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1. Introduction 
6He is the lightest nucleus having the two-neutron halo [ 1]. Experimental studies of its 

structure are of special interest since the three-body model [2] predicts specific configurations of 
valence neutrons in respect to the 4He core in this nucleus. The properties of 6He have been 
investigated by the measurements of total reaction cross-section, alpha particle and neutrons 
momentum distributions observed in fragmentation reactions [ 1 ], the study of ground state /3 decay 
[3] and neutron decay of excited states in a kinematically complete experiment [4]. 

Transfer reactions are known as a good tool to extract spectroscopic parameters of simple 
nuclear configurations. It seems to be natural to extend that approach for the case of exotic halo 
nuclei. For obvious reasons, data on transfer reactions with radioactive beams are scarce. The 
quality of presently available radioactive beams does not match the usual requirements for 
measuring of angular distributions for transfer processes. Recently we observed the 2-n transfer 
reaction in backward angle elastic scattering in the 6He + 4He system [5]. The large spectroscopic 
factor for the a +2n configuration has been obtained confirming the expectation of the three-body 
model [2]. Analogously, the high degree of d-a clustering has been exr,erimentally established for 
6Li nucleus. According to the shell model calculations both 6He and Li nuclei are characterized 
with large spectroscopic amplitudes for a+2n and a+d as well as t+t and 3He+t configurations 
respectively, see for example Ref. [6]. Several experimental data, e.g. elastic scattering at backward 
angles in the 6Li + 3He system, (see, for instance, [7]), transfer reaction in 6Li + p [8] and 6Li + n [9] 
systems, do endorse the significance of the three nucleon clusters in 6Li nucleus. The _similar picture 
could be expected for 6He nucleus. 

We have performed the measurements of angular distributions for the transfer reaction and the 
elastic channels for the 6He + p system using inverse kinematics with a 6He radioactive beam. This 
is the rarely investigated case of the transfer process with halo and non-halo nuclei being involved. 
Having in mind the corresponding data for the 6Li +p system one could compare the influence of 
the structural parameters of these two nuclei on the processes studied. 
The angular distributions of the elastic scattering and of 1 n and 2n transfer reactions were obtained 
by coincidence measurement of kinetic energy of both reaction partners. 

2. Experiment 
The secondary beam of 6He nuclei was produced by the bombardment of of a thick (350 

mg/cm2 
) beryllium target with a 43 MeV/n 13C primary beam. The 6He ions were separated from 

the primary beam particles and main part of other reaction products using doubly achromatic 
separator - ACCULINNA described elsewhere [10]. A wedge-shape Al plate was used in the 
intermediate focal plane of ACCULINNA. Eventually, the secondary "He beam of 150 MeV energy 
and 5% energy resolution (FMHW) was collimated to the diameter of ~8mm by Al diaphra~ms 
limiting the beam spot on a target. The average beam intensity amounted up to 1 x 1 O of He 
particles per second. The main parasite components of the beam were 8Li ions -20% and tritons -SO 
%. The composition of the beam and its intensity were monitored by the system of two plastic 
scintillators, a thin one (ISOµm) placed between the diaphragms and another thick plastic placed 
downstream against the beam, see Fig. I. A 400µm CH2 foil was used as the hydrogen target. 

Reaction products of interest were detected by a system of two AEx~xE telescopes mounted 
on two movable arms in the horizontal plane. Each telescope consisted of two silicon strip detectors 
(area - 60x60 mm2

, thickness - 400µm, 29 identical 2 mm strips in each detector) and a 20mm 
thick CsJ(Tl) crystal of6Sx6Smm2 in area. The strip detectors provided both X and Y position and 
AE signals, and the thick detector supplied E signals. Both halves of each strip detector, e.g. 14 (15) 
strips were connected through resistors and operated in the charge division mode. This way, the 
volume of electronics was greatly reduced without loss in the position resolution. However the 
procedure generated a weak position amplitude dependence of the AE signal. To remedy this effect 
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Fig. I Beam diaphragms, CH2 target and detector array 

a careful off line calibration of the strip detectors was carried out using an alpha particle source, and 
the appropriate corrections were derived. The telescopes were also calibrated on line by detection of 
low intensity beams of protons, deuterons, tritons, a particles and 6He ions at several projectile 
energies. The beams were provided by ACCULINNA. The overall energy resolution of the 
telescopes was estimated to be - 2%. 

