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Momentum dependence of the nuclear mean field from peripheral heavy-ion collisions
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The energy at which the collective transverse flow in the reaction plane disappears, the balance energy
Epa. is found to increase linearly as a function of impact parametef%r+ 4°Sc reactions. Comparison of
our measured values &, (b) with predictions from quantum molecular dynami{€MD) model calculations
agrees better with an approach incorporating momentum dependence in the nuclear mean field.
[S0556-28186)02211-X

PACS numbds): 25.70.Pq, 25.75.Ld

The study of collective flow in heavy-ion collisions can the charge of thé°Ar projectile and mass resolution for the
provide information about the nuclear equation of statehydrogen isotopes is obtained. The array has good granular-
(EOS, and the parameters involved in the disassemblity, minimum dead area, and high data rate capability. Low
mechanisms of excited nuclear matiér-4]. The mass de- energy thresholds for the HRA are approximately 13, 15, 32,
pendence of the disappearance of directed transverse flow g&hd 37 MeV/nucleon, for fragments with = 1, 3, 12, and
an example in the intermediate energy regime, from which i1 g, respectively.
was deduced that there is a density dependent reduction of The main ball of the MSU # Array consists of 170
the in-medium nucleon-nucleon cross sectiffi§]. Collec-  phoswich detectorgarranged in 20 hexagonal and 10 pen-
_tlve transverse flow in the reaction plane disappears at afhgonal subarrayscovering 18° =< 0 = 162°. The 30
incident energy, termed the balance enefgy, [7], where = gia04 ¢ive counter8CC's) installed in front of the hex-

the attractive scattering domlna_nt at energies aroynd 1 gonal and pentagonal subarrays were operated in ion cham-
MeV/nucleon balances the repulsive interactions dominant gt .
; : er mode with a pressure of 125 Torr ofKg gas. The
energies around 400 MeV/nucle¢8—10. The disappear- . }
elaexagonal anodes of the five most forward BCC'’s are seg-

ance of directed transverse flow has been well establish ented, resulting in a total of 55 separa(E detectorsthe
through many experimenid1-19. We have recently com- ! )
9 y exp ; 3 y 3CC’s served asAE detectors for charged particles that

pleted a systematic study of the impact parameter depe ) i e )
dence of the disappearance of directed transverse flov§t°|°ped in the fast plastic scintillator of the main hafon-

which showed that the balance energy increases appro equently, the main ball was capa}ble of detecting charged
mately linearly as a function of impact parameter in agreei/agments fromz = 1to Z = 16, with mass resolution for
ment with predictions of quantum molecular dynamicsthe hydrogen isotopes in the phoswiches. Low energy thresh-
(QMD) model calculation$20,21]. We have now extended olds were approxmately 18, 3.5, and 7 .MeV/nucIeon for
our measurements to higher beam energies for the sanjg2dments withZ = 1, 3, and 12, respectively. Data were
projectile-target combination. These data allowed us to ext@ken With a minimum bias trigger that required at least one
tract the balance energies for even larger impact parameter@'t in the HRA (HRA.' 1 Qata, and_ a more central trigger
enabling us to probe the region where the QMD model iswhere at least two hits in the main baBtall-2 datg were
sensitive to momentum dependence in the nuclear mearﬁquwed. The flow analysis dgscrlbed below was performed
field. Comparison of the balance energies extracted from th¥ith the Ball-2 data as done in Ref$,21].
measured flow values with predictions from QMD model | N€ Impact parametdr of each event is assigned through
calculations demonstrates better agreement with a formuldUts on centrality variables as calculated through a straight-
tion incorporating momentum dependence in the mean fieldrWard geometric prescriptiof23]. The centrality variable
The experiments were carried out with the Michigan Statechosen here wes, the reduced transverse kinetic energy of
University 4r Array [22] at the National Superconducting €ach event, as defined in RE24]. Events with larger values
Cyclotron LaboratoryNSCL) using beams from the K1200 of E, correspond to events with smaller impact parameters.
cyclotron. A target of 1.0 mg/cé1Sc was bombarded with Using methods similar to those detailed elsewhafs, E, is
40Ar projectiles ranging in energy between 35 and 155 MeV/found to be an appropriate variable to use as a centrality filter
nucleon in 10 MeV/nucleon steps. Prior to these measurefor this system over the range of beam energies studied, and
ments, the MSU # Array was upgraded with the High Rate it does not autocorrelate with the flow observables. If the
Array (HRA). The HRA is a close-packed pentagonal con-measured cross section was equivalent to the geometric cross
figuration of 45 phoswich detectors spanning laboratory posection, then the maximum impact paramédgg, to trigger
lar angles 3°< # < 18°. With the HRA,Z resolution upto  an event would be the sum of the projectile and target radii
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TABLE I. Reduced impact parameter bins. The valuesbof
correspond to the upper limit of each bin.

