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Azimuthal 2a correlations and projectile-residue distributions selected by neutron
and charged-particle multiplicity measurements
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The resolution of reaction filters for intermediate-energy heavy-ion collisions based upon charged-particle
and neutron multiplicity measurements with 4p coverage is compared for112Sn1112Sn and 124Sn1124Sn
collisions atE/A540 MeV. The quality of event characterization is inferred from the azimuthal correlations of
a particles emitted at intermediate rapidity and from theZ distributions of projectilelike fragments emitted at
forward angles. For central and midimpact parameter collisions, the associated charged-particle multiplicity
appears to provide better impact-parameter selection than the associated neutron multiplicity.
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PACS number~s!: 25.70.Pq, 25.70.Gh
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For energetic nucleus-nucleus collisions, many exp
mental observables are predicted to exhibit a strong de
dence upon impact parameter@1#. Reaction models are there
fore most sensitively tested by ‘‘exclusive’’ experimen
which provide reaction filters capable of selecting events
cording to narrow ranges of impact parameters. F
intermediate-energy nucleus-nucleus collisions, such a se
tion is often obtained from the multiplicity of emitted neu
trons @2# or charged particles@3#. Only limited information
about the relative selectivity of various reaction filters
available@4–9#, and no quantitative comparison of neutro
and charged-particle multiplicity filters exists.

A number of examples underline the importance of
comparison of event selection based upon neutron
charged-particle multiplicity measurements. Very simi
neutron multiplicity (NN) distributions were observed i
Ar1Au ~and Th! collisions atE/A544 and 77 MeV@10#.
However, over the energy rangeE/A535–110 MeV, the
multiplicity distribution of charged particles (NC) was ob-
served to extend to higher values ofNC with increasing beam
energy @11#. Collisions of 136Xe1209Bi at E/A528 MeV,
selected by cuts@12# on high neutron~NN>29! or charged-
particle multiplicities~NC>18! or by a two-dimensional cu
on both ~NN.22, NC.9! @13#, indicated the survival of a
target and projectilelike source@12,13#. In these measure
ments, fragment emission occurred predominantly from
breakup of a ‘‘neck zone’’ situated intermediately betwe
the two heavy residues@13#. On the other hand, collisions o
197Au1197Au at E/A535 MeV, selected by a ‘‘central’’ cut
on high charged-particle multiplicity~NC>24!, indicated by
predominantly isotropic fragment emission from a sing
550556-2813/97/55~3!/990~5!/$10.00
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nearly equilibrated source@14,15#. A comparison between
neutron and charged-particle multiplicity filters reveal
higher multiplicities of intermediate mass fragments~IMF!
when central Sn1Sn collisions were selected by cuts o
NC than when selected by cuts onNN @16#. These observa-
tions raise the question@16# of whether the selection of sma
impact parameters by cuts onNN provides a resolution com
parable to that provided by cuts onNC .

Examination of other observables with a strong imp
parameter dependence, such as the azimuthal distributio
a particles emitted at intermediate rapidity@9# or the charge
distribution of projectilelike fragments~PLF! emitted at
small angles, can provide information about the relative re
lution of the two reaction filters. These techniques are
plied, for the first time, in this paper to evaluate the relat
resolution of reaction filters based upon neutron a
charged-particle multiplicity measurements.