In order to subtend large solid angles the telescopes were installed in the distances of 10.S cm 
and 12.S cm from the target. This compact geometry and the high radiation level in the 
experimental area caused a large background, mainly of non-target origin. The background made 
impossible the observation of inclusive spectra · of reaction products. The coincident events 
corresponding to the three reaction exit channels: 6He + p, 5He + d, and a + t were collected under 
condition that one telescope being a master opened the time gate (S µs) of the data acquisition 
system. The second telescope was a slave. Due to the fact, that all excited states of the nuclei in 
question are particle unstable the identification of both participants for each binary reaction allowed 
determining uniquely the reaction channel,The only exception is the 5He + d reaction where a small 
yield of the a+d+n exit channel was expected to co~tribute in that part of the deutron coincidence 
spectrum, which corresponds to the p312 ground state of 5He. 

The data were collected in two runs, in which different angular ranges of the telescopes were 
set: 

I) Symmetrical intended mainly for the a+t exit channel. The centers of the telescopes were placed 
at laboratory angles of22° (slave) and 23° (master). 
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2) Asymmetrical dedicated to the measurement of elastic scattering angular distribution. Angle 
setting (laboratory system): 19° (slave) and SI O (master). 
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Fig. 2. Two dimension spectra: a) deuteron energy versus deuteron LAB angle for the 5He + d exit 
channel, b) a particle energy versus triton energy for a + t exit channel. Contour lines 
indicate the loci for these reaction channels in the plots. 

Fig. 2a shows two-dimension spectrum of deuterons obtained in one telescope in coincidence 
with a particles detected in the second one. Fig. 2b shows the energy correlation between alpha 
particles detected in one telescope versus the energy oftritons observed in the second one. In each 
case the kinematical loci are clearly visible. The locus of the correlated proton - 6He events (not 
shown here) is even more prominent. . 

Angular distributions for p(6He,6He)p and p(6He,a)t reactions were extracted from the 
spectra of the type shown in Fig. 2b. Taking into account the poor angular resolution caused by the 
large beam spot on the target the values of CM scattering angle were derived by the energy balance 
of both reaction partners. The angular distribution for the p(6He,5He)d reaction was created on a 
basis of the energy-angle bins dissection of the spectrum seen in Fig. 2a. The method of extracting 
the angular distributions implies that the angular resolution is not higher than the spacing of angular 
distributions points, which show the angular distribution patterns, i.e. s• in CM in most cases. 

The differential cross-sections extracted for the tree channels were corrected by means of 
efficiency functions. The Monte Carlo simulations of experimental conditions were performed to 
evaluate the efficiency factor for all angular bins of the studied reaction channels. The simulations 
took into account the telescope solid angles limitations, beam energy spread, the finite size of the 
beam spot on the target and detector energy thresholds. In the special case of the ground state 5He 
decay the sharp level energy and isotropic decay were assumed 

For the elastic and In transfer reaction channels the presently attained angular distribution 
data were supplemented by experimental points obtained in a preliminary experiment, which we 
carried out earlier. In this experiment, we applied two Si-detector telescopes. The experimental 
equipment and 6He-beam quality are described in details in ref [SJ. The same CH2 target was used 
and the angular setting of the telescopes was in lab. system: 12• (master) and 32" (slave). We 
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extracted from this early experiment elastic scattering data for a CM angular range extending from 
95° to 135°. These data were obtained from the single 6He-ene'rgy spectrum. In the same run the 
angular distribution of p(6He/He)d reaction in a CM angular range of 22• -45° has been obtained 
from the energy spectrum of deuterons detected in coincidence with a particles. 

Combined results of the three experimental runs are presented in Fig. 3a (elastic channel), Fig. 
3b ( 5He + d channel) and in Fig. 3c (u+t channel). Error bars include contributions from statistical 
errors and inaccuracy of efficiency simulations. The uncertainty of the absolute cross-section values 
is estimated to be within ±20% limit. 

