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Neutron-neutron intensity interferometry in EÕAÄ45 MeV 58Ni¿ 27Al, natNi,
and 197Au reactions
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Small angle neutron-neutron correlations have been measured for theE/A545 MeV 58Ni1 27Al, natNi,
and 197Au reactions. Two-neutron correlation functions, both integrated and gated on the total momentum of
the neutron pair, have been constructed. In order to explain these data, a fraction of fast ‘‘dynamical’’ emission
is needed in addition to slower evaporative emission. The overall emission time scale is shorter for the
symmetric system, indicating that the dynamical component is stronger in this case.

PACS number~s!: 25.70.Pq, 29.30.Hs
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Over the past three decades, two-particle intensity in
ferometry has been extensively utilized to determine
space-time extension of particle emitting sources in nuc
and particle physics@1–4#. To this end, the CHIC Collabo
ration has undertaken a program of fermion interferome
@5# in which quantum statistical and final state effects
singled out by simultaneous measurements of neut
neutron (nn), neutron-proton (np), and proton-proton (pp)
correlation functions@6–10#. Within this program, an experi
mental investigation of 45A MeV 58Ni-induced reactions
has recently been performed at the superconducting cy
tron of Laboratori Nazionali del Sud~LNS! in Catania. In
this experiment, single-particle kinetic energy spectra as w
asnn, pp, andnp small-angle correlations were measur
in coincidence with forward-emitted fragments.

The experimental setup and results for the58Ni1 27Al re-
action have been presented in some detail elsewhere@9,10#.
From simultaneous fits ton and p single-particle energy
spectra and tonn, pp, andnp correlation functions calcu
lated with the statistical model of Ref.@11#, the neutron and
proton emitting sources have been characterized in term
global parameters such as Gaussian radius, exponential
time, initial temperature, source velocity, and flow veloci
In this Brief Report we introducen spectra andnn correla-
tions for two additional reactions58Ni1natNi and 58Ni
1 197Au (45A MeV). The energy spectra are fitted
Maxwell-Boltzmann distributions in order to extract veloci
and temperature parameters for the emission sources.
integrated neutron-neutron correlation functions and corr
tion functions gated on the total momentum of the neut
pairs are presented.

Figure 1 presents the efficiency-corrected singles neu
kinetic energy distributions measured at 25°, 45°, and
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for the 58Ni1 27Al ~upper panel!, 58Ni1natNi ~middle panel!,
and 58Ni1 197Au ~lower panel! reactions, together with
Maxwell-Boltzmann fits~solid lines!. The distributions are
shown only up toE550 MeV since the contamination from
protons passing through the detector container walls cre
severe distortions in the spectra atE.50 MeV.1 The statis-
tical errors are smaller than the symbols. The systematic
rors ~not shown! extend up to 20% due to the efficienc
correction. The neutron energy spectra show a Boltzma
like shape shifted by the source velocity in the laborato
frame. Temperature (Tslope) and source velocity (vsource)
parameters have been extracted by fitting a Gali
transformed Maxwellian source~for volume emission!:

d2s

dEdV
5const3AEexpS 2

E1E022AEE0cosu

Tslope
D , ~1!

whereE05 1
2 mvsource

2 andE andu are the kinetic energy and
neutron emission angle in the laboratory frame. The temp
ture Tslope has been fixed by fitting Eq.~1! to the 90° spec-
trum while the 25° and 45° spectra provide individual velo
ity parameters~see Table I!. For reference, Table I presen
also the values of source velocity (vc.m.) and temperature
(TFermi5AE* /a, a5A/8, E* 5excitation energy) calcu-
lated within the assumption of total fusion. The temperatu
extracted for58Ni1 27Al and 58Ni1 197Au are quite close to

1As discussed in Ref.@9#, the proton contamination of the high
energy tail of the neutron spectra does not affect thenn correlation
functions, in particular after the application of the cross talk rej
tion condition.
©2000 The American Physical Society03-1
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each other and are both lower than the temperature for
symmetric 58Ni1natNi collision. The reverse kinematic
58Ni1 27Al reaction exhibits a source velocity slightly lowe
than the center-of-mass velocity. In contrast, the58Ni
1 197Au reaction exhibits a velocity significantly higher tha
the center-of-mass one. The lower source velocities m
sured at 45° as compared to 25° are probably connecte
the different degree of centrality of the collisions selected
different polar angles. Some deviations between data and
Maxwellian one-source fits for the highest neutron energ
~seen in Fig. 1! do show that this is an oversimplified pictu
and that a multisource fit@12,13# would naturally improve
the agreement.