The experiment was performed at the National Superc
ducting Cyclotron Laboratory at Michigan State Universit
To optimize the relationship between impact parameter
emitted particle multiplicity, symmetric reactions were stu
ied @1#. To explore the sensitivity to theN/Z ratio of projec-
tile and target, we performed measurements for112Sn1112Sn
and 124Sn1124Sn, at a beam energy ofE/A540 MeV. The
areal density of the targets was 5 mg/cm2. For each event, the
associated neutron multiplicity was measured with the
perBall neutron multiplicity meter@17#, the largest device of
its kind currently available. The neutron-detection efficien
was estimated@17# to be approximately 80% for emissio
from a targetlike source, 50% for emission from a projecti
like source, and 65% on average. Coincident charged
R990 © 1997 The American Physical Society
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55 R991AZIMUTHAL 2 a CORRELATIONS AND PROJECTILE . . .
ticles were measured with 280 plastic scintillator-CsI~TI!
phoswich detectors of the Miniball/Miniwall array@18,19#
mounted in the SuperBall scattering chamber@20#. The
charged particle array covered approximately 90% of 4p. It
provided isotopic resolution for H and He nuclei and elem
tal resolution for heavier fragments~Z<20! with approxi-
mate energy thresholds ofEth /A'2.2 MeV ~4.5 MeV! for
Z53 ~Z510! particles detected in the Miniwall at 5.4
<ulab<25°, and Eth /A'1.5 MeV ~2.5 MeV! for Z53
~Z510! particles detected in the Miniball at 25
<ulab<160°, respectively. Projectilelike fragments wi
Z>15 were detected in a Si-CsI~Tl! array ~300 mm Si and
20 mm CsI! covering the angular range of 2.5<ulab<5.4°.
The event trigger required the detection of at least t
charged particles in the Miniball/Miniwall array.

Multiplicity distributions of detected charged particle
~NC! and neutrons (NN) are shown in the left and right pan
els of Fig. 1; the top and bottom panels are for124Sn1124Sn
and112Sn1112Sn. Dotted and solid curves show distributio
measured in coincidence with the event trigger and in co
cidence with twoa particles detected at 25°<u lab<60°. For
ease of presentation, these two curves are normalized to
area, even though the 2a-coincidence requirement at 25

FIG. 1. Charged-particle~NC , left panels! and neutron~NN ,
right panels! multiplicity distributions measured for the event trig
ger ~dotted curves! and with the additional requirement of detectin
two coincidenta particles at 25°<ulab<60° ~solid curves!. Top and
bottom panels show results for124Sn1124Sn and112Sn1112Sn, re-
spectively. The 2a-coincidence requirement at 25°<ulab<60° re-
duces the trigger yield by a factor of three, but for ease of pres
tation the two curves were normalized to unit area. The left~right!
long-dashed vertical lines delimit the upper~lower! multiplicity
boundaries for the peripheral~central! collision gates which delimit
the lower~upper! 5% of the areas under the solid curves. The dot
vertical lines show analogous 5% cuts for the dotted curves wh
represent the event trigger without the 2a-coincidence requirement
The dot-dashed and dashed curves showNC (NN) distributions se-
lected by the peripheral and central cuts onNN (NC) defined by the
long-dashed vertical lines; for ease of presentation, these cu
were normalized to subtend an area of 0.5.
-

o

-

nit

<u lab<60° reduces the trigger yield by a factor of three. T
event trigger suppresses low neutron-multiplicity events c
responding to the most peripheral collisions for which fe
charged particles are emitted. An additional, more signific
suppression of peripheral events arises from thea-
coincidence requirement~solid curves! needed for the con-
struction of the azimuthal correlation functions discussed
low. The left ~right! long-dashed vertical lines delimit th
upper~lower! multiplicity boundaries for the peripheral~cen-
tral! collision gates which delimit the lower~upper! 5% of
the areas under the solid curves. The dotted vertical li
show analogous 5% cuts for the event trigger~used in Fig. 4!
without the 2a-coincidence requirement. The dashed a
dot-dashed curves show the shapes of theNN (NC) distribu-
tions selected by central and peripheral cuts onNC (NN);
for ease of presentation, these curves were normalize
subtend an area of 0.5. Narrow cuts onNC produce rather
broad distributions inNN and vice versa—thuscorrespond-
ing cuts on NC and NN select different, though somewh
overlapping classes of events.

In order to explore the selectivity of cuts onNC and
NN , we investigate the shapes of azimuthala-a correlation
functions which have been shown to strongly correlate w
various reaction filters@9#. For the reactions considered her
these correlations are dominated by a rotational mot
which produces a characteristic ‘‘V shape’’ of the azimuth
correlation function@9,21–24#. The azimuthala-a correla-
tion functions are defined as

11R~Dfaa!5
SYaa~u1 ,f1 ,u2 ,f2!

Yback~u1 ,f1 ,u2 ,f2!
. ~1!