Bin no. Cut on ét Geometrich Correctedb
BIN1 top 10% 0.32 0.28
BIN2 10 - 20% 0.45 0.39
BIN3 20 -30% 0.55 0.48
BIN4 30 - 40% 0.63 0.56
BIN5 40 — 50 % 0.71 0.62
BIN6 50 - 75% 0.87 0.76
BIN7 Bottom 25 % 1.00 0.88

Rprojt Riarg: However, by <(Ryroj+ Riarg due to hardware
trigger bias and detector acceptance. Comparison of events
from the Ball-2 trigger to those from the less selective
HRA-1 trigger imply thatb,, = 0.88+0.04Rpoj+ Riarg) -
Details of this correction method are provided elsewhere
[21]. The impact parameter bins in this flow analysis and the
corresponding reduced impact paramebetg b/b,,,,,) in the
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FIG. 2. Measured transverse flow in the reaction planeZfer

simple geometric picture are summarized in Table |. Also2 fragments as a function of reduced impact parameter bins for
listed in this table are the effective values of the reducedAr+#°Sc reactions at six incident beam energies. The lines are
impact parameter corrected for bias due to the hardware trigacluded only to guide the eye.

ger condition.

The reaction plane of each event is calculated using the

method of azimuthal correlatior®6], which is a reliable

50 : :
: l o ¢¢+i B :

:++}+{>+ o i ?#{% ¢¢°¢w
of i
r ' (a) BIN1 (b) BIN2
50 | A
Q i
% o
e "l Wi % o
/\N [ H*’j M
\C/’* S0 (©BIN3 [
50 1 P I L 3 N ST R

S0 () BINS

method to determine the reaction plane in cases where trans-
verse collective motion can become weakg., beam ener-
I y*{“}?( T T ; mﬂ,,,wmj gies near the balance enejgyirst a particle of interest
0 %‘"’;@*’"" ----------- L e pooomeoee- ooon (PO)) is chosen from the event. Autocorrelation is sup-
! pressed by omitting this POI in the calculation of the reac-
tion plane[27]. The momenta of the remaining particles are
: projected into a plane perpendicular to the beam é=aisen
as the origin in this planeA line passing through the origin
| I is then simultaneously fit to the transverse momentum coor-
dinates of these fragments such that the sum of the perpen-
L : dicular distances to the line is a minimum. The azimuthal
il - 'b__mgw%u_ angle of this line becomes the azimuthal angle of the reaction
| . plane. The positive half of the reaction plane is defined by
| : the side on which the total transverse momentum in the re-
action plane is greatest. Finally, the POI's transverse mo-
' (d)BIN4 mentum in the reaction plang, is evaluated by projecting it
| | into this calculated reaction plane. This procedure is repeated
; ! for each particle in the event for all events with at least four
j : identified particles.
L E Figure 1 shows the mean transverse momentum in the
0 —ﬁﬂ— ¥ P e o ¥ Wh‘““;}’m reaction planép,) plotted versus the reduced center-of-mass
y LR g (c.m) rapidity (y/Ypro))c.m. for six different reduced impact
! : parameter bins. The data are for fragments itk 2 from
! E (6 BING 155 MeV/nucleon*Ar+ *3Sc collisions, and thé bins (as
i i listed in Table } are indicated in each panel. The errors
(') 05 1 1 05 (') o5 1 shown in each panel are statistical. The data exhibit the char-

acteristic “S shape” associated with collective transverse
(y/ypmj)c,m. flow in the reaction plane, demonstrating the dynamical mo-
mentum transfer on opposite sides of the reaction plane. The
FIG. 1. Mean transverse momentum in the reaction plane vs theffsets from the origin occur because no recoil correction
reduced c.m. rapidity foZ = 2 fragments from 155 MeV/nucleon Was applied in the reaction plane calculation, which does not
“%Ar + %S¢ collisions. The reduced impact parameter bins as listed@ffect the final values of the flow observabléslance ener-
in Table | are indicated in each panel. The straight lines are fits ovegies in this analysig21]. The data shown in Fig. 1 are fit

the midrapidity region as described in the text.

with a straight line over the midrapidity region
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(y/ypmj)c'm. FIG. 4. Excitation functions of the measured transverse flow in

the reaction plane foz = 2 fragments at six reduced impact pa-

rameter bins for%Ar + 4°Sc reactions. The corresponding values of
b are given in Table I. The curves are included only to guide the
eye.

