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Three-body correlations in Borromean halo nuclei
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Three-body correlations in the dissociation of two-neutron halo nuclei are explored using a technique based
on intensity interferometry and Dalitz plots. This approach provides for the combined treatment of both the
and coren interactions in the exit channel. As an example, the breakufB¥ into *2Be+n-+n by Pb and C
targets has been analyzed and the halo separation extracted. Evidence for a finite delay between the
emission of the neutrons in the reaction on the C target was observed and is attribdt8e t@sonances
populated in sequential breakup.
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The quest for the drip lines, which define the limits of +n+n), has been used in attempts to probe correlations in
binding for nuclear systems, has only been attained for lightwo-neutron halo nuclei. Vestiges, however, of the two-body
nuclei. As such, these nuclei are unique in displaying thdorces that stabilize the projectile in the ground state may
manner in which nucleons bind in @nucleon system from affect the three-particle decay in the form of final-state inter-
the most neutron deficient to the most neutron rich. Clusteractions(FSI). Experimentally, beyond the reconstruction of
ing phenomena, observed for example in excited states cloge corer2n invariant mass, the analyses so far reported
to threshold[1], also appear as neutron haloes in groundhave been restricted to the binary channels. In the case of
states near the neutron drip lifi#]. Perhaps the most intrigu- n-n observables, which should in principle provide access to
ing manifestations of clustering are the Borromean two+the correlations within the halo, comparison has typically
neutron halo nucleiHe, *'Li, and *Be), in which the two-  een made to simplified interpretations such as a dineutron
body subsystems are unbouf@]. Such behavior naturally configuration or three-body phase-space d¢6§], neglect-
gives_ rise to the question of the correlations k_)etween thﬂwfg then-n FSI. In the corea channel, reactions induced by
fr? nstituents O.f these three-bogy systerﬂs._ Even |n.the.case 8 light target have been used to probe the formation of reso-

€ mo;t stqd|ed of these nucicke and™Li [4-8], little is nances following the removal of one of the halo neutrons
known in this respect. :

The dissociation in the field of a target nucleus, followed[5_7]' The reconstrucjuon c.)f the mome”“.‘m of the_removed
by the measurement of the momenta of the fragments (coﬂ%elJtron can, as des_crlbed in Re#&8], provide some insight

into then-n correlations.

In the present Rapid Communication the three-body cor-
relations in the dissociation of two-neutron halo nuclei are
explored. In particular, a new method for analyzing triple
coincidence events (coten+n) from kinematically com-
plete experiments is described. The method incorporates the
techniques of intensity interferometfiL0] and Dalitz plots
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such resonances are present may depend on the reaction
mechanism.

The data examined here were acquired from the dissocia-
tion of a 35 MeV/nucleort*Be beam into'?Be+n+n by Pb
and C targets. Details of the experiment and previous analy-
ses have been reported elsewhgt8,16. Each event was

reconstructed from the momenﬁaz of the neutrons mea-
sured using the DEMON arrgyt 7] as follows:(i) we calcu-
late the average velocityB) of the coretn+n frame at
dissociation as that for which the mean for all events of the

FIG. 1. Schematic view of the sequential breakup of a two-igta] neutron momentum along the beam a(ﬁ§+ 52>z is 0
neutron halo nucleus, whereby dissociation passes through a resgnd the average decay energy of the systEg) (see below
nance in the core-system. A delayr,,,, equivalent to the lifetime is a minimum:(ii) in this frame, momentum conservation is

of the resonance, is introduced in the emission of the second ney,jjeq eyent-by-event to reconstruct the core momentum
tron. The effective source size is a convolution of the separation - - -
r., and the delayr,. p3=—(p1+ pP,). From the four-momentp; of the three par-

ticles we calculate the total energy available in the center of
lows the energies and lifetimes of these resonaricesir- ~ Mass of the system and extract the kinetic part, the decay

tual states i =0) to be derived. energy

When neutrons are emitted in close proximity in space- 3
time, the wave function of relative motion is modified by the E.— / Sol -Sm @)
known FSI and quantum statistical symmetrjé€]. Two- d < Pi =

