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Experimental data foPHe+ *H elastic scattering and the two-neutron transfer reaction, measured recently at
the Joint Institute for Nuclear Research in Dubna, Russia, were analyzed by coupled channels calculations
using a dineutron model dfHe. The results of the analysis reveal that all the processes induciédebgn a
hydrogen target are coupled. This analysis shows that the couplings tbléhe o+ 2n breakup channels can
be included in a simple optical model calculation by means of a polarization potential that is repulsive and
whose strength is about 25% of the single-folding potential. Predictions fqu-tféde inelastic scattering to
the 2" resonance are made. A good description of the two-neutron transfer reaction data is obtained when the
triton transfer process is coherently added to the dineutron transfer. The spectroscopic amplitudet+af the
component of théHe ground-state wave function is found to have the opposite sign to that @nh with a
magnitude close to that predicted by a microscopic four-cluster mod&Hef
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I. INTRODUCTION [9], a spectroscopic factor equal to 1.77 was used. DWBA
analysis of the'H(®He,«)3H reaction performed by Wolski
The cluster structure of the nuclefisle has recently been et al. [2] led to the conclusion that this spectroscopic factor
investigated in a series of experiments with radioacfidie  is much smaller. In a similar analysis of the same data set by
beams scattered frofiHe and 'H targets[1,2]. The main  Oganessiaet al.[4,5] the experimental data were described
purpose of those experiments, performed at the Joint Institut@ithout anyt-transfer component. This result contradicts the
for Nuclear Research in Dubna, Russia, was to establish thibeoretical predictions for+t clustering inGHeg,S_.
dineutron and cigarlikex+2n configurations predicted for Neutron-rich®He is a very weakly bound nucleus and can
the ®He ground-state wave function by microscopic three-easily dissociate into am particle and two neutrons in the
body calculation$3]. The two-neutron transfer reaction data field of the target nucleus. Coupling to tHd#He— a+2n
were analyzed by distorted wave Born approximationbreakup states has been found to strongly affect the process
(DWBA) calculationg1,2,4,5. The results strongly suggest of ®He+“He elastic scattering in a broad range of incident
that the dineutron configuration dominates thée ground  energieq10]. Similar effects of the breakup channels were
state while the cigarlike component of thele ground-state also previously reported for other weakly bound projectiles
wave function contributes only negligibly to the differential like d, ®Li or °Be. Thus, one may surmise th3tle breakup
cross section of the two-neutron transfer reaction. This obean also play an important role in tf#de+H interaction
servation is in agreement with predictions, as the cigarlikeand have an influence on the two-neutron transfer reaction.
component of the®He ground-state wave function corre- Recently Guptaet al.[11] analyzed existing data for proton
sponds to a much smaller separation betweerntere and elastic scattering fromt®®e and®7:°1i in a wide energy
the center of mass of the two valence neutrons than the dirange by optical model calculations with a central potential
neutron component. derived from nucleon-nucleon interactions. They found that
Apart from thea+2n configuration, the ground state of the depth of the potential has to be significantly reduced for
®He is known to have a well-defineid-t cluster structure, all the nuclei except*He, suggesting strong channel cou-
which was experimentally investigated by meanstoffle)  pling effects for the other nuclei. In the DWBA analyses of
transfer reactions on a number of targets by CldfeThe-  the H(®He,a)®H reaction performed so faf2,4,5, the
oretical calculations predict the spectroscopic factors for thidreakup effects of the projectile have not been explicitly in-
configuration to range from 0.4Z] up to 1.77[6,8] depend-  cluded.
ing on the model. In a very recent analysis of proton-induced In this work we present a consistent analysis of existing
reactions on®He below the three-body breakup threshold ®He+ *H elastic scattering and two-neutron transfer reaction
data at an incident energy of 151 M¢¥| by coupled chan-
nels calculations, with breakup effects included. The aim of
*Electronic address: rusek@fuw.edu.pl this work is to study the role of the couplings to tfikle
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tron (2n) cluster set tos=0. The internal energy of the
dineutron cluster was taken as zero. The calculations were
performed with three different geometrieRy(,a,) of the
Woods-Saxon potential binding the two clusters. The param-
eters of the potential are listed in Table | as sets I, I, and III.
The wave function describing the relative motion of the
two clusters in the ground state 8He, W(r), was calcu-
lated in the potential well with the depi, varied to repro-
duce the binding energy of 0.975 MeV. The wave function of
the 2" resonant state ofHe at excitation energy of 1.80
MeV, W,(r), was calculated using the CDCC methidd)].
The energy bin of 0.3 MeV width, roughly corresponding to
— the empirical value, was set at the excitation energy of 0.825
MeV above the®He— a+ 2n breakup threshold. The cluster
wave functions¢(r,E), calculated within the bin were av-
6 4 eraged over the bin widthEq. (1)] and the wave function
He + p He +t calculated this way was used as the wave function of the
resonance. The depth of the binding potential was adjusted to
give a resonance at the required excitation energy of 1.80

