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Introduction

Quasi-free scattering (QFS) of nucleon and clgdbeund in nuclei is acknowledged as a
powerful tool for the nuclear structure study [1-8lomentum distributions for the knocked-out
nucleons and clusters have been extracted fronddkee of experiments where the remaining
third body (spectator) was either nuclear stableas found in a quasi-stationary state. In many
papers the experimental data were analyzed usieagPtAne Wave Impulse Approximations
(PWIA). It was shown by these studies that bettarespondence between experimental data
and theory predictions can be achieved at highlisiom energies. The extension of the PWIA
is the Distorted Wave Impulse Approximation (DWIA), which one takes into account the
distortions of the incoming and outgoing waves Bing suitable optical model potentials [4].
Even at relatively low beam energy, the use of DVéllowed the authors to come to more
reasonable values of spectroscopic factors and maksistent theoretical predictions for the
measured momentum distributions. Results obtainethE QFS reactiofLi(«,20)d, studied at
the “He beam energy close to 100 MeV, showed that HuhPWIA and DWIA calculations
provide rather close descriptions of the experimledata obtained for th&Li nucleus [5].
Apparently, this could be the case due to the ssedaration energy known farcluster in°Li.
This allows one to assume that perhaps QFS datgzadawithin the framework of PWIA can
be informative for the study of the cluster struetuof halo nuclei near the drip-line. In
particular one could expect that the reaction oSQ@&n be used for the direct observation of
three-body correlations specific for the groundestd Borromean nuclei.

Helium-6 nucleus is a convenient object to chedk éissumption as one can believe that
the three-body wave function (WF) is well estal#dhn theory for this nucleus [6]. However,
the peculiarity ofHe consists in the lack of a bound state for the meutrons becoming free at
the knock out ofx core. Similar situation occurred when the QFS tiems °Li(a,2a)pn and
®Li(p,pa)pn were investigated [7,8] for gaining knowledd®at the three-body state Bifi.
These experiments were performed in coplanar gegnwath the use of so called “point”
detectors.

In our experiment we studied the reactfoteCHe,2x)2n at a®He beam energy of 25A
MeV with emphasis made on the observation of t& @f*He target nuclei on cores bound
in the ®°He projectile nuclei. We detected two scatteregarticles in a kinematical range
corresponding to the QFS whereas two unobservetlomsuwvere expected to be spectators. For
the first time the reaction of QFS was studieduarswide angular range of outgoingparticles.

Experimental details

The experiment was performed in Dubna at the feagnseparator ACCULINNA [9].
The secondary beam 8fle nuclei of the intensity of about1®' s* bombarded helium target
cooled down to a temperature of about 16 K. Thektiéss of the target madel@® cm?.
Standard time-of-flight technique was applied fdentification of incoming particles and



measuring their energy. Two multiwire proportiooshbhmbers were used for tracking individual
beam ions. Twon particles outgoing from the target in angular em@f £(15°-55°) were
detected in coincidence by means of two identiBIE telescopes. The telescopes installed
symmetrically in respect to the beam direction pted for the measurement of X&Y
coordinates and the energy of the reaction prodidsh telescope consisted of two Si strip
detectors (7Qu, 50x50 mm and 1000, 61x61 mm), used for the measurement of energy loss
AE, and a 6.2 mm thick Si(Li) detector (66x66 finThe measured energies and angles of the
two coincidento-particles allowed calculating the value of theateke momentum of two
unobserved neutrons and the momentum vector of tesiter-of-mass. The background was
measured in the run done with the empty target.

Data analysis

For the reactiofHeHe,21)2n with four particles in the exit channel one daresee
various reaction channels (e.g. inelastic scatjeresulting in®He excitation and breakup, 1n
and 2n transfers, etc.) contributing in the kineosategion where the QFS is detected. In Fig.
1(a) the distribution of momentum valysg,, of the center-of-mass (CM) of the two neutrons is

shown for the detected events. Thg, momentum is calculated in the anti-lab system,m.¢he
frame moving with the velocity of incomintHe, p,, IS the longitudinal component of this
momentum along th#He beam direction ang. is one of its transversal components. Two loci
are clearly seen in Fig. 1(a). The first one isated in the QFS region, i.e. close to the zero
momenturp,, , whereas the second is distributed in the vicimtyp;, =—-200 MeV/c. This
point approximately corresponds to the CM momendfithhe total system+a+n+n.
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Figure 1.a) the momentum distribution of the two neutron @}, obtained for the detected events (see

explanations in the text); b) the distribution @figitudinal component op,, obtained for all detected
events (points with error bars) and for eventscdetkat a condition E<5 MeV (grey histogram).

In the projection of this distribution ontp,, axis made for all detected events (shown in Fig.

1(b) by points with error bars) the two loci hegwilverlap. The distribution shown by the grey
histogram in the Fig.1(b) is obtained for eventthveimall n-n relative energy,E<5 MeV. Two

more or less separated peaks are seen in thidbdtgin. The left peak centered at negatipg,
originates from the 2n-transfer reaction frGhte to*He with the formation of the first"32"
resonance state &fie. The right pick corresponding to the 2n systeith small p,, values can
be assigned to QFS.