neutron intensity interferometry, and in particular the corre-
lation function[12] C,,, relates this modification to the Note that the present analysis, in which the decay has been
space-time separation of the particles at emission as a fungeconstructed from only the neutron momepia, is similar
tion of the four-momenta of the particles: to that used in Refd4,8], whereby the momentum of the
5 removed neutron was reconstructed from the momenta of the
c _ _ d°n/dp,dp, 1)  core and remaining neutron. The use of this algorithm in-
nn(P1,P2) = . 1) X . .
(dn/dpy)(dn/dpy) stead of the more classical analysis employing the core mo-

. : . mentum|53 measured in the charged-particle telescope elimi-
The numerator is the measured two-particle distribution andl o< the limited energy and position resolution of this

the _deno_mn_wato_r the prOdUCF of the mdependent_ SlngleEietector and the uncertainty related to the depth within the
particle dlsFr|but|9n$12,1ﬂ, Wr_"Ch are commorlly pEOJeCted target at which the reaction took place. Importantly, the form
onto one dimension, the relative momentgm |p;—p,|. I of the spectra obtained here for the decay energ}/®é and

an earlier papef13], the correlation function was extracted the coren system £3Be) agree well with those obtained us-
for the dissociation of“Be by Pb with the aim of probing  ing the core momenturfi6,1§.

the spatial configuration of the halo neutrons. The analysis “An interacting phase-space model has been developed for
followed the formalism of Ref[14] and assumed that the the analysis of triple correlations in the data. In brief, the

neutrons were emitted simultaneously following dissociationexperimental decay energy distribution is used as input to

: : ! ms ©
in the Coulomb field of the target. A-n separation of |, generate evenis, , {Eq) following three-body phase space

=5.6+1.0 fm was thus obtained. [19]. The coren resonances are introduced following the se-

» The same analysis has been applied to dissociation Qfential breakup of the systefig. 1) into one neutron and
Be by a C target, in order to investigate the influence of thgna coren resonance with a relative ener@y; given by a
reaction mechanisiflL5]. A result suggestive of a somewhat it wigner distribution E,,T); the resonance is then al-
larger separationy,,"=7.6-1.7 fm, was obtained. This |oyed to decay into the core plus neutron. In the chan-
raises the question as to whether simultaneous emission €AY, the ESIis introduced via a probabili§(|p; — p,|) to

’ 1 2

be. assumegh priori. In _prlncu:_)le, the analysis of the corre- accept the event following the form of the measured
lation function in two dimensions, transverse and parallel to

the total momentum of the pair, would allow for the unfold- correlation function[13—-15. The final momentep, 5 are

ing of the source size and lifetimd4]. Such an analysis filtered through a simulation, which includes the range of
requires a large data set and was thus not applicable to tHyojectile veIQC|t|es arising from the finite target th|ckpess
present measurements. The system being studied here is f3id all experimental effecfsL3,17), and the reconstruction
less complex, however, than those usually encountered ialgorithm described above is appliedfg,.

interferometry (for example compound nuclei evaporating Correlations in three-particle decays have been exten-
particles or systems of colliding heavy iofi]). Moreover,  sively studied in particle physics by means of Dalitz plots of
the simple three-body nature of the system breaking up sughe particle energiess; ,E;) or the squared invariant masses
gests immediately that any delay in the emission of one obf particle pairs (\/Iizj ,Mizk), with Mizj =(pi+pj)2. In these

the neutrons will arise from cone+Sl/resonances in the exit representations, FSl/resonances lead to a nonuniform popu-
channel(Fig. 1). As will be seen later, the degree to which lation of the surface within the kinematic boundary defined
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FIG. 2. Dalitz plots(coren vs n-n) for simulations with the
interacting phase-space model’dBe dissociation: without FSk),
with n-n FSI (b), and with a cores resonance aE;=0.8 (c), 2.0
(d), and 3.5 MeV(e). The combination of th@-n and the cora:
FSI of (c) is shown in(f).