FIG. 1. Coupling scheme used in the analysis.

—a+2n breakup states and transfer of the dineutron fromMeV.

these states in théHe-proton interaction. The scheme of the  The spectroscopic amplitudes for the ground stater
couplings used in the analysis is shown in Fig. 1. The calcu@nd for the 2 resonance were calculated using the method

lations were performed using the cogReESCO[12], in two- presented in Ref$14,15. For both states the calculated val-
steps. First, elastic scattering data were analyzed by means $§S Were very close to unity therefore in the present work the
the coupled-discretized-continuum chanr@®CC) method ~ a@mplitudes were assumed to be equal to 1.0.

[13]. In these calculations, described in Sec. II, #e+ ~ The three different geometries of the2n binding poten-
dineutron cluster model ofHe was applied and couplings to tial u_sed in the calculations generated three sets of wave
the unbound states §He were taken into account. Next, the functions for the ground state and thé 2esonance as well
two-neutron transfer reaction was included, allowing transfe@S _different properties of’He such as rms radii and
of the dineutron cluster from the ground state and from thé(E2;g.5—2") values. Set | was used in our previous
unbound states ofHe (coupled channels Born approxima- analysis of®He+“He glast|c scatteringlLO] and corresponds
tion, CCBA). The triton transfer process, experimentally in- {0 @ large separation between the two clusters, rms
distinguishable, was coherently added to the dineutron trans=4-92 fm, and a large value of the reduced transition prob-
fer. These calculations are described in Sec. IIl. The result8bility, B(E2;g.s—2%)=7.08 e?fm*. Set Il was chosen so

of these calculations are summarized in Sec. IV. that the calculated value of the reduced transition probablllty,
3.21 e?fm*, corresponds closely to the empirical value re-
II. ELASTIC AND INELASTIC SCATTERING ported by Aumannret al. [16]. In this case the separation
) 5 between the two clusters is much smaller, #ds36 fm.
A. Dineutron model of "He The last geometry, set lll, gives the separation between the

In this work, the nucleu’He was assumed to have a two clusters inHe equal to the separation between the
two-body e+ 2n cluster structure with the spin of the dineu- clusters in®°Li, rms=4.06 fm[17]. For this geometry the

TABLE |. Parameters of the binding potentials and spectroscopic amplitudes. In the last two columns the
quantum numbers, NL, and the signs of the wave functions at the particle-core separalibnfm are

given.
Vo Ro ap, Ref. S, Ref. NL sign ofWw(r)
(MeV) (fm) (fm)
®Heys=a+2n, set | 69.363 1.90 0.65[10] 1.0 (14,19 2S -
SHeue=a+2n, set | 80.427 1.90 0.65[10] 1.0 [14,15 1D +
®Heys=a+2n, set I 84.520 1.90 0.39 1.0 [14,19 2S -
SHeoye=a+2n,setll  90.796 1.90 0.39 1.0 [14,15 1D +
®Heys=a+2n, setlll 93512 1.90 0.25 1.0 [14,15 2S -
bHeoye=a+2n, set Il 91.517 1.90 0.25 1.0 [1415 1D +
Hey =t+t 102.728 1.90 0.65([6,9] —05 Thiswork =S +
‘Heys=p-+t 61.032 2.00 0.40 [29] 1.4142 [8] 1S +
*Hgs=p+2n 44382 2.00 0.60 [29] 1.2247 [8] 1S +
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TABLE Il. Parameters of the input optical model potentials.

