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Isospin Dependence of Collective Transverse Flow in Nuclear Collisions
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Collective transverse flow of nuclear matter was measured as a function of the ratio of neutrons to
protons (V/Z) of the interacting system for the first time. The collisions of three isotopically pure
beams ofA = 58 nuclei with two A = 58 targets were studied at 55 M¢gkucleon. The results for
the flow variables demonstrate the sensitivity of transport models to elementary aspects of the nucleon-
nucleon collisions. [S0031-9007(97)02359-4]

PACS numbers: 25.70.Pq, 25.75.Ld

Collective transverse flow of nuclear matter produced The experiments were carried out at the National Super-
in a nucleus-nucleus collision has been studied in a sysonducting Cyclotron Laboratory (NSCL) using primary
tematic way as a function of beam energy, system masteams of E = 55 MeV/nucleon *Ni, Fe and E =
and impact parameter. Such information has provided in75 MeV/nucleon3¥Fe from the K1200 cyclotron. The
formation on the nuclear equation of state (EOS) and th&5 MeV/nucleon beams were focused directly onto ei-
parameters that govern the reaction mechanisms of exher a’®Ni or **Fe isotopically pure target(5.0 mg/cn?
cited nuclear matter [L-5]. One theoretical approach hathickness) at the center of the Michigan State University
been to use transport models which relate the flow obéMSU) 47 Array [18]. The 75 MeVnucleon’®Fe beam
servables to nucleon-nucleon scattering in the nucleasombarded a beryllium production targét(mg/cn?) in
mean field [6—10]. However, up until now there havethe A1200 fragment separator [19], which was operated
been no attempts to relate the flow variables to a conin the medium acceptance mode witB38 mg/cn? CH,
trolled change in the ratio of neutrons to protoNs'g) of  (polyethylene) achromatic degrader wedge to sefédn
the colliding system. Such a variation in the isospin dedons. An aperture placed directly after the A1200 focal
gree of freedom has been used in only a few recent studigdane collimated the beam of 56.6 Méwicleon>*Mn,
of the isotope ratios of the outgoing particles [11—15], notwhich was then transported and focused onto’tke tar-
the flow variables. However, transport models predict thaget at the center of théw Array. A purity of greater
the flow should depend on the isospin degree of freedorthan 90% at rates up t& X 10*/s (monitored periodi-
[16]. This arises because of the isospin dependence on tloally with a PIN diode at the exit of théw Array) was
elementary nucleon-nucleon cross sections and the nucleachieved for this secondary beam. Event characterization
mean field [16,17]. In this Letter we demonstrate experiwas accomplished with the MSUr Array upgraded with
mentally that directed transverse flow depends on the isghe High Rate Array (HRA). The HRA is a close-packed
topic ratio of the system by measurement of flow in thregpentagonal configuration of 45 phoswich detectors span-
(Aproj = 58) + (Awre = 58) systems with differentv/Z  ning laboratory polar angle3® < 6 < 18°. The main
at one bombarding energy of 55 Mghucleon. Mea- ball of the4s Array consists of 55 Bragg curve counters
sured flow is stronger for the more neutron-rich systenfollowed by 170 phoswich detectors covering the angles
in agreement with Boltzmann-Uehling-Uhlenbeck (BUU) 18° < 6 < 162°. Data were taken with a minimum bias
predictions [16], which is due mainly to fact that the freetrigger that required at least one hit in the HRA.
neutron-proton cross section is approximately three times To measure directed transverse flow, a transverse
higher than the neutron-neutron and proton-proton crossiomentum analysis method [20] was used in which the
sections at this incident energy. Because most of th@npact parameter and the orientation of the reaction plane
experimental conditions (kinematics, available excitatiorare determined on an event-by-event basis. The impact
energy, detector configuration, trigger, etc.) were helcpbarameterb of each event is assigned through cuts on
constant, the change in flow is most likely due to the dif-centrality variables as calculated for each system through
ferentN/Z of the three systems. a straightforward geometric prescription [21]. The
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centrality variable chosen here was the reduced transverpanel shows the reduced total transverse kinetic engrgy
kinetic energy of each evell, = (E:/Epwoj) [22]. Using  [22]. These distributions demonstrate that we are compar-
methods similar to those already published elsewhereg similar data sets for these isotopic systems. The impact
[23], E, is found to be an appropriate variable to useparameter distributions in the simple geometric picture re-
as a centrality filter for these entrance channels at theulting from the£, spectra in the right panel are nearly
beam energy studied, and it does not autocorrelate witllentical. The enhancement at higher valueafgf.q and

the flow observables. Details of the method used foiZ,,, for central®®Ni + 8Ni reactions £, = 56) is ex-
impact parameter selection are provided elsewhere [24pected because a larger number of charged particles should
The reaction plane of each event (the plane containinge detected than iffFe + 3Fe reactions Zi.1 = 52).

