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Influence of multiple sources on the two-neutron correlation function in Ni-induced, intermediate
energy, heavy ion reactions
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The strength of the neutron-neutron correlation function from Ee45A MeV 5&Ni+27Al, "Ni, and
197Au reactions depends on the neutron parallel velocity. This indicates the presence of multiple sources of
neutron emission. We find these sources consistent with a dissipative, binary reaction mechanism as it is
described by, e.g., Boltzmann-Uehling-Uhlenbeck calculations.
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During the last decade, nuclear interferometry has becomBoltzmann-Uehling-UhlenbecBUU) calculationd23]. Af-
an important tool for understanding not only emission timeter a short motivation for the choice of the BUU model and
and source size in a nuclear reactidn-3] but also many a comparison to the singles energy distributions and to the
other characteristics of the emission soufde-9]. Thus nn CF’s, we discuss than CF sensitivity to probe that the
nuclear interferometry allows insight into the detailed reacreactions exhibit multiple sources of neutron emission.
tion mechanism and may even give information about the Many recent heavy ion reaction experiments, performed
properties of nuclear matter. Such information puts, of?ith 4 detector systems, are able to map the velocity dis-
course, strong constraints on theoretical models. tributions of parucles and fragments in a quite complete way.

In actual experiments, the available space for measurelN®S€ €xperiments have demonstrated that for most heavy

. . - - - - ion collisions in the intermediate energy reginf@0—100

mepts of th‘i corrialatlg)n functiofCh C(a,Pod), a=(Ps MeV/nucleon the reaction mechanism is dominated by dis-
—P2)/2 andPy,= p1+ P, is however limited. This depends sjpative, binary collisions. A wide range of impact param-
on, e.g., limited angular coverage, energy cutoffs, experieters, from quite peripheral to nearly central collisions, leads
mental resolution, cross-talk rejection for neutrons, etc. Anto the formation of two excited emission sources, a projec-
other problem is the statistics that, in early experiments, onlyilelike source(QP) and a targetlike sourcéQT) [24-30.
allowed to present the total CF as a function of the magniEvidence for a third intermediate velocity source connecting
tude of the relative momentum More recently it became QP and QT has also been reporf8d—37.
possible to obtain CF's gated on other variables, e.g., the Many theoretical studies based on the semiclassical BUU
sum of the momenta of the particle pait,,;, which is be-  approach corroborate the binary character of these collisions.
lieved to distinguish between preequilibrium and equilibriumFor example, the accurate calculations presented in[B&f.
emission of particle§10—14. There are also many other for the E/A=65 MeV “°Ar+27Al reaction, reproduce the
parameters that are sensitive to the different parts of thexperimental data of Ref25]. Also “dynamical” emission
spacetime characteristics of the emission patfd®-19.  of light particles and intermediate mass fragments from a
Many theoretical models, based on quite different ingredi“‘necklike” midrapidity source is predicted by BU{39,40.
ents, can reproduce the integrated CF’s, but when the addi- In this work we compare experimental singles and two-
tional information on gated CF’s is supplied, several of themneutron correlation data from AeV >®Ni-induced colli-
fail to reproduce the experimental dd20,21. sions in order to investigate if the dissipative binary collision

The purpose this Brief Report is to discuss gated CF'spicture can be verified. The experiment was performed at the
measured foE =45AMeV *®Ni-induced reactions on targets superconducting cyclotron of Laboratori Nazionali del Sud
of 27Al, "Ni, and %’Au [20—22. In particular, we present (Catanid. The neutron setup consisted of 48 BC501A liquid
the effects of neutron velocity gates on the neutron-neutroscintillator cylindrical cells mounted in four clusters placed
(nn) CF and give an interpretation of the results guided by2.7 m from the target in the horizontal plane, at angular
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Ni + Al Ni + Ni Ni + Au model with the two-neutron relative wave function calcu-
T 47 81, o) | °f <) lated in the framework of the Koonin-Pratt formalig,2].
© 3 6 ‘ M In the BUU simulations the two colliding nuclei are initial-
§ 2 413G 2 B ized in their ground states. The phase-space distribution of
Loy 2| e ) S the source function is represented by 500 “test particles” per
5 ol 1 gL nucleon that propagate in a density dependent mean field. In
© 0 255 0 25 5 0 25 50 addition, nucleon-nucleon collisions with Pauli blocking are
Relative Momentum, g (MeV/c) included. For all three targets the BUU calculations are per-
31, d) e)l s f) formed with a geometrical averaging over the appropriate
£ i range of impact parameters, a density cutoff value of
210 ¢ % > 0.02 fm 2 and a cutoff timetg,,=200 fm/c to stop the
}; of % calculations. The time of 200 fro/is chosen after verifying
10 | B , that a shorter time would miss some of the particles emitted
0 50 100 0O 50 100 0O 50 100 at the end of the fast dynamical proceséasch as preequi-
Kinetic Energy (MeV) librium and neck emission A longer stopping time would

allow classical evaporation to be taken into account. How-
ever, the onset of this effect is rather slow and for instance a
stopping time of 300 fm@ would only slightly modify the
results obtained with 200 fm/c. A Skyrme parametrization of