Experimentally the correlation function is constructed
dividing the coincidence yieldNc by the yield for uncorre-
lated eventsNnc :

FIG. 1. Neutron kinetic energy distributions~corrected for de-
tection efficiency! from 45A MeV: ~a!58Ni1 27Al, ~b! 58Ni1natNi,
and~c! 58Ni1 197Au collisions, at 25°~circles!, 45° ~stars!, and 90°
~squares! in the laboratory frame. The 90° distributions are ar
trarily normalized; the 25° and 45° distributions are normalized t
times and 20 times relative to the normalization of the 90° dis
bution, respectively. The systematic uncertainty~not shown in the
figure! is estimated to;20%. The solid lines are Maxwell
Boltzmann fits~see text!.

TABLE I. Temperature (Tslope) and source velocity (vsource)
parameters extracted from the Maxwell-Boltzmann fits to the an
gated neutron kinetic energy distributions. The parame
E* , TFermi , andvc.m. are calculated within the assumption of tot
fusion.

Target E* /A TFermi Tslope vc.m./c vsource/c vsource/c
~MeV! ~MeV! ~MeV! 25° 45°

27Al 9.7 8.8 8.561.5 0.20 0.1860.02 0.1660.02
natNi 11.2 9.4 1061.5 0.15 0.1660.02 0.1460.02
197Au 7.9 7.9 8.061.5 0.07 0.1560.02 0.1360.02
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C~qW ,PW tot!5K
Nc~qW ,PW tot!

Nnc~qW ,PW tot!
. ~2!

In the above expression, the relative momentumqW 5(pW 1

2pW 2)/2 and the total momentumPW tot5pW 11pW 2 of the par-
ticle pair are introduced. The normalization constantK is
determined so that the correlation function goes to unity
large values ofq, where no correlations are expected. Figu
2 shows the experimental58Ni1 27Al ~circles!, 58Ni1natNi
~squares!, and 58Ni1 197Au ~stars! neutron-neutron correla
tion functions obtained from all four clusters of neutron d
tectors in our experimental setup.2 The denominator is con
structed with the ‘‘singles-product’’ technique@9,14# and the
correlation functions are normalized in the region 40,q
,100 MeV/c. The correlation functions are corrected f
cross talk between neighboring detectors@9,14,15# and back-
ground suppressed@9#. Furthermore, the data are sorted wi
the ‘‘minimum bias’’ requirement that at least one fragme
(Z.1) is detected in the two inner rings of the forward wa
@9#, in coincidence with the neutron pair.

The large difference in strength of the three correlat
functions probes the time scale of the reactions. In particu
the fact that the smallest system has the weakest correla
indicates that the time scale for the58Ni1 27Al collision,
estimated to'6006200 fm/c ~exponential lifetime for neu-
tron emission! in @10#, must be the largest one. The fact th
the 58Ni1natNi correlation function exhibits the larges
strength is expected, due to the high excitation energy

2Six liquid scintillators of the 25° cluster were switched off in th
off-line analysis of the58Ni1natNi reaction, due to the large back
ground of scattered particles.
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FIG. 2. Cross-talk-corrected and background-rejected neut
neutron correlation functions for58Ni1 27Al ~circles!, 58Ni1natNi
~squares!, and 58Ni1 197Au ~stars!. All background yields have
been generated from the product of singles distributions and in
pendent normalization constants have been calculated constra
each correlation function to go to unity in the region 40,q
,100 MeV/c. The error bars inC(q) represent statistical errors
The uncertainty inq falls within the symbol size.
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nucleon of this symmetric system. On the other hand,
larger strength of58Ni1 197Au as compared to58Ni1 27Al is
unexpected and not easily explained as the excitation en
per nucleon for a central collision is larger in the latter re
tion. A possible explanation that can be put forward in lig
of recent experimental findings@12,13,16–18# is that of ‘‘dy-
namical’’ neutron emission from a highly excited fireba
like source created in the overlap region. This ‘‘midvelo
ity’’ emission, as opposite to the slow statistical evaporat
processes from the quasiprojectile and quasitarget source
thought to be influenced by dynamical effects~including pre-
equilibrium and neck emission@19#! and to proceed on a
relatively short time scale. As expected from geometri
considerations, the importance of this ‘‘midvelocity’’ sourc
should increase with system size, thus explaining the la
correlation function strength of58Ni1natNi as compared to
58Ni1 27Al. The smaller strength observed in58Ni1 197Au
as compared to58Ni1natNi would instead be due to les
available energy per nucleon.