the beam axis and impact vector) is calculated with théThese fragments would account for a greater amount of
method of azimuthal correlations [25], which is a reliableparticipant charge, particularly when the system breaks
method to determine the reaction plane over the rangmto many pieces. Presumably these charges would carry
of impact parameters involved here [24]. The transverseff more transverse energy due to greater Coulomb re-
momentum in the reaction plang, of the particle of pulsion tending to weaken the isospin effect for the most
interest is evaluated by projecting it into this calculatedcentral collisions. These global variables could not be
reaction plane. This procedure is repeated for eachompared directly for thé®Mn + >8Fe system because
particle in the event for all events with at least fourof poor statistics and some minor contamination (mainly
identified particles. To quantify how directed transverse’*Cr) in the secondary beam.

momentum varies along the direction of the beam axis, However, impact-parameter-inclusive values of the di-
the mean transverse momentum in the reaction planected transverse flow were extracted for ien + 8Fe

is plotted as a function of the reduced center-of-massystem as demonstrated in the top panel of Fig. 2. The
(c.m.) rapidity. From this plot the flow is extracted by mean transverse momentum in the reaction pkgng is
fitting a straight line to the data over the midrapidity plotted versus the reduced c.m. rapidity/yproj)c.m. for
region. The slope of this line is defined as the directedragments withz = 2 from 55 MeV/nucIeon5§)Mn +8Fe
transverse flow, which is a measure of the amount otollisions. The errors shown are statistical. This spec-
collective momentum transfer in the reaction.

In Fig. 1 we display impact-parameter-inclusive distri-
butions for three global observables frolNi + 8Ni
(solid histograms) and®Fe + #Fe (dashed histograms)
reactions at 55 MeY¥hucleon. The left panel shows the
total charged-particle multiplicity/..q4, the center panel
shows the total midrapidity chardg,, [26], and the right
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FIG. 2. (Top panel) Mean transverse momentum in the re-
action plane versus the reduced c.m. rapidity Zor= 2 frag-
ments from impact-parameter-inclusitvin + *Fe collisions

at 55 MeV/nucleon. The straight line is fit over the region

_ ) —0.5 = (¥/Yproj)em. = 0.5.  (Bottom panel) Directed trans-
FIG. 1. Impact-parameter-inclusive spectra for the totalverse flow as a function of the isotopic ratio of the compos-
charged-particle multiplicity Mchea, the total midrapidity ite projectile plus target system for three different fragment
chargeZ,,:, and the reduced total transverse kinetic endtgy types from three isotopic entrance channels. The extracted val-
Solid (dashed) histograms are foiNi + *Ni ( ®Fe + *Fe)  ues of the flow are for impact-parameter-inclusive event sets at
collisions at 55 MeVYnucleon. 55 MeV/nucleon. The lines are included only to guide the eye.
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trum (similar to those previously published elsewhere 60 T T T ‘ .
[24,27,28]) is fit with a straight line over the mid- [ @Z=3 o PFesFe |
rapidity region—0.5 < (y/yproj)em. = 0.5 0.5. The slope 40 - ++ o PN+ Ni
of this line is defined as the directed transverse flow. The [ t ¢¢ ]
bottom panel in Fig. 2 shows the extracted values of the 20 - ¢,/’¢ i 1
directed transverse flow for three different fragment types I i ]
from all three entrance channels plotted as a function of the o+ —F+—+—+—+—
isotopic ratio of the composite projectile plus target sys- g f BZ=2 " z:F§+zZF? ]
tem where (N/Z)ss = (Nproj + Nure)/(Zproj + Ziarg)- © ; .y ® Ni+Ni ]
Using this definition we have(N/Z),s = 1.07 for S 0} ey ;
BNi + Ni, (N/Z)ss = 1.23 for *Fe+ *Fe, and 2 ok e e ]
(N/Z)sys = 1.27 for SMn + Fe. The data for frag- = oF ¥ o
ments withZ =2 and Z = 3 represent the slopes of A
linear fits over the reduced c.m. midrapidity region P ©Z=1 ‘4 SSF?*SSF? 1
—0.5 = (¥/Yproj)em. = 0.5. The fit range was reduced 10°p #+ & PNi+Ni
to —0.5 = (y/yproj)em. = 0.4 for all three systems for , A $$ - ]
the fits for fragments witlZ = 1 because of the presence r kAT ]
of a broad peak at projectile rapidity féPMn + 8Fe : ﬁiilrl—“é" . T
not observed in the other systems. The pointsAcr 2 0 03 04 05 06 07 08 09 1
from 3Ni + 3¥Ni and 3¥Mn + ¥Fe have been offset in b/b