panel (b). Lower panels: Comparison of the experimental kineticthe nuclear potential is uséed' with the mean field given by
energy total yieldgarbitrarily normalizedlin the laboratory frame U= —124(p/po) +65(p/ po)“+Ucoloums (MeV). For each
(dots, with the predictions from the BUU modésolid lineg with ~ Neutron pair emitted from the source, a weight is calculated,

tstop=200 fmic (the experimental and BUU distributions are nor- t@king into account antisymmetrization and final state inter-
malized to each other at 50 MgV actions of the neutrons. The CF is then constructed by sum-

ming over all pairs. All theoretical calculations are filtered

positions of 90° and 45° on one side of the beam, 45° anghrough the experimental energy thresholds, energy and po-
25° on the other side. Each cluster contained 12 detectorsition resolution and detector efficiencies. Furthermore, all
arranged in a matrix of 85 cells, with two consecutive background correction@n particular the cross-talk rejectipn
detectors separated by an empty cell. A minimum separatioare incorporated into the calculations in exactly the same
of ~4.5° between adjacent detectors was achieved in thfashion as in the data analy$ia1,22,.
setup. More details on the experiment can be foun®2j. Figures 1a),(c) show that the BUU CF’s have too large

First we compare the ungateth CF data(previously  strength as compared to the experimental data®fat and
presented in Ref22]) with the results of BUU calculations %7Au targets. To understand this, it should be kept in mind
following the prescription of Ref.23]. Before discussing the that, due to our choice of the stopping time, the calculations
results, we would like to remind the reader that the reactiorpresented in Fig. 1 all lack the contribution from evapora-
8Ni+2’Al has been extensively studied in our previoustion; this leads to an underestimation of the low part of the
works[20,21], utilizing proton-proton pp) andnp correla-  energy spectra and to an artificial enhancement of the CF
tion functions as well. Large set of experimental informationstrength. A shorter stopping time would lead to even stronger
available for this reaction allowed us to resolve some of thecorrelation functions, while a longer stopping time would
ambiguity of the temporal and spatial emission regions ane@ventually lead to weaker correlations. However, we believe
to extract the global parameters of Gaussian radiRg ( that at these bombarding energies, BUU describes fairly well
=2.7£0.3 fm) and exponential lifetime 7{,~600 the gross features of the initial stages of the colligioelud-
+200 fm/lc) for the neutron emission source. [AQ] it is ing preequilibrium and neck emissigrut it is inappropriate
was also discussed that BUU is inadequate to describe thte describe the later evaporative stages.
%8Ni+ 2’Al reaction that is dominated by long-time emission  The experimental singles kinetic energy distributions
of evaporated particles. (doty are compared with the BUU calculatioribnes) in

The experimentahn CF’s, constructed by dividing the Figs. 1d)—(f). Since evaporation of particles from the ex-
cross-talk rejected neutron coincidence yield by the productited projectile and target residues is not included in the
of two singles neutron distribution®0,21], are shown by BUU calculations (which stop before full equilibrium is
the dots in Figs. (B—(c) for the E=45AMeV °&Ni reachedl and since no “afterburner” is introduced, one
+27Al, "aNi, and °’Au reactions. The large difference in should expect the low energy evaporative particles to be
strength of the three CF’s probes the different time scale ofnissing. This is indeed observed for the direct kinematics
the reactiong21]. In particular, the fact that the smallest reactions[Figs. 1e),(f)]. For the reverse kinematicNi
system has the weakest correlation, indicates that the average?’Al collision, BUU also overpredicts the high energy tail
time for the %&Ni+27Al collision to emit those neutrons that [Fig. 1(d)]. This is because in reverse kinematics the lack of
contribute to the smalg region of the CF, must be larger evaporative particles affects a broader range of energies.
than for the other reactions. The comparison with thé®Ni+"¥Ni CF data is different,

The theoretical CF's are obtained by convoluting theas the BUU calculation rather underpredicts the CF strength
phase-space distribution generated with the BUU sourcfFig. 1(b)]. This indicates that the late evaporative stage is

FIG. 1. Upper panels: Comparison of the experimentaCF’s
(dots with the theoretical CF’s predicted by the BUU model for
tstop=200 fm/c (solid lines. For the Ni-Ni reaction, the BUU
calculation withts;,,=150 fm/c is indicated by the dashed line in
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less important for this symmetric reaction. The height of the Ni + Al Ni + Ni Ni + Au
experimentalP®Ni+"2Ni CF is better reproduced if a shorter A g )| 8r by | 4T <)
stop time €siop=150 fm/c) is introduced[dashed line in Cistt 6° 3,