by energy-momentum conservation and the decay energ 40
[11]. The classic example of such an analysis is the three-
body decay of an unstable partid¢20]. In the present case,

the coret n+n system exhibits a distribution of decay ener-
gies. Consequently, the value &f; associated with each
event will lead to a different boundary for the Dalitz plot, 0
and the resulting plot containing all events cannot be easily
interpreted. We have thus introduced a normalized invariant
mass

2 Mizj_(mi+mj)2

2 , 3 N
i (mi+m+Eg)2—(m;+m;)2 ©

which ranges between 0 and(a relative energy;; = M;;
—m;—m; between 0 andey) for all events and exhibits a
single kinematic boundary. Examples of how and corea
FSI present in the decay are manifested in aorersusn-n
Dalitz plots are displayed in Fig. 2, whereby events have pg 3 palitz plots(coren vs n-n), and the projections onto
been simulated with the model described above. The inputseih axes, for the data from the dissociation'éBe by Pb(upper
were anE distribution following that measure@Fig. 3), the  panels and C(lower panels The lines are the results of the phase-
Cnn obtained with the C targ¢fl5] (Fig. 4), and coreareso-  space model simulations with/witho(golid/dashefin-n FSI. The
nances with'=0.3 MeV atE;,=0.8,2.0,3.5 MeV. insets correspond to thEBe decay energy.

In the absence of any FSI, the Dalitz plot exhibits, as
noted above, a uniform populatidfig. 2a)]. Then-n FSI other is essentially fixed ah?;~1—m2, [15]. Importantly,
appears as a concentration of events with,<0.25[Fig.  the Dalitz plot representation provides not only for the iden-
2(b)], which correspond to small relative momefts8,15. tification of the different FSI between the particle pairs, but
The coren resonance d,=0.8 MeV/[Fig. 2c)] appears as also a direct comparison of the relative importance of each in
horizontal bands arounm?,~0.25 and 0.75. The location of the decay[Fig. 2(f)].
these bands depends on the energy of the resonance with The Dalitz plot for the data from the dissociation by Pb
respect to the mean decay energy of the system: a singl&ig. 3) presents a strong-n FSI and a uniform density for
band am?,~0.5 if Eo~(E) [Fig. 2d)] and two symmetric m2,=0.5. Indeed, th@-n FSI alone describes very well the
bands ifEq=(Ey) [Figs. Ac), 2(e)] [15]. This feature arises projections onto both axes, and therefore suggests that core-
as, when one of the neutrons forms a resonance with the coreresonances are not present to any significant extent. This
at a given value ofna;, the relative corex energy of the result confirms the hypothesis of simultaneous emission
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FIG. 4. Coren relative energy distributions angn correlation functions for the dissociation 8Be by Pb(upper panelsand C(lower
panel3. The lines in theE;, spectra(left) are the result of the phase-space model simulations mithFSI (solid lineg plus coren
resonancegdashed lines, see tgxfThe histograms presented in the middle panels are the difference between the data mmdRSé
simulations. The solid lines in the right panels are @4, for ryn°=5.6 fm and7,,=0; the dashed lines correspond to the linmif§®
=6.6—4.6 fm andr,,=0-400 fmct.

employed in the original analysis of the dissociation'tBe  dicating that the peaks correspond to resonances formed by
by Pb[13]. The value of ""°so extracted, 561.0 fm, thus one of the neutrons in almost all decays; the solid line in Fig.

