o, -

Ebeam <Et> T Bﬂow Eflow/<Et> s ’E_- - ®

(AMeV) (MeV) (MeV) (v/c) (%) g % g °

c B 0 A ]
115 109 28 0.16 61 A % .8 s
105 104 26 0.16 61 R e a8 :
95 91 25 0.14 56 cH S . ©
85 84 23 0.14 55 R T T
75 73 21 0.12 51 (,——;” g & x AR
65 65 20 0.11 46 e S :
55 54 17 0.09 41 ]
45 48 14 0.09 42 0 25 3|5 4IS 5I5 6I5 7I5 8I5 9‘5 165 1 15 125
35 46 12 0.09 41

Beam Energy (MeV/nucleon)

. . . FIG. 6. Mean transverse kinetic energy of fragments from cen-
collisions at 6o, =90°*+15°. Protons were used to deter- 5 40ar 4+ 455¢ reactions at polar anglés,, =90°+ 15° versus in-

mine this temperature because the radial flow componenfgent beam energy compared with predictions of WiX mdael

least affects the energy spectrum for the light-particle speciegaiculations assuming half the available energy is associated with
[1,5,14,17. Under these assumptions we find a radial expanradial flow. The lines are included to guide the eye.

sion velocity for the Li, Be, B, and C fragments @,

~ 0.15+0.03 (the accuracy achieved is abati20%). sity, explosion threshold energy, and spacial configuration of

Repeating this procedure with the values Bf) predicted o gecaying source. The simulated events were analyzed
by our BUU model calculation for the case where only par-y;it the same radial flow routine as for the actual data. In
ticles in medium withp/po> 5 are considered, we calculate Fig. 6 we show a comparison between data and simulation
Birow=0.18+0.02 for these heavier fragments. These valuegor the excitation functions of the mean transverse kinetic
for T and By, are also in reasonable agreement with theenergy for various light fragment types. The open symbols
values we extracted from single-source fits which includedare data from centraf®Ar+ %°Sc reactions at polar angles
collective expansion to the kinetic energy spectra, as done. ,,= 90°+15° (as in the lower panel of Fig.)2The solid
for higher beam energies in Refd], [10], [12]. We found  symbols are the predictions of the WIX multifragmentation
our data to be rather insensitive to this parametrizatiormodel assuming half the available energy of the disassembly
scheme such that a fairly wide rangeTfind By, resulted  process is associated with radial flow. The effects of the
in reasonable fits, and we could not solely rely on thisexperimental acceptance included in these filtered simula-
method to extract these quantities. This could be due to #ons were experimental upper- and lower-energy thresholds,
nonuniform radial velocity profile for the actual decaying target shadowing, dead area within and between detectors,
source in our system. In Table | we list for Be fragmentsdouble hits, and malfunctioning detectors. The errors shown
from “Ar+%°Sc reactions at each projectile energy: theare statistical, and the dashed lines are included only to guide
measured mean transverse kinetic energy, the temperatuttee eye. Similar trends are present in the filtered simulation
from MB fits to the proton spectra, the calculated radial ex-of the other particle types not shown for clarity. The agree-
pansion velocity, and the relative fraction of the radial flowment between data and simulation demonstrates that the
energy given byEq../(E;). A value of 15 MeV was used for measured radial flow is not merely an artifact of our detector
the Coulomb repulsion of the=4 fragments in the determi- acceptance or analysis method. The discrepancy for heavier
nation of these radial flow quantities. Similar trends in thefragments at the lowest beam energy is attributed to effects
values of these parameters were found for the other fragmemipt accounted for in our software filter and the inadequacy of
types withZ=2. The percentages reported in the last columrthe WIX model at this low incident energy. At 35 MeV/
of this table are additional evidence that radial flow is anucleon, 50% of the available energy represents enly1
major contribution to the energy dissipation in the disassemMeV/nucleon for flow in each direction that is input to the
bly process of excited nuclear matter. model calculation after taking the binding energy into ac-

For a value of 50% in the relative fraction of the radial count. This is essentially no flow, and a higher proportion of
flow energy, we have simulated collective radial expansiorflow results in unphysical predictions for the temperature at
of light fragment emission in heavy-ion collisions using thethis low incident energy. The agreement between data and
statistical multifragmentation model called WIPB0]. The  simulation at the higher beam energies in Fig. 6 further sub-
WIX code generated events in which a single source deexstantiates our claim that approximately half of the emitted
cites via explosion and evaporation with this specified colparticle’s energy originates from collective radial expansion
lective expansion energy at freeze-out. The calculations infor these incident energies.
cluded the Coulomb interaction between fragments, and the In summary, we have investigated collective radial flow
default parameters were used to characterize the level depf light fragments from*°Ar+ 4°Sc reactions at beam ener-
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gies in the rangeE=35-115 MeV/nucleon using the half of the emitted particle’s energy for the heavier frag-
MSU 47 Array. The mean transverse kinetic energy of thements =4) at the highest beam energy studied.

_different fragment types increas_,es_ with event centrality and  \ye thank Professor Wolfgang Bauer for invaluable guid-
increases as a function of the incident beam energy. ComMynce and Professor Pawel Danielewicz for helpful discus-
parison of our measured values (&;) shows agreement sjons. This work was supported by the National Science
with predictions of BUU and WIX model calculations. The Foundation under Grants Nos. PHY-92-144885CL/MSU)
radial flow extracted fror{E;) accounts for approximately and PHY-92-11611SUNY).
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