In order to get further insight into the time scale a
source shape of the reactions, we have investigated the
rectional dependence of the two-particle correlation funct
on the anglec5cos21(PW tot•qW)/(Ptotq) defined in the rest
frame of the emitting system. A long-lived source shou
exhibit an enhancement of the longitudinal (qW iPW tot) correla-
tion function due to the stronger Pauli anticorrelation in t
transverse direction@20,21#. Apart from a very small effect
observed for the58Ni1 27Al system, we find that the longi
tudinal correlation functions~constructed by gating onc
<50° and properly normalized using the same normaliza
constant as for the ungated correlation function@22#! do not

FIG. 3. High-total-momentum gatednn correlation functions
are compared to the ungated ones~solid circles!. The total momen-
tum of thenn pair is calculated in the reference frame of a sou
moving with ~a! vs /c50.17, ~b! vs /c50.15, and~c! vs /c50.14.
The high-total-momentum gates correspond toPtot.180 MeV/c
~open circles!, Ptot.210 MeV/c ~squares!, and Ptot

.240 MeV/c ~stars!. All background yields have been generat
from the product of singles distributions and independent norm
ization constants have been calculated, constraining each co
tion function to go to unity in the region 40,q,100 MeV/c.
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exhibit a significative enhancement as compared to the
gated ones~the results are not shown in this Brief Repor!.
This stresses that the long-time part of the emission does
seem to be responsible for the large difference in the stren
of the integrated correlation functions.

A complementary way to investigate the time scale of
emission and to study the interplay between dynamical
statistical effects in the particle emission is to gate the c
relation function on the momentum~or energy! of the par-
ticle pair @9,10#. In particular, the preequilibrium emissio
@6,8,17,23–25# could be probed by high-momentum pair
Figure 3 compares high-total-momentum gatednn correla-
tion functions with the ungated ones~solid circles!. The
strength increases systematically when the cut is mad
higher values ofPtot , indicating a reduction in the time scal
for the emission of the more energetic particles. One
note that the correlation function can reach quite high val
for strongPtot cuts~particularly for Ni1Ni), due to the fact
that mainly particles emitted close in time and space
selected. This behavior agrees qualitatively with the res
of theoretical calculations performed for the58Ni1 27Al re-
action @9#. The calculations indicated that, although t
58Ni1 27Al reaction is dominated by low-energy evaporat
neutrons, a non-negligible preequilibrium component
needed to reproduce the enhanced correlation observed w
a cut on high-total-momentum neutron pairs is appl
@9,10#. However, the very different strength of thePtot-cut
enhancement seen for the58Ni1natNi system in Fig. 3~note
the very different scale on they axis! indicates that the sym
metric system is much more affected by ‘‘dynamical’’ emi
sion than the asymmetric ones.

The latter statement is illustrated Fig. 4, where we ha
plotted the height of the correlation function~weighted in the

e

l-
la-

FIG. 4. The strength of the correlation function~weighted in the
small relative momentum regionq52.5–22.5 MeV/c) is plotted
as a function of the fraction of high-total-momentum neutron pa
selected by the successivePtot gates applied to the neutron coinc
dence yield. The total momentum distributions of the neutron p
are cross talk rejected and are calculated in the reference frame
source moving withvc.m./c50.17 for 58Ni1 27Al ~circles!, vc.m./c
50.15 for 58Ni1natNi ~squares!, and vc.m./c50.14 for 58Ni
1 197Au ~stars!.
3-3
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BRIEF REPORTS PHYSICAL REVIEW C 62 037603
q region 2.5–22.5 MeV/c) versus the fraction of neutro
pairs selected by gates of increasing total momentum app
to the neutron coincidence yield. One can notice that for
asymmetric58Ni1 27Al and 58Ni1 197Au reactions, the in-
crease of the correlation function strength becomes sig
cant only when the applied cut selects neutron pairs on
very tail of the total momentum distribution (,20% of the
total yield!. For the symmetric58Ni1natNi system, instead
the correlation function strength increases continuou
when selecting more and more energetic pairs. The beha
observed in Fig. 4 is easily interpreted within the ‘‘midv
locity’’ emission picture mentioned above. While for th
asymmetric systems either projectilelike or targetlike em
sion is dominating and only a very small fraction of th
highly energetic pairs is coming from the ‘‘midvelocity
source, in the58Ni1natNi case the ‘‘midvelocity’’ source is
always present~even dominant!. This seems to be in agree
ment with the very recent experimental findings reported
Ref. @16#, concerning the onset of ‘‘midvelocity’’ emissio
in symmetric systems at intermediate energies.

In summary, two-neutron correlation functions fro
E/A545 MeV 58Ni1 27Al, natNi, and 197Au reactions, in-
d.

z,
.

th

03760
ed
e

fi-
e

ly
ior

-

n

tegrated as well as gated on the direction of emission and
the total momentum of the neutron pair, have been measu
The overall neutron emission time scale is shorter for
symmetric system. Even so, also the data on asymme
reactions need some fraction of fast emission to be
plained. The different correlation strength for the differe
systems suggests that an important contribution to neu
emission might be coming from a hot, fireball-like ‘‘midve
locity’’ source created in the overlap region. Furthermore
comparison of the momentum gated correlation functions
the different systems indicates that the relative importanc
the various sources depends strongly on the degree of m
asymmetry of the reaction.
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