(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

a+3He,A 173.0 228 0.145 1.12 0.00 529 1.050 1.00 2.28 0.1480]
a+%He, B 14292 257 0.271 0.86 0.00 6.88 0.972 0.00 0.00 0.000
a+3He,C 7857 1.80 0.700 10.00 0.00 1.80 0.70 0.00 0.00 0.00Q9]
d+H 65.8 1.25 0.501 0.00 10.0 1.20 0.517 0.00 0.00 0.000
p-+“He 48.949 1.75 0.477 0.00 0.557 1.75 0477 4.26 1.75 0.350

calculated value of the reduced transition probabilityimportant role at scattering angles larger than 100°. There-
B(E2;9.s—2%)=2.06 e?fm?*, is the smallest. fore, only forward angle scattering data were fitted. The final
The continuum above théHe— a+2n breakup thresh- results of the search are listed in Table II.
old was discretized into momentum bins of equal widths, Strong effects due to contributions from the transfer reac-
Ak=0.25 fm*, as in our previous analysis dHe+“He  tion were also found for thel+*H elastic scattering at 52
elastic scatterind10]. Here 7k is the momentum of the eV, Here these effects could be accounted for by a signifi-
a-dineutron relative motion. The wave functior) rep-  cant increase of the imaginary part of the optical potential
resenting those bins were calculated by means of the CDCé,;nd by Hinterbergeet al. [18]. Good description of the

method, experimental data was achieved with the potential param-
1 eters listed in Table II.

W(r)= J &(r k)dk. (1) A severe test of th_e empiric_al optical model potentials

VAKJ ak used as input to the single-folding calculations could be an

analysis of®Li+!H elastic scattering at an energy close to

For the bins corresponding to the angular momentum of th@51 Mev. If the choice of the input potentials is correct,
two clug,ters’ relative motioh =0, 1, 3, the binding potential cpcc calculations for this scattering system should repro-
of the "He ground state was used, while for the=2 bins  jyce the experimental data. Since there exist experimental
thf binding potential was the same as the one found for thga, for this scattering system, corresponding to the lithium
27 resonance. laboratory energy of 155.4 Me\22], such test calculations
were performed. In the calculations a cluster d model of
8Li, used by us previousl17], was adopted. All the param-

The central potential in théHe+ 'H entrance channel as eters of the model including discretization and truncation of
well as all the coupling potentials used in the calculationghe continuum states as well as details of the CDCC method
were derived from empiricgb-*He andd-'H potentials by ~ were discussed in Ref17] and are not repeated here.

B. Potentials

means of a single-folding method, The results of the calculations are compared to the experi-
o . N mental data for elastic scattering 8i from protons at the
UPZ(R)=(W(n)|Upq(|R+2/3 r]) energy of 155.4 MeV in Fig. 2. One-channel calculations

without couplings to any excited states &fi, with the cen-
tral ®Li-p potential generated from optical model potentials

whereR is the separation between the projectile and the tarl®" p-+*He andd+*H, are marked as 1cN;=1.0. The re-
get whiler is the distance between the clusterse. The sults of the calculations overegtlmate by far the experlmental
choice of these optical model potentials, 4 andU ., , de- data. Better results were obtained when the couplings to the
termined the final results of the calculations, therefore thdesonant excited states 8ti as well as to the continuum
scattering ofa particles and deuterons from protons wasWere included by means of the CDCC method. However,
examined by us. Fortunate|y, there are experimenta] data f&DCC calculations still overestimate the experimental data.
both scattering systems at energies very close to the requirddis result suggests that contributions from other processes
values of E4=% 151 MeV=45.3 MeV and of E,=3% not included in the coupling scheme are present. Limited
151 MeV=100.7 MeV. We have used the data sets ofcomputing capacity did not allow us to extend the coupling
Hinterbergeret al. [18] for d+'H elastic scattering aEg scheme for more breakup states or to the one-neutron trans-
=52 MeV and by Plummeet al. [19] for p+“He elastic fer reaction. Therefore onfree parameter was introduced
scattering aE,=26.1 MeV. into the calculations. The depth of the imaginary part of the
The data of Plummeet al. were analyzed by means of inputd+ H potential was multiplied by a normalization fac-
optical model calculations. An automatic search was pertor N;. When this factor was increased to 1.7, the experi-
formed using the codecis79[20]. Starting parameters for mental data were well reproduced up to a scattering angle of
the search were taken from the study of Thompsol. about 140°(dashed curve in Fig.)2At the very backward
[21]. In the course of the calculations it was found that theangles the calculations did not reproduce the experimental
exchange term due to the triton-transfer reaction plays adata.