Fig. 1(b)]. The corresponding energy distribution is nearly § 1 —,"‘-"nw* 417, 2%
uncha_ngedand therefore |_t is not p_IotFed in Fig(e)]. . w05l ol " M .
In light of recent experimental findind82—-37, the dif- 5 ol 1, ‘—*3'“--* ol
ferences between the three reactions may be connected tothe O 0 25 50 0 25 50 0 25 50

different importance of dynamical emission of neutrons from Relative Momentum, q (MeV/c)

the highly excited midvelocity source created in the overlap 12 %: o914 9
region. This midrapidity source emission is thought to be 12 I _+¢
strongly influenced by dynamical effects, including preequi- L | 50

librium and neck emissiofi39,40, and to occur on a short
time scale. Our data suggest that for the asymmetric reaction
systems, QP and QT evaporative emission is most important,
while for *®Ni+"Ni reactions the midrapidity source is
present and even dominates. This interpretation, already put

6
480 "
e ﬁ@ag‘
ol L L 0 %‘ ! ! !
0 25 50 0 25 50 0 25 50
Relative Momentum, q (MeV/c)

Corr. Func. C(q)
O = N W b

forward in[22] from the analysis of higiP;,;-gated CF's, is FIG. 2. Experimentahn CF’s for the three targets. Upper pan-
strengthened also in the study of the gated CF's presenteals: ungated CF'qsolid dot3 and low P,,-gated CF's(stars.
below. Lower panels: lowP,-gated CF's(starg, compared to: lowP,y—

In 47 detector experiments the different sources of parhighv-gated CF'sopen squargsand lowP .~ low v-gated CF's
ticle emission can be identified reasonably well by means ofopen circles The values 0Py, andu) utilized to define the cuts
invariant cross section contour plots in thev, space. If, ~ are indicated in the text.
however, only a limited angular coverage is achieved, it can
be harder to deduce the sources directly from such contounomentum. This may be expected, as the iqueut implies
plots. Guided by the BUU results, it may still be possible toinclusion of a larger number of uncorrelated neutron pairs
define gates on the particle velocity that will enhance or supfcoming from different sourceésnd consequently a suppres-
press a particular source. Thus, the QP source will be ersion of the CF strength.
hanced by demanding a high neutron parallel velocity in the  The CF enhancement for high) neutrons, observed in all
laboratory system and suppressed by applying the oppositaree cases, is most likely due to an enhanced presence of
cut (low parallel velocity. neutrons from the midrapidity source. An alternative inter-

For the three different reactions that we have studied, theretation of the results may however exist. Namely, the very
experimental filter provides different coverage of the varioussmall effect of they cuts for the *Ni+2’Al system|[Fig.
emission sources. Yet, the BUU simulations show that for alR(d)] could indicate that the QT and the QP sources have
three reactions, a selection of high neutron parallel velocitiesimilar excitation energies. This interpretation would be in
favors the QP source. As demonstrated by the BUU dynamiagreement with the results of the BUU theoretical calcula-
cal analysis performed ifi38], this QP portion of phase- tions of Ref.[38] and also with a recent experimental study
space is “contaminated” by particles promptly emitted from of the E=44AMeV “CAr+2’Al reaction [41]. In [38] as
the overlapping zone between the two colliding partners. Inwell as in[41] it is suggested that this reaction is of binary
order to suppress this contamination, we select neutron paifgature and that the two excited nucl@T and QP that
with low total momentum in the center-of-mass frani&¢  emerge from the collision have very similar, and quite low,
<270, 210, and 180 Me¥/for *’Al, "@Ni, and °Au tar-  temperatures. The clear enhancement of the QP-CF observed
gety. This slightly suppresses the experimental Cs&ar  for the 5Ni+'°"Au collision [Fig. 2(f)] could instead indi-
symbols in Figs. @&)—(c)] as compared to the ungated onescate a higher excitation of the QP source as compared to the
(solid dot3. The effect is somewhat stronger for th€Ni QT source. Finally, the strong CF enhancement, observed for
+"¥Ni reaction, where the midrapidity source contaminationthe *®Ni+ "*Ni symmetric systentespecially with a highy,
is presumably larger. cut) would indicate the presence of a stronger midrapidity

The next step is to introduce a selection of neutrons withsource componerfias suggested also by the comparison of
high parallel velocity. In this way, emission from the QP integrated CF’s with BUU calculations in Sec. 1).B
source should be enhanced. Guided by the BUU results, neu- The parallel velocity cuts applied to the data have been
trons with lab velocitiesy>0.1Z, 0.11c, and 0.1@ for  applied also to the BUU calculations. In contrast to the ex-
271, "aNi, and °’Au targets, are selected. This gives the perimental results, no noticeable effects on the CF strength
experimental CF's indicated by the open squares in Figshave been observed. This may well be expected, since the
2(d)—(f). One can notice a clear enhancement in the CFevaporative stage is missing in the BUU calculations. How-
strength for both™Ni and '°’Au targets, while the effect is ever, it also seems to indicate that, while BUU describes
much weaker for the?’Al target. The complementary gate fairly well the geometrical aspects of the sources, it does not
(i.e., selection of neutrons with small parallel velocity, equally well describe the details of the spacetime character-
<0.11c, 0.1@, and 0.0¢ for 2’Al, "®Ni, and ®’Au target3 istics of the nucleon emission.
yields a slight suppression of the CHigpen circles in Figs. In this Brief Report we have compared the ungated
2(d)—(f)] similar to the results of the selection of small total neutron-neutron CF measured for the reactiols
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