For the data analysis we performed complete MomdeC(MC) simulation of the
reaction studied. In this simulation we used addath PWIA formalism based on the following
T matrix factorization:

do¥® do
=2 0S¥ p_..p,.)—
dQ oea ( pn—n pZn) dQ o

whereF,g = J E._.E,.,(E,+Q-E,_,—E,.) is the phase space factor taking into account the

energy conservation law oEE, +Ey.o+Exq-2n-Q — the total CM energy of thera+n+n system,
S(P,-,» P,,) IS the spectral function which represents the gbdlly density for the 2n system

to be found in a final state characterized with reatam vectorsp,_, and p,,. The subscript

20-2n relates to the motion of the CM @fu. pair in respect to the CM of the two neutrons. The
cross section ofi-a elastic scattering was calculated for the relagwergy k.. between two
detectedr-particles, i.e. the use was made of the poststofiiprescription.

Due to the large acceptance provided by the detedystem the twa particles were
observed in wide ranges of their relative energy 5 — 60 MeV) and CM scattering an@gq
(30° — 150). The dependence of the cross-section @p &d6,., was derived from the known
set of phase shifts measured in a proper energyerft0,11,12]. The 2D-matrixaddQq.q =
F(Eq-a,80-0) USed in the simulation is shown in the Fig. 2()e angleB,., was defined as
follows:

free

FPSdEn—ndEa—adQZa—anQ n-n? (1)

(B2 pore)
p—(g r) prior

a-a

(2)

cosd,_, =

Where rjol/)r—igr = :ua—a (VGHe + (_n?zn)j

a

is the relative momentum between thparticles in the prior collision prescriptio,” is that

momentum in the post collision prescriptiod,,.is the lab velocity ofHe and y,_, is the
reduced mass.
Spectral function containing structure informatiwas calculated taking into account the
n-n final state interaction:
S(Bons Pan) = [ OFocnOollnen (B Facn )€ ™ W (T ). (B)
where ¢, (F,_.,,,, Js a three-body WF ofHe [8]. Momentum correlations obtained for the

spectral function are presented in Fig. 2(b). Famparison in Fig. 2(c) the WF 8He in the
momentum representation is shown. Two intensivejyutated loci correspond to the di-neutron
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Figure 2. a) do/dQy.«(Eq.q,64.) Matrix, used in the MC simulation;

b) probability of finding two neutrons in stateshvinomentum valuep,_, and p,, , obtained from the
spectral function (3); c) WF 8He in the momentum representation.
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component of the WF (large,_,,, small p,,) and the cigar-like one (large,,, small p,_,).
The dip between the components arises from thalssddPauli focusing.

Incomplete kinematics conditions were inherenti® firesent measurements. As a result,
only one exit channel, ttféle+'He - ®He’*+a reaction intervening in the observation of the QFS
could be reliably identified. However, though onauld not neglect other reaction channels
which also contribute in the pattern seen in Fig) ve will show that this contribution was
considerably suppressed by the event selection maithethe choice of largex-2n relative
energy: Bi12>10 MeV and k.-2>10 MeV. At this choice, the contribution of reactichannels
resulting in the population of high-lying continuuemcited states ifHe was well described by
phase space (PS) of the four-body breaHp+'He— a+a+n+n. This selection was used in the
presentation made below.

In order to enhance the reliability of data expteorg a set of experimental distributions
was simultaneously fitted with the use of MC sintigia. This set includes the distributions over
eight essentially independent observables relatirthe reaction mechanism and the structure of

®He. These are: the total momentum of the 2n CMesysp,,, and the two projectiong,, and

p,, , the relative energies, g and E.,, theb,., angle, the Treiman-Yang andley [13], and the
hyper angled,, characterizing in Jacoby coordinates the threetloodrelations occurring ifHe:

= - 2

2/'1 2n-a

Results

Fits were made in the whole ranges of the Bnd E., variables. Fig. 3 shows the fit
results obtained in the energy ranges 35<#0 MeV and k<10 MeV. The results of the MC
simulations made for the QFS and the four-body feShown by dashed and dotted histograms,
respectively. The solid histogram is the sum of@#S and the PS contributions, the points with
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Figure 3. The results of a fit to experimental data obtaiimetthe energy ranges
35< E, <40 MeV and E.<10 MeV. The QFS contribution is shown by dashestiigiram,
dotted histogram corresponds to the 4-body PSd ®ddiogram is the sum of the QFS and
PS contributions, points with error bars show thigeeimental data.



error bars are the experimental data. One seeghéatistributions given by the model are in
excellent agreement with the experimental data.

A good agreement was also obtained in the fitsoperéd in other ranges of.Eand E.,. The
ratio of the experimental cross-sectiandl),., extracted from the data with the use of the eq.
(1) to that ofthe freen-a elastic scattering was found to be constant wighfactor of 30% in the
whole energy range 105E<50 MeV and 0<E.<40 MeV.

