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Neutron-neutron intensity interferometry in E/A=45 MeV °&Ni+ 2’Al, "¥Nj,
and °’Au reactions
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Small angle neutron-neutron correlations have been measured f@/#&e45 MeV 5&Ni+ 27Al, "aNi,
and **7Au 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 numbes): 25.70.Pq, 29.30.Hs

Over the past three decades, two-particle intensity interfor the 58Ni+ 27Al (upper panél %8Ni+"aNi (middle pane,
ferometry has been extensively utilized to determine theynd 58Ni+ 197Au (lower panel reactions, together with
space-time extension of particle emitting sources in nucleagiaxwell-Boltzmann fits(solid line9. The distributions are
and particle physicgl—4]. To this end, the CHIC Collabo-  ghown only up ttE=50 MeV since the contamination from

ration has undertaken a program of fermion interferometry,ions passing through the detector container walls created

[5] in which quantum statistical and final state effects arésayere distortions in the spectraft50 MeV?! The statis-

ig‘l?tlreoi g ﬁ; kr)éutsrg?]l-]:)tﬁ)rlgg%sp) m:r?dsggt?)irj;srogn F;‘S)Utrorﬁcal errors are smaller than the symbols. The systematic er-
1 1 0 . .

correlation function$6—10]. Within this program, an experi- rors (nqt shown extend up to 20% due to the efficiency )

correction. The neutron energy spectra show a Boltzmann

mental investigation of 486 MeV %®Ni-induced reactions . o0
has recently been performed at the superconducting cycl ike shape shifted by the source velocity in the laboratory

tron of Laboratori Nazionali del SUALNS) in Catania. In rame. TemperatureTopg and source velocity dsourcd
this experiment, single-particle kinetic energy spectra as welparameters have been extracted by fiting a Galilei-
asnn, pp, andnp small-angle correlations were measuredtransformed Maxwellian sourdéor volume emissiohn
in coincidence with forward-emitted fragments.
The experimental setup and results f%r i+ 2’Al re- d’c — consi \/Eexp< _ E+Eo—2JEE,cosf
action have been presented in some detail elsew®%i€). dEdQ Tsiope
From simultaneous fits tn and p single-particle energy 2 o
spectra and tmn, pp, andnp correlation functions calcu- WhereEe=3zmug,, c.andE andd are the kinetic energy and
lated with the statistical model of RfL1], the neutron and neutron emission ang_le in the !a_boratory frame. The tempera-
proton emitting sources have been characterized in terms &€ Tsiope Nas been fixed by fitting Eq1) to the 90° spec-
global parameters such as Gaussian radius, exponential lif§4m while the 25° and 45° spectra provide individual veloc-
time, initial temperature, source velocity, and flow velocity. ity Parametergsee Table)l For reference, Table | presents
In this Brief Report we introduce spectra andn correla- @ISO the values of source velocity (i) and temperature
tions for two additional reactions®Ni+"Ni and *Ni  (Trermi= VE*/a, a=A/8, E* =excitation energy) calcu-
+ 197U (45A MeV). The energy spectra are fitted to lated within the assumption of total fusion. The temperatures
Maxwell-Boltzmann distributions in order to extract velocity extracted for>Ni+ 2’Al and **Ni+ **’Au are quite close to
and temperature parameters for the emission sources. Both
integrated neutron-neutron correlation functions and correla-
tion functions gated on the total momentum of the neutron Ias discussed in Ref9], the proton contamination of the high-
pairs are presented. energy tail of the neutron spectra does not affectrtheorrelation
Figure 1 presents the efficiency-corrected singles neutrofunctions, in particular after the application of the cross talk rejec-
kinetic energy distributions measured at 25°, 45°, and 90%ion condition.
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FIG. 1. Neutron kinetic energy distributiorisorrected for de-
tection efficiency from 45A MeV: (a)%Ni+ 2Al, (b) 58Ni+"aNi,
and(c) %&Ni+ °"Au collisions, at 25°circles, 45° (starg, and 90°
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FIG. 2. Cross-talk-corrected and background-rejected neutron-
neutron correlation functions fot™Ni+ 2’Al (circles, 58Ni+"aNi
(squarel and %&Ni+ °7Au (star3. All background yields have
been generated from the product of singles distributions and inde-
pendent normalization constants have been calculated constraining
each correlation function to go to unity in the region<d®
<100 MeV/c. The error bars irC(q) represent statistical errors.