FIG. 3. Mean transverse momentum in the reaction plane vs th
reduced c.m. rapidity foZ = 2 fragments in semicentrdAr+
45Sc reactiongBIN3 as given in Table)l The incident beam en-
ergy per nucleon is indicated in each panel. The straight lines are
fits over the midrapidity region as described in the text. with a straight line over the midrapidity region

—0.5<(Y/Ypro) cm= 0.5 for beam energieE< 125 MeV/
—0.5<(Y/Yprop)c.m= 0.25. The slope of this line is defined nucleon. The fitting  range was reduced to
as the directed transverse flow, which is a measure of the 0-5<(Y¥/Ypro)cm= 0.25 for beam energigs= 125 MeV/
amount of collective momentum transfer in the reaction. hucleon, resulting in lower values gf per degree of free-

The extracted values of the directed transverse flow plotdom for these fits. This effect is attributed to our detector
ted as a function of reduced impact parameter are shown idcceptance, because less of the projectile component contrib-
Fig. 2 for the 155 MeV/nucleor*®Ar+“5Sc data(solid  utes to the flow at these higher beam energies as evidenced
circles. Also displayed in this figure are the values of the by the flatness of the data arounglY o) cm~ 1.0 in Figs.
directed transverse flow for five other bombarding energies3(€) and(f) as compared to Figs(& and (b). The directed
The points at 115 MeV/nucleon represent average valuesansverse flow clearly decreases as the beam energy in-
from overlapping data sets. The errors shown are the stati§’eases, reappearing again at the higher bombarding ener-
tical errors on the slopes of the linear fithe systematic gies. This effect has been previously obserfgd3,15, and
error associated with the range of the fitting regionti8 ~ was explained as a balance between the attractive mean field
MeV/c and —1 MeV/c). That collective transverse flow is and the repulsive nucleon-nucleon scattering.
maximal at some intermediate impact parameter is reason- The extracted values of the directed transverse flow plot-
able because it must vanish at the extrema, i.e., for grazinggd versus the incident beam energy are shown in Fig. 4 for
and perfectly central collisions. This behavior is in qualita-Six reduced impact parameter bi@s listed in Table)l The
tive agreement with previous results that range in beam erPoints at 115 MeV/nucleon again represent average values
ergy from 55 MeV/nucleoti16] to 400 MeV/nucleor2]. from overlapping data sets. The errors shown are the statis-

Figure 3 shows the mean transverse momentum in thcal errors on the slopes of the linear fits. The curves are
reaction plane plotted as a function of the reduced center-othird-order polynomials included only to guide the eye. To
mass rapidity for six bombarding energies. The data are foextract the balance energy,,, the data for each bin were
fragments withZ = 2 from semicentral*®Ar+45Sc colli-  fit with a second-order polynomial allowing the fitting range
sions(BIN3 as listed in Table)lat an incident beam energy to vary until y? per degree of freedom was a minimum. The
per nucleon as indicated in each panel. The errors shown isecond-order fits pass through minima for which the value of
each panel are statistical. The data shown in Fig. 3 are fihe abscissa corresponds to the balance energy at each re-
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TABLE I1l. Measured values of the balance energies for 160 — S ; : ;
4OAr +45Sc reactions extracted for six reduced impact parameter o owp
bins. The errors listed are statistical. = with momentum dependence %
€ 140 @ QMD ]
~ % without momentum dependence .
Correctedb Epa (MeV/nucleon 2 s Data
0.28 85+ 6 E 120 | E
0.39 96+ 3 <
0.48 104+ 3 %’3
g 100} -
0.56 112-4 8
0.62 1165 8
0.76 1283 7% 80 L . ]
=) . r _'%/
duced impact parameté,,(b). Collective transverse flow O 5 03 03 05 o5 07 os
is assumed to be symmetric in the vicinity of the balance b/b

energy, and our measurements are unable to distinguish the
sign (+ or —) of the flow, so that a parabolic function is the
lowest order symmetric fit that can be used withaytriori
knowledge ofE,,. Listed in Table Il are the measured val-
ues of the balance energies f6PAr+%°Sc reactions ex-
tracted from these local parabolic fits for each reduced im
pact parameter bin shown in Fig. 4. We again verified a
reported elsewher@,21] that the analytic form of the fitting
function does not significantly affect the value of the ex-

tracted balance energy. Triangular fits_w@th two lines of dif'clearly indicates thaE,(b) increases as the impact param-
ferent slope produced values Bf,(b) within error of those  gter increases, continuing the trend already shown in Ref.