3. Analysis of the results 
Apart from the present data, the angular distribution for the 6Li(p,3He)u reaction at 25 MeV 

proton beam ref. [I I] are shown in Fig. 3c. These results were obtained at normal kinematics 
conditions. Under our convention, the CM scattering angle of inverse kinematics is defined as that 
of heavier reaction partner. This is, in fact, the recoiled particle angle that one obtains at normal 
kinematics, so the comparison the two angular distributions is straightforward. A simple inspection 
of data presented in Fig. 3c reveals significant differences between the two data sets. The two 
oscillations of the cross-section for the 6He+p reaction are more pronounced, and their relative 
magnitudes are reversed in respect to the p + 6Li data, though the average cross-sections values are 
close. On the ground of earlier studies of multi-nucleon transfer reactions, for example see [8,9,I I] 
for 6Li + p, one should consider several direct mechanisms, which contribute in the reaction of 
6He+p-+u+t. Among one step processes the following mechanisms could be considered: 
I. stripping of 2 neutrons from 6He to p to form triton, 
2. stripping of a 3-nucleon cluster as a triton, to form a particle, 
3. knockout ofa particle by proton, 
4. knockout of triton by proton. 
Among the two-step mechanisms the sequential stripping reaction of2 neutron through the resonant 
p112 and p112 states of 5He seems to be the most important. In a schematic view of direct reactions one 
could expect that processes 1 and 4 contribute to the cross-section at forward angles, whereas 
processes 2 and 3 are responsible for a rise of the cross-section at backward angles. Multi-step 
mechanisms, _as well as various interference phenomena, could mostly contribute in the cross 
section at intermediate angles. It ought be kept in mind, that in the finite range (FR) formalism with 
the proper core-core interaction included, the stripping and knockout processes are 
undistinguishable, thus processes (I) and (3) are united within one transfer reaction amplitude and 
similarly those (2) an~ ( 4). If one however assumes that the stripping processes are dominant in this 
energy region, then one could relate the cross section at forward angles to the u-2n clustering, 
whereas the reaction yield at backward angles could be associated with the t+t clustering of 6He. In 
this naive picture the results shown in Fig. 3c suggest lower probability to find t+t clusters in the 
6He nucleus than the 3He+t clusters in the 6Li nucleus. The shell model calculations predict just the 
opposite, see Table I. 

Table I 
Spectroscopic amplitudes (SA) for 6Li and 6He nuclei according to Ref. [6] 

Nucleus Configuration State SA 

6Li u+d 2S1 1.061 
6He Cl+ 2n 2So 1.0606 

6Li 3He + t 2S112 -0.9428 
6He t+t 2S112 -1.333 
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Fig. 3 Experimental data (symbols) and calculations (curves) of angular distributions: a) elastic scattering, b) p(6He, 5He)d reaction for two exit-channel OM potentials: 
extrapolated from Ref. (15)-thick solid line (1) and from Ref. (9)- thin solid line (2), c) p('1Ie,a)t reaction for relative triton spectroscopic amplitude (A.): neglected-dot-· 
dashed line, full - thin solid line, full, reduced by a factor of 2 - thick solid line. 



In order to discuss our results in a more quantitative way we performed a one-step DWBA 
analysis of 6He data. The coupled channels (CC) code FRESCO [12] has been used in the first 
iteration which made it equivalent of multi-channel, finite range DWBA. Four processes were 
included in the calculation: elastic scattering, one-neutron transfer to the 5He ground state and two­
neutron and triton transfers, both leading to the a.+t exit channel. In order to carry out the DWBA 
calculation the following ingredients are required for each transfer process. 
I. Scattering wave functions for the entrance and exit channels. The wave functions were created by 
the use of appropriate optical model (OM) potentials. 
2. Wave functions of the exchanged cluster-to-core relative motion for two bound states. 
3. Interaction potential for the exchanged cluster. 

In the simplified approach presented here the three-body internal wave functions relevant for 
the two-neutron transfer were substituted by two-body wave functions. These are ground-state wave 
functions produced in the usual way by the single-particle binding potentials. The interaction 
potential includes, as a main part, the binding potential completed by the potential of core-core 
interaction and OM potentiai of appropriate reaction channel. 

It is well known that the transfer-reaction cross section calculated in DWBA strongly depends 
on OM parameters. For the program input we, to a large extent, endeavored to use parameters from 
literature. The OM parameters for the 6He+p entrance channel were obtained by fitting our data of 
elastic scattering starting from the global nucleon - nucleus OM potential parameterized in Ref 
[13]. 

The modified parameters are following: real part: V=44.26 (50.23), R=l.95 (2.064), a=0.612 
(0.69), surface imaginary part: W,=3.98 (9.335), R=2.85 (2.0), a=0.772 (0.69) (parameters from 
Ref. [13] are in parentheses). V, W,, R, and a stand, respectively, for two depths [MeV], total radii 
[fm] and diffuseness parameters. The fit is shown in Fig 3a. · 

The formulae of Ref. [13] were exploited also to obtain the real proton-core interactions ~i.e.: 
p-t, p-5He) needed for the remnants of the interaction potentials in the (6He,t) and (6He, He) 
reactions, respectively. The potential proton-core i.e. p-a. interaction, for need of (6He,a.) transfer 
reaction calculation was taken from Satchler et al. [14]. The OM parameters for 5He + d channel 
were taken either from the analysis of reactions induced by 14.1 MeV neutrons on 6Li [9] or 
extrapolated from 4-parameter family of deuteron potentials proposed by Kull .[15] in his study of 
the (p,d) reaction with light nuclei at Ep= 33.6 MeV. The extrapolated values are V=84.0, W, 
(surface)=44.0, R=l.71, a=0.79. Impact of each of these potentials is shown in Fig.3b. Some of the 
binding potentials generating the internal wave functions were borrowed from Ref [8], the binding 
potential for the a.+2n wave function was taken from Ref. [5]. For the a. + t exit channel, as a 
preliminary, we repeated the procedure exposed in Ref [5]. 