(squares in the laboratory frame. The 90° distributions are arbi- The uncertainty im falls within the symbol size.
trarily normalized; the 25° and 45° distributions are normalized to 5

times and 20 times relative to the normalization of the 90° distri-

bution, respectively. The systematic uncertaifrigt shown in the

figure) is estimated to~20%. The solid lines are Maxwell-

Boltzmann fits(see text

Nc(0, Pror)

C(q,Pro) =K ——=—=—.
° Nnc(d,Prot)

@

In the above expression, the relative momentgm (p;

each other and are both lower than the temperature for the 52)/2 and the total momenturﬁmtz §1+52 of the par-
symmetric *®Ni+"¥Ni collision. The reverse kinematics ticle pair are introduced. The normalization consténis
%8Ni+ 27Al reaction exhibits a source velocity slightly lower determined so that the correlation function goes to unity at

than the center-of-mass velocity. In contrast, tA#i

large values ofj, where no correlations are expected. Figure

+ 197Au reaction exhibits a velocity significantly higher than 2 shows the experiment&fNi+ 2’Al (circles, °8Ni+"aNi

the center-of-mass one. The lower source velocities measquares and %®Ni+ °’Au (star$ neutron-neutron correla-
sured at 45° as compared to 25° are probably connected tn functions obtained from all four clusters of neutron de-
the different degree of centrality of the collisions selected atectors in our experimental setéfhe denominator is con-
different polar angles. Some deviations between data and tretructed with the “singles-product” techniqyi®,14] and the
Maxwellian one-source fits for the highest neutron energiegorrelation functions are normalized in the region<4f
(seen in Fig. 1do show that this is an oversimplified picture <100 MeV/c. The correlation functions are corrected for

and that a multisource fit12,13 would naturally improve
the agreement.

cross talk between neighboring detecti®@d 4,15 and back-
ground suppressd®]. Furthermore, the data are sorted with

Experimentally the correlation function is constructed bythe “minimum bias” requirement that at least one fragment

dividing the coincidence yield\. by the yield for uncorre-

lated eventsN,,.:

TABLE I. Temperature {sjopd and source velocityusoyrcd

(Z>1) is detected in the two inner rings of the forward wall
[9], in coincidence with the neutron pair.

The large difference in strength of the three correlation
functions probes the time scale of the reactions. In particular,

parameters extracted from the Maxwell-Boltzmann fits to the anglethe fact that the smallest system has the weakest correlation
gated neutron kinetic energy distributions. The parametersndicates that the time scale for tH&Ni+ 27Al collision,
E*, Trermi,» andv.nm are calculated within the assumption of total estimated to~600+200 fmi/c (exponential lifetime for neu-

fusion.

Target E*/A  Teermi
(MeV) (MeV)

Usource/C

45°

Tslope Uem/C Usource/C
(MeV) 25°

27p| 9.7 88
naNj 112 9.4
¥Way 79 79

8515 0.20 0.180.02 0.16:0.02
16:1.5 0.15 0.160.02 0.14-0.02
8.:15 0.07 0.150.02 0.13:0.02

tron emissionin [10], must be the largest one. The fact that
the 58Ni+"Ni correlation function exhibits the largest
strength is expected, due to the high excitation energy per

2six liquid scintillators of the 25° cluster were switched off in the
off-line analysis of the®®Ni+"3Ni reaction, due to the large back-
ground of scattered particles.
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FIG. 4. The strength of the correlation functiomeighted in the

FIG. 3. High-total-momentum gatedn correlation functions  gmga]| relative momentum regiog=2.5-22.5 MeVt) is plotted
are compared to the ungated ortsslid circles. The total momen- 5 3 function of the fraction of high-total-momentum neutron pairs
tum of thenn pair is calculated in the reference frame of a sourcegglected by the successifg,, gates applied to the neutron coinci-
moving with (8) vs/c=0.17, (b) vs/c=0.15, and(c) vs/c=0.14.  gence yield. The total momentum distributions of the neutron pairs
The high-total-momentum gates correspondPg,>180 MeVic  gre cross talk rejected and are calculated in the reference frame of a

(open circles Py >210 MeVlc  (squares and P source moving withy, /c=0.17 for Ni+ Z’Al (circles, venm/C
>240 MeV/c (starg. All background yields have been generated —g 15 for 58Nj+"aNj (squares and v, /c=0.14 for °8Ni