values of(N/Z)y, for clarity. The errors shown are the
statistical errors on the slopes of the linear fits (the sysFlG- 3. Directed transverse flow as a function of the reduced

tematic error associated with the range of the fitting regiofipact parameter for free different a?%%’“ﬁg{/;mf:onﬁom

IS +0.75 and — 0.254 MeV/c). The r_esults shown in The extracted values of the flow are plotted at the upper limit
Fig. 2 demonstrate clearly there is an isospin dependencg eachj bin. The lines are included only to guide the eye.
for directed transverse flow even for the impact-parameter-

inclusive data. The neutron-rich systethFe + %Fe
exhibits larger flow values thatiNi + 8Ni for all three
particle types. Although the difference between the flowtions which incorporate an isospin dependent potential
values extracted foPMn + ¥Fe and®®Fe + ®Fe is not and isospin dependent nucleon-nucleon scattering cross
statistically significant, the trends are consistent with thesections for massAp,; = 48 + Awre = 58 Systems.
reactions involving the two stable beams. That directed transverse flow is greater for the neutron-
Additional experimental evidence for the isospin de-rich systems is primarily attributed to the difference in
pendence of directed transverse flow is shown in Fig. 3nucleon-nucleon cross sections [16]. Directed transverse
The extracted values of the collective transverse flowflow has already been shown to be sensitive to in-medium
in the reaction plane are displayed as a function of theucleon-nucleon cross sections [27,30]. The elementary
reduced impact parameter for three different fragmenheutron-proton cross section used in the BUU calculations
types from>®Fe + 3Fe and **Ni + ®Ni collisions at is approximately a factor of 3 higher than the neutron-
55 MeV/nucleon. The extracted values of the flow areneutron and proton-proton cross sections at an incident
plotted at the upper limit of eadhbin. The errors shown beam energy of 55 MeXhucleon [16]. This results in
are the statistical errors on the slopes of the linear fits. Thiess repulsive collective flow from nucleon-nucleon scat-
neutron-rich system®Fe + ®Fe systematically exhibits tering, so that the attractive mean field has an even more
larger flow values tha”®Ni + ®Ni for all three particle dominant effect at this beam energy for the neutron-rich
types at all reduced impact parameter bins displayed (exsystems (mass dependence systematics show that flow
cept forZ = 3 in the most peripheral bin). The largest disappears for centradl,.,; = 58 + A, = 58 collisions
difference in the magnitude of the flow between the iso-at =76 MeV/nucleon [27]). The isospin effect is
topic entrance channels occurs for heavier mass fragmensgronger in more peripheral collisions where two extended
in semicentral collisions. The impact parameter depenneutron distributions overlap in the reaction of two
dence of the directed transverse flow shown is in qualitaneutron-rich nuclei [16].
tive agreement with previous work [2,24,29], because the In summary, we have experimentally demonstrated
flow is maximal for semicentral events. The mass depenthat collective transverse flow in nuclear collisions de-
dence of the directed transverse flow shown in Fig. 3 alspends on the isospin of the system using the reactions
demonstrates the well known increase in magnitude fob5 MeV/nucleon’®Ni + ¥Ni, 8Fe + 8Fe, and®Mn +
heavier fragments [2,27,28], (note the difference in ver°8Fe. The more neutron-rich systems exhibit larger flow
tical scale for each panel). values, which confirms the predictions of a BUU trans-
These experimental results are in qualitative agreememtort model incorporating an isospin dependent potential
with the predictions of the BUU model [14,16] calcula- and isospin dependent nucleon-nucleon scattering cross
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