In a purely single cluster approach, t + t configuration of 6He is neglected here a priori, the di­
neutron one step transfer was calculated with a FR DWBA code [18]. At this stage of the 
calculation the entrance channel OM potential was that for p + 6Li at Ep=25.9 MeV (Table 2 in Ref 
[ 16]) and the OM potential for a. + t exit channel was that of a. + 3He from Ref [8]. The result of 
the calculation is shown in Fig. 3c as a dot-dashed line. It can be seen that the first oscillation of the 
angular distribution is reproduced. 

At the next stage the triton transfer was included and the shell model spectroscopic 
amplitudes incorporated. From compilation [17] we took the OM parameter family with V=173.0, 
relevant of 4He scattered on 3He at E0 =42 MeV, as the exit channel potential. 

The calculated a-particle· angular distribution of the p(6He,a.)t reaction was stable in respect 
to the choice of post or prior DWBA representation and appeared to be insensitive to small 
variations of the binding potential radius. The calculated cross section (thin solid line in Fig. 3c) 
follows the experimental points at scattering angles in forward hemisphere and overestimates those 
in the backward one. In order to diminish the discrepancy, the shell-model spectroscopic amplitude 
for the t + t partition of 6He presented in Table I was reduced by a factor of 2. Resulting calculated 
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cross section for the combination of two stripping processes, i.e. 2n and t transfers is shown in Fig. 
3c as thick solid line. 

Conclusions 
For the first time the cross sections of elastic scattering and one- and two-neutron transfer 

reactions for the 
6
He + p system were measured at 25 MeV/n collision energy in a wide angular 

range allowing a comparison with the analogous results for the 6Li + p system [ 11]. An attempt was 
done to describe the new experimental results in the framework of a simplified version of finite 
range DWBA. The elastic scattering angular distribution was described by the fitting £rocedure 
starting from the global OM model. Two known OM potentials for the exit channel ofp( He,5He)d 
reaction were used with a limited success, probably because they are appropriate to either higher or 
lower CM energy than in the present investigation. The a. + t exit channel of the reaction studied is 
especially interesting since several mechanisms can contribute in its cross section. This reaction 
channel was treated as a sum of2n- and I-transfer processes. Calculations incorporating shell 'model 
spectroscopic amplitudes for different 

6
He partitions overestimate the cross· section for this reaction 

in the region of large CM angles where the t-transfer process is supposed to play role. A better 
agreement with experimental data was obtained when the shell-model two-triton amplitude of 6He 
was reduced by a factor of 2. 'This important conclusion should be still verified by a more 
sophisticated analysis involving also the treatment of the 6Li + p data on equal footing. For that 
reason it is highly desirable to extertd the experimental angular distribution to scattering angles 
smaller than 40° and/or to larger than 135°. 
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BoJJhCKH P. H .up. 

l1ccne,uoBaime peaKQHH nepe,ua'!H ln H 2n B cwcTeMe 6He + p 

npw 3Hepnm 25 MsB/t1yKJJoH .um1 nY4Ka 6He 

E15-98-284 

l131.1epeHhI yrnoBhie pacnpe.ueneHH51 npo.UYKTOB peaKUHH nepe,ua,m ln H 2n 

B cttcTeMe 6He + p npw 3Hepnm 25 MsBIHYKJJOH .!lJ151 nY4Ka 6He. 3KcnepttMeHTanh­
Hhie ,uaHHhle npoaHaJJH3HpOBaHbl B paMKax npw6mut<eHH51 HCKrutceHHhlX BOJIH. Tio­
JIY4eHHble pe3yJihTaThl CBH,!leTeJibCTB)'lOT O 6once HH3KOH BeJIH'IHHe ,uByxTpHTOHHOH 

- 6H cneKTpOCKOnH'!eCKOH aMnJIHTY.Uhl 51,!lpa e B cpaBHeHHH C pe3yJihTaTaMH MO,!leJIH 
o6ono'!eK. 

Pa6orn BhmOJIHeHa a na6oparnpww MepHhIX peaKUHH HM. r.H.<l>nepoaa Ol15Il1. 

Coo6me1rne O6'be)lHHeHHOrO HHCTHTYfa ll)lepHblX HCCJJe)lOBaHHH. Jly6Ha, 1998 
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Angular distributions for In and 2n transfer reactions were measured 

in 6He + p system at 25 MeV/n. Experimental data were analyzed in frame 

of DWBA. The results suggest lower two-triton spectroscopic amplitude for 6He 
nucleus as compared to shell model calculation. 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 
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