A good test for the applicability of Eg. (1) makése comparison of the angular
dependence calculated for the free. elastic scattering cross section with the depetalen
measured in the experiment. In Fig. 4 shown arailanglistributions obtained in various.g£
ranges with a condition of,5<10 MeV imposed. Angular distribution charactergzthe QFS is
sensitive to the E, value and has specific shapes, strongly varyinbiwihe E_, energy range
measured in the experiment. At the same timegptheeslastic scattering cross sections vary by
more than 2 orders of magnitude within the energyagular ranges covered by the acceptance
of the detection system used in these measureniemsseen in Fig. 4 that the MC simulation
well reproduces the essential features of the @xjeerttal distributions.
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Figure 4. The angular dependences of the cross-sectioredES measured
at different energies g for the n-n relative energy,5<10. The QFS contribution
is shown by the dashed histogram, the dotted omesunnds to the 4-body PS. The solid
histogram is the sum of the QFS and the PS comiwiis) the points with error bars
are the experimental data.

In order to check if the angular distributionsgaeted in Fig. 4 are sensitive to the choice
of axis from which thef,., angle is reckoned, we compare in Fig. 5 the erpsntal 6,
distributions presented in Fig. 4 (points with etpars) with similar distributions emerging from
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Figure 5. Experimental angular dependence of the QFS cexdion obtained for different,E bins at
fixed n-n relative energy£<10. Points with error bars show the experimenfidution obtained by
taking angled,., defined in Eq. (2). The case with anfle, calculated from Eq. (4) is shown by solid
histogram.



MC simulation made with angk,., defined in respect to the direction of the momentector
of °He Py, taken in lab system:

(P27 o)
p.c‘rsz |r)6He|
The latter distributions are shown in Fig. 5 byiddiistograms. At large-o relative energy
45<E,.,<50 MeV the angle$,., defined according to egs. (2) and (4) are vergelone to
another and the two angular distributions pradgicabincide. At lower E, the dependences of

the cross-section on the angle reckoned from thexton of the momentunp,,,, have no any
noticeable features in comparison with those onatingle defined in respect to the direction of
the momentump'®". One should note that ag£60 MeV the vectorp™* strongly depends on
the internal motion oéi-particle bound iffHe and varies for each individual event whereas the
vector pg,. is fixed. More pronounced structure of the disttibn for the angled,., can be

considered as the evidence in favor of the assemphat just the vector of the momentum
P defines a real direction of the collision in theut reaction channel.

a-a
In Fig. 6 we present the results of fits to thpexxmental distributions in momentumm,,

and hyper angléy, obtained at a condition of the full Erange and 30<E<35 MeV. The fits
were made with the use of two different MC simwas. In Figs. 6(c) and (d) dashed histograms
show the contribution of the QFS obtained with tiee of spectral function (3); dotted
histograms correspond to the four-body PS. Thenasdicontribution of the T=2 excited state of
®Be, which could be populated in the 2p transfemfféie to®He, is shown by the dash-dotted
histogram. The fit presented in Figs. 6 (a) andwh¥ made with the use of Eq. (1) and spectral
function replaced by the WF 8He in the momentum representation (see Fig. 2@)e sees
that this fit is considerably less consistent wille experimental data. Particularly, the dip
between the di-neutron and cigar-like componerdibha in the simulate8;, distribution was not
observed in the experiment.

cosd,_ =

a-a

(4)
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Figure 6. The hyper anglé, and momentunp,,, distributions obtained in energy range 30545

MeV. The QFS contribution presented by dashed dpiatas was obtained with the use of spectral
function (3) (panels (c) and (d)) and with the asthe®He WF (panels (a) and (b)).



Summary

In our experiment the QFS of tiecore bound irfHe was explored keeping in mind the
possible study of the structure of this neutrom dnicleus. Possible use of QFS for revealing
momentum correlations specific for three-body Borean nuclei was the subject of our interest.
The three-body WF ofHe is believed to be well established in theory andomparison of
theoretical predictions with experimental data dooé a good test for the convenience of QFS
for the study of cluster states of halo nuclei.

For the first time coincidentt particles arising in théHe(He,2x)nn reaction were
detected in a wide angular range providing for denkinematical range of the measured angular
and momentum distributions. The contribution ofctems competing with QFS in tleeta+n+n
output channel was considerably suppressed bydleet®n of events with large-2n relative
energy E&..»>10 MeV. This condition provided for the reliableepsration of events
corresponding to the QFS reaction. The experimatistibutions of a number of observables
relevant to the reaction mechanism and the streatéifHe were compared with the results of
the MC simulation based on the PWIA formalism. #saestablished that PWIA predictions are
well consistent with experimental data when the RSi is taken into account. Due to the n-n
FSI such a pronounced peculiarity of e WF as Pauli focusing is not observed.

The ratio of the experimental cross-sectioo/d®,., to that of the freen-a elastic
scattering was found to be constant in energy ifeE. ,<50 MeV and 0<k.<40 MeV. The
angular distributions of quasifreea scattering measured for different energigs Bre well
reproduced by the MC simulation while the relatixedue of thea-a elastic scattering cross-
section varied by more than 2 orders of magnitudghinvthe energy and angular ranges
corresponding to the acceptance of the detectistesy
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