HereYaa(u1 ,f1 ,u2 ,f2) is the coincidence yield for the de
tection of twoa particles at polar and azimuthal anglesu i
andf i( i51,2! andYback(u1 ,f1 ,u2 ,f2) denotes the ‘‘back-
ground’’ yield constructed by the event mixing techniq
@25#. The sum in Eq.~1! extends over all pairs ofa particles
within a given bin ofDfaa5uf12f2u ~defined over the
interval @0°, 180°#! and with 25°<ulab<60°. The cut onulab
selectsa particles emitted at approximately 90°630° in the
center-of-mass system. To reduce possible many-body C
lomb distortions for particles emitted at very low energy a
eliminate small-angle distortions from the decay of partic
unstable8Be nuclei, the summations were further constrain
by Ea, lab.40 MeV andErel.250 keV, whereErel is the ki-
netic energy in thea-a center-of-momentum system@26#.

Figure 2 showsa-a correlation functions, selected by th
peripheral and central cuts onNC andNN defined in Fig. 1.
Top and bottom panels show results for124Sn1124Sn and
112Sn1112Sn. Consistent with previous results@9,23#, much
stronger V-shaped correlations are observed for periph
than for central, violent collisions@27#. For peripheral
112Sn1112Sn collisions, the V shape of thea-a correlation
function is more pronouncedfor the cut onNC than on
NN , but for peripheral

124Sn1124Sn collisions, the two cuts
produce very similar correlation functions. Sinc
124Sn1124Sn collisions are associated with higher neutr
multiplicities, this qualitative difference between the two r
actions could be due to a difference in impact-parame
resolution for the peripheral cuts onNN . For

124Sn1124Sn,
peripheral cuts onNN andNC appear to have comparab
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resolution, but for the112Sn1112Sn reaction cuts onNC ap-
pear to provide better selectivity than cuts onNN @28#. For
both reactions, thea-a correlation functions aremore isotro-
pic for the central cut onNC than onNN .

For a more quantitative discussion@9#, we have fitted the
measureda-a correlation functions with the functional form
@9,23,24#

11R~Dfaa!5a0~11a1cosDfaa1a2cos2Dfaa!, ~2!

where the parametersa1 and a2 provide a measure fo
sideward directed and rotational flow, respectively@24#. Rep-
resentative fits are shown by the curves in Fig. 2@29#. Pa-
rametersa2 characterizing azimuthala-a correlation func-
tions selected by different cuts onNC andNN are shown in
the left and right panels of Fig. 3@29#. Open and solid points
show the results for112Sn1112Sn and124Sn1124Sn, respec-
tively. The reduced range of variation ofa2 for cuts onNN
~as compared to cuts onNC! strongly suggests event sele
tion with reduced resolution. The curves in the left~right!
panels show the variation ofa2 as a function ofNC (NN)
when the events are further restricted by central cuts
NN (NC). Rather surprisingly, a central cut onNN has little
effect on theNC dependence, but a central cut onNC essen-
tially definesa2 with little further dependence onNN . The

FIG. 2. Azimuthala-a correlation functions observed for cen
tral and peripheral cuts onNN ~open points! andNC ~solid points!.
Top and bottom panels show results for124Sn1124Sn and
112Sn1112Sn, respectively. Solid and dashed curves show fits@with
Eq. ~2!# to correlations selected by peripheral and central cuts,
spectively.
n

shape of the azimuthala-a correlation functions thus is wel
determined by cuts onNC ; additional constraints onNN
have little if any effect.