corresponds to the-n separation in the halo of'Be. 4 accounts for the contribution of the neutron not interacting
For dissociation by the C targéfig. 3), despite the lower With the core.
statistics, two differences are evident. First, tha signal is If we add to the phase-space model witin FSI coren

weaker, indicating, as discussed earlier, that a significant deesonancesl{=0.3 MeV) for all events aE,= 0.8, 2.0[21]
lay has occurred between the emission of each neutron. Seand 3.5 MeV with intensities of 45, 35, and 20 %, respec-
ond, and more importantly, the agreement between the modélely, the data are well reproducédiashed line of Fig. ¥ In
including only then-n FSI and the data fom§n is rather  the case of dissociation by Pb, the lowest-lying reson@hce
poor. In order to verify whether this disagreement corre-appears to be present in at most 10% of events. This result is
sponds to the presence of careéesonances, which would be in agreement with the analysis presented in IRE§], where
responsible for the weakening of tieen signal, we have some 35% of the two-neutron removal cross section on the
investigated the cora-relative energyE.,. It has been re- pp target was attributed to nuclear-induced breakup. The re-
constructed for the simulations incorporating only th&  quirement of the detection of two neutrons in coincidence
FSI and compared in Fig. 4 to the ddtae model calcula-  with the ?Be core in the present analysis reduces this to
tions have been normalized to the data above 4 M&ér  some 15%—approximately half of the two-neutron removal
dissociation by Pb, the inclusion of only thren FSI pro- cross section arises from absorption.
vides a very good description of the data, with the exception The different results obtained for the Pb and C targets
of small deviations below 1 MeV. This is in line with the may be attributed to the associated reaction mechanisms
Dalitz plot analysis discussed above. [27]. In the case of the Pb target, the dominant process is
The deviations observed for the C target between the meadectromagnetic dissociatidt6], whereby the halo neutrons
suredm?, and the simulation including only the-n FSI  behave as spectators and only the charged core is acted on by
(Fig. 3) clearly correspond to structures in tkg, spectrum.  the Coulomb field of the targ¢®8]. Qualitatively then, the
Moreover, these structures are located at energies that are in
line with those of states previously reported tiBe: the
supposedis;, resonance at 2.0 Mej21] and a lower-lying The present data are not particularly sensitive to the location and
statds) [18,21,23, also suggested by various theoretical cal-form of the states, in particular below 1 MeV, and a resonance at 0.5
culations[23—-26. The model-to-data ratio is about 1/2, in- MeV would, for example, equally well describe the data.
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n-n FSI may be expected to influence most strongly the deby Pb and C targets. Through the combined treatment of both
cay. In the case of the C target, nuclear breakup dominatd§e n-n and coren correlations, the hala-n separation has
and the reaction takes place at smaller impact parameters, i¢en extracted and a finite delay found between the emission
general through the interaction of one of the halo neutron®f the neutrons for the reaction on C. This delay can be

with the targef16]. As such the population of corereso-  attributed to resonances i®Be populated in sequential
nances is favorefb,7]. breakup. The application of the techniques presented here to

By combining the information extracted from the care- a well-established system such %4e would be of particular
channel with than-n correlation functions, we can extend the interest, as would the investigation of multineutron haloes.
analysis and also extract the average lifetime of the oore-Finally, as the technique of intensity interferometry is appli-
resonances. If we fix the-n distance in'“Be as that ob- cable to protons, proton-rich nuclei exhibiting similar few-
tained for dissociation by Pbm*=5.6+1.0 fm, we canin- body clustering may also be explored.
troduce the delay between the emission of the neutrgps
needed to describe the-n correlation function for the C The support provided by the staffs of LPC and GANIL in
target. As discussed earlier, this delay should correspond tereparing and executing the experiments is gratefully ac-
the lifetime of the resonance®ig. 1). The result of ay?  knowledged. This work was funded under the auspices of the
analysis, represented by the dashed lines in Fig. 4, suggest$2P3-CNRS(France and EPSRQUnited Kingdom. Ad-
an average lifetime of 15429 fm/c, or (5°8)x10°?? s. ditional support from the ALLIANCE prograntMinistere

In summary, three-body correlations in the dissociation ofdes Affaires Etranges and British Coundil the Human
two-neutron halo nuclei have been explored. A new analysi€apital and Mobility Program of the European Community
technique employing intensity interferometry and Dalitz (Contract No. CHGE-CT94-0036and the GDR Noyaux
plots has been presented and applied to the breakdfBef Exotiques(CNRS-CEA is also acknowledged.
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