from the product of singles distributions and independent normal-; 197, (stars.
ization constants have been calculated, constraining each correla-
tion function to go to unity in the region 40q<100 MeVic. exhibit a significative enhancement as compared to the un-
ated onegthe results are not shown in this Brief Report
. ) ; his stresses that the long-time part of the emission does not
8 197 8 27
larger strength of*Ni+ 'Au as cpmpared 8 N'J.r .AI IS seem to be responsible for the large difference in the strength
unexpected and not easily explained as the excitation energy integrated correlation functions
per nucleon for a central collision is larger in the latter reac- A complementary way to investigaté the time scale of the
tion. A possible explanation that can be put forward in lighteission and to study the interplay between dynamical and
of repen’t, expenmenta} f"’.‘d'”ﬁf’-z'lal‘?—lﬁ's thf"‘t of _dy— statistical effects in the particle emission is to gate the cor-
namical” neutron emission from a highly excited fireball- relation function on the momentusior energy of the par-
!'kf source created in t.he overlap region. Th's m'dvelo.c'ticle pair [9,10]. In particular, the preequilibrium emission
ity” emission, as opposite to the slow statistical evaporanve[6 8,17,23—25 could be probed by high-momentum pairs
processes from the quaS|pr01ect|Ie_and qua_snarg_et SOUTCGS,,&%WG 3 compares high-total-momentum gatetd correla-
thoqght.to be influenced b_y d.ynamlcal effegteciuding pre- tion functions with the ungated ondsolid circles. The
e(qlul[lbr:umhan;j fneck er‘rlllsslgfﬂ.Q]) an:j éofproceed ont_a trength increases systematically when the cut is made at
relatively short ime scale. As expgc“e rom 'ge,ty)me rca igher values oP,;, indicating a reduction in the time scale
conS|de_rat|0ns, the Importance of this m|dvel_op|ty SOUrCe ¢ the emission of the more energetic particles. One can
ShOU||d t!ncr?aset_wnh tsystetrt? S?ISZ|\e|" J’:r:]l;irexplammg th(ej ltargeﬁote that the correlation function can reach quite high values
corretalion function strength ot i Ias compared o ¢, strongP;,; cuts(particularly for N+ Ni), due to the fact
%8Ni+ 2’Al. The smaller strength observed #Ni+ *7Au = tot = : L

‘ that mainly particles emitted close in time and space are

SN\ I namp | H
as compared t¢*Ni+"Ni would instead be due to less selected. This behavior agrees qualitatively with the results

available energy per nucleon. _ of theoretical calculations performed for tiéNi+ 2’Al re-
In order to get further insight into the time scale and

_ - : daction [9]. The calculations indicated that, although the
source shape of the reactions, we have investigated the 53Nji -+ 27Al reaction is dominated by low-energy evaporated

rectional dependence ofﬁtheﬁtwo—particle correlation fumtiorheutrons, a non-negligible preequilibrium component is
on the angley=cos *(Py-0)/(PoQ) defined in the rest needed to reproduce the enhanced correlation observed when
frame of the emlttlng SyStem. A |Ong-|iV§d—)SOUrce Shoulda cut on high-tota]-momentum neutron pairs is app“ed
exhibit an enhancement of the longituding||P;,;) correla-  [9,10]. However, the very different strength of thig,-cut

tion function due to the stronger Pauli anticorrelation in theenhancement seen for th&Ni+"3Ni system in Fig. 3(note
transverse directiofi20,21]. Apart from a very small effect the very different scale on theaxis) indicates that the sym-
observed for the®®Ni+ 2’Al system, we find that the longi- metric system is much more affected by “dynamical” emis-
tudinal correlation functiongconstructed by gating oy  sion than the asymmetric ones.

=<50° and properly normalized using the same normalization The latter statement is illustrated Fig. 4, where we have
constant as for the ungated correlation funcfi2g]) do not  plotted the height of the correlation functiéweighted in the

nucleon of this symmetric system. On the other hand, th
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g region 2.5-22.5 MeW) versus the fraction of neutron tegrated as well as gated on the direction of emission and on
pairs selected by gates of increasing total momentum applietthe total momentum of the neutron pair, have been measured.
to the neutron coincidence yield. One can notice that for thhe overall neutron emission time scale is shorter for the
asymmetric*®Ni+ >’Al and *®Ni+ **’Au reactions, the in-  symmetric system. Even so, also the data on asymmetric
crease of the correlation function strength becomes signifireactions need some fraction of fast emission to be ex-
cant only when the applied cut selects neutron pairs on thgjained. The different correlation strength for the different
very tail of the total momentum distribution<(20% of the  systems suggests that an important contribution to neutron
total yield. For the symmetric>®Ni+"*Ni system, instead, emission might be coming from a hot, fireball-like “midve-
the correlation function strength increases continuouslyqcity” source created in the overlap region. Furthermore, a
when selecting more and more energetic pairs. The behavigimparison of the momentum gated correlation functions for
observed in Fig. 4 is easily interpreted within the “midve- the gfferent systems indicates that the relative importance of

locity” emission picture mentioned above. While for the he various sources depends strongly on the degree of mass
asymmetric systems either projectilelike or targetlike emisysymmetry of the reaction.

sion is dominating and only a very small fraction of the

highly energetic pairs is coming from the “midvelocity” The authors wish to thank G. Antuofermo, G. lacobelli,

source, in the®®Ni+"¥Ni case the “midvelocity” source is M. Sacchetti, P. Vasta, A. Masciullo, G. Poli, N. Guardone,

always presenteven dominant This seems to be in agree- and V. Sparti for technical support and the LNS accelerator

ment with the very recent experimental findings reported increw for providing a high-quality pulsed beam. Financial

Ref. [16], concerning the onset of “midvelocity” emission support from the “Knut och Alice Wallenberg” and “Hel-

in symmetric systems at intermediate energies. muth Hertz” Foundations is gratefully acknowledged by
In summary, two-neutron correlation functions from R.G. Support from the Swedish Natural Science Research
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