If one assumes that the shape of thea-a correlation func-
tion is primarily determined by the impact parameter of t
collision @27#; then one is led to the conclusion that the im
pact parameter is better determined by cuts onNC than on
NN and that, further, an additional cut onNN does not im-
prove the impact parameter selection. It is, however, c
ceivable that many-body Coulomb final-state interactio
could attenuate the original emission pattern, thus leadin
decreasing values ofa2 as a function ofNC , but notNN , for
a fixed impact parameter. While an accurate determinatio
final-state Coulomb distortions requires knowledge of
complete many-body emission function, we have estima
their possible importance via many-body Coulomb traject
calculations@30#, assuming an instantaneous release of
charged particles from the surface of a hot rotating gas, m
eled as in Ref.@21#. Specifically, we used a realistic eleme
distribution and source parameters@21#, ~Rv/c,T!5~0.08, 10
MeV! and~0.1, 5 MeV!, adjusted to provide an approxima
description of the averagea-particle energy spectrum and t
produce azimuthala-a correlations comparable to thos
measured. For simplicity, all particles were treated as po
particles moving under the influence of their mutual Co
lomb forces. This ansatz is likely to overestimate the eff
of final-state Coulomb interactions due to the assumed c
pact initial geometry and the neglect of finite emission tim
For such an extreme scenario, we found that many-b
Coulomb interactions could reduce the unperturbed value
a2 by up to 50% forNC540. While significant, the calcu
lated distortions cannot account for the observed variation
a2 with NC ~by a factor of eight! when central collisions are
selected byNN .

An alternative observable expected to strongly correl
with impact parameter is theZ distribution of projectilelike
fragments~PLF! observed at forward angles. Figure 4 com
pares PLF element distributions detected in the forward a
and selected by peripheral and central cuts onNC ~solid and
dotted curves, respectively! andNN ~dashed and dot-dashe

-

FIG. 3. Dependence of fit parametera2 @see Eq.~2!# onNC and
NN . The curves show the dependences onNC (NN) for central
collisions selected by a cut onNN (NC). Solid points and solid
curves ~open points and dashed curves! indicate results for
124Sn1124Sn ~112Sn1112Sn!.
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55 R993AZIMUTHAL 2 a CORRELATIONS AND PROJECTILE . . .
curves, respectively!. In this particular case, the 2a-
coincidence restriction is unnecessary; thus peripheral
central cuts represent 5% cuts of the normal event trig
yields ~indicated by the dotted vertical curves in Fig. 1!. The
PLF distributions selected by cuts onNC are narrower than
those selected by cuts onNN . For peripheral cuts, this dif

FIG. 4. Charge distributions of projectilelike fragments detec
at 2.5°<ulab<5.4° for events selected by peripheral and central c
on NC ~solid and dotted curves, respectively! or NN ~dashed and
dot-dashed curves, respectively!. Top and bottom panels show re
sults for 124Sn1124Sn and112Sn1112Sn, respectively. The long
dashed vertical line indicates the detector threshold forZ identifi-
cation.
a

ci

H.
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.
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ference may be less significant, but for central cuts this
ference is large, suggesting much improved impact par
eter selection by central cuts onNC @28#.

Qualitatively, a superior impact parameter selectivity
reaction filters based on charged-particle multiplicity may
explained in a simple participant spectator picture. Very
ripheral ‘‘binary’’ collisions produce large numbers of the
mal neutrons, but very few charged particles. This large th
mal neutron multiplicity may present a ‘‘background noise
which washes out the impact parameter sensitivity for m
violent collisions for which energetic neutrons and charg
particles are emitted from the overlap zone between pro
tile and target. For charged particles, on the other hand,
background from peripheral collisions is small. Further, e
ergetic charged particles emitted from the overlap zone
detected with higher efficiency than neutrons. The combi
tion of these effects could lead to an improvedNC signal as
soon as the overlap between projectile and target beco
appreciable.

In summary, we studied symmetric collisions
112Sn1112Sn and124Sn1124Sn with combined 4p-detection
capability for neutrons and charged particles. We fou
strong evidence that better impact parameter selectivity
provided by cuts on charged particle multiplicity than by cu
on neutron multiplicity, at least over the small to mid impac
parameter range associated with significant charged par
emission@28#. This observation does not preclude the pos
bility that a judicious combination of charged-particle a
neutron-multiplicity information might allow an additiona
constraint on the total dissipated energy, which is expec
to fluctuate even for collisions at a fixed impact parame
However, an experimental proof in principle for this latt
possibility still needs to be established.

This work was supported by the National Science Fo
dation under Grant Nos. PHY-9214992, PHY-931413
and PHY-95-28844 and by the U.S. Department
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