reported in Table Il, but a larger number of fit parameters ar¢;1). This result is in qualitative agreement with the work of

required. other groupg13], and was even demonstrated through an
entirely different analysis that does not require reaction plane
100 ———— T T— T determination using correlation functioh&9]. Here we are
able to extract more definitivel¥e,,,(b) for larger impact
AZ=3 1 parameters because our measurements include more data
0 7Z=2 ] points above the balance energy.

The present data set also reaffirms as previously reported
[5] that the balance energy does not depend on the particle
type. This lack of dependence on the fragment's mass is
demonstrated in Fig. 5, which shows the excitation functions
of the directed transverse flow for three fragment types at a
reduced impact parameter bin lof 0.39 for 4%Ar + 4°Sc re-
actions. The minima of the data for the three fragment types
occur at the same value of the incident beam energy indicat-
ing a common balance energy. This agreement facilitates
comparison of the measured valuesef,(b) to predictions
of transport models calculations which involve only nucle-
ons. The dependence of the directed transverse flow on the
mass of the emitted particle type shown in Fig. 5 is also
consistent with the well-known increase in magnitude for
heavier fragment§2,5].

Dynamical transport model calculations can incorporate
soft and stiff descriptions of the nuclear EOS as well as
momentum dependence in the mean fig28—32. Predic-

4 tions of quantum molecular dynamid®MD) model [20]
S O S S S S calculations are displayed in Fig. 6 for a stiff equation of
45 55 65 75 85 95 105 115 125 135 145 155 165 state with momentum dependenepen circles and without
Beam Energy (MeV/nucleon) momentum dependen¢epen squarggor “°Ca+ *°Ca reac-
tions. These previously published poifig®] were calculated

FIG. 5. Excitation functions of the measured transverse flow infor a fixed impact parameter, and are not corrected for the
the reaction plane for three fragment types at a reduced impa@cceptance effects of our detector array. Also shown in this
parameter bin ob=0.39 for “°Ar + %5Sc reactions. The curves are figure are the measured values of the balance energies for
included only to guide the eye. 40Ar+4°Sc reactions extracted for six reduced impact pa-

FIG. 6. Measured balance energies f8Ar+ *°Sc reactions at
six reduced impact parameter bins compared with the predictions of
QMD model[20] calculations with and without momentum depen-
dence in the mean field fo’Cat+ *°Ca reactions. The experimental
values ofE,,(b) are plotted at the upper limit of eadhbin. The
urves are included only to guide the eye.

The horizontal shift in the minima of the curves in Fig. 4

Flow (MeV/c)
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rameter bingsolid triangleg. These experimental values of  In summary, measurements up to an incident beam energy
E,a(b) are plotted at the upper limit of eadh bin. The  of 155 MeV/nucleon for*®Ar+“°Sc collisions allowed us to
errors shown on the measured values of the balance energipgobe the region where sensitivity to momentum dependence
are statisticalthe systematic error is estimated to #®%  of the nuclear mean field is predicted by the QMD model.
and —0%). The balance energy has been shown to exhibiOur experimental results indicate that the balance energy in-
little sensitivity to the acceptance effects of our detector arcreases linearly as a function of impact parameter. Compari-
ray [7], allowing direct comparison between experimentalson of these measured balance energies with predictions
values and unfiltered theoretical results. We find thafrom QMD model calculations demonstrates better agree-
Epa(b) increases linearly as a function of the impact paramment with an approach incorporating momentum dependence
eter in agreement with Refg20, 21]. The data suggest better i, the nuclear mean field.

agreement with the QMD model calculations which include

momentum dependence in the nuclear mean field, in agree- _ _ )

ment with the results from studies of nucleus-nucleus colli- e thank D. Craig, R. McLeod, M. Miller, L. Nieman, D.
sions at higher bombarding energj8s32]. Here we are able Sisan, and J. Svoboda for their assistance during data collec-
to place this additional constraint on the nuclear EOS byion and reduction. This work was supported by the National
measuring the balance energies for peripheral heavy-ion cofcience Foundation under Grant Nos. PHY-92-14992, PHY-

lisions. 95-28844(NSCL/MSU), and PHY-92-11611SUNY).
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