+Upo([R=1/3 T)|Wi()), 2)

044602-3



K. RUSEK, K. W. KEMPER, AND R. WOLSKI PHYSICAL REVIEW (54 044602

10° 10°
o o
(mbfst) { x = Ich+V,N=17 (mbfst) {1 N\ Ich+V,N=2.5
1024 —— CDCCB,Nz=17 1024 — CDCCB,N=25
— — CDCCA,N=17 — — CDCCA,N=25
— - 1ch,N=L7 *  — . 1ch,N=25
1ch, N=1.0 *y wxxex 1ch, N=1.0
10'¢ 10'%
10°¢ 10°% .
s
\ -~
"HCLLLD)'H, 1554 MeV 'HCHe,*He)'H, 151 MeV
10™ + + + 10 + + +
0 50 100 150 0 50 100 150
Oc.m. (deg) eC.Il’l. (deg)
FIG. 2. Results of calculations for the elastic scatteringlgf FIG. 3. Same as Fig. 2 but for the elastic scatterin§té from
from *H. The experimental data are from RE22]. See text for  H. In the calculations set Il of the+2n binding potential param-
details. eters was used. The experimental data are from Welski. [2].

CDCC calculations, shown by the dashed curve in Fig. 2the single-folding method overpredict the cross-section data
were performed with the wave functions representing energgbtained experimentally, as was the case ok When the
bins of the ®Li continuum normalized to unity. Such a pro- imaginary part of the inputi+'H potential was renormal-
cedure changes the amplitude of the wave function for smaiked by N;=2.5, the calculated results became much closer
separation between the-d clusters. To establish how large to the data as shown by the dashed curve in Fig. 3. This
the effect of this normalization can be, similar CDCC calcu-increase of the renormalization factor could be caused by a
lations but with non-normalized continuum wave functionsdifference between the breakup of the deuteron and the
were performed. Results of these calculations are shown byreakup of the dineutron within theHe continuum.
the solid curve in Fig. ZCDCC B). They are closer to the As a next step, full CDCC calculations with wave func-
experimental data at backward angles. The results do ndions of the continuun{CDCC A in Fig. 3 normalized to
depend on the upper limit of the integration radius providedunity and without this normalizatiofCDCC B) were per-
that it is larger than 30 fm. In these calculations someformed. There are no data available for scattering angles
strength of the coupling to the continuum is missing, but it islarger than 125° where the effect of normalization is the
not artificially shifted to the smalk-d separations like in the largest, but the change in calculated results is very similar to
CDCC A calculations. We believe that the calculations withthat seen for the®Li+*H scattering system. Calculations
non-normalized wave functions of the continuum give morewith non-normalized continuum wave functions generate
realistic results. lower cross sections at backward angles.

In summary, a good description of tHiti+*H elastic The nuclei®He and®Li have much in common—they are
scattering experimental data over a wide range of angles hagry loosely bound, they have similar rms matter radii, and
been obtained, with the central and coupling potentials calthey do not have any bound excited states. The breakup
culated from optical model interactions far+*He andd  threshold for®Li into an a particle and a deuteron is one-
+1H found from fitting the corresponding experimental data.half an MeV higher than that fotHe— a+ 2n. It was found
However, the imaginary part of the second input potentiaby Keeley and Rusek that the difference in thebreakup
had to be renormalized by a factd;=1.7. This larger thresholds enhances tHfiti— a+d breakup cross section
imaginary part can account for effects that are not includedver that of 'Li— a+t [23]. One may surmise then that the
in the coupling scheme; for example, one-neutron transfego-called polarization potentiad,, which simulates in one-
reaction or direct breakup via states in the continuum locatedhannel calculations effects of channel couplings, should be
above the excitation energy of about 9.5 MeV, the uppestronger for®He than for°Li as was demonstrated fdii
limit in the CDCC calculations. and ’Li. Polarization potentials for both scattering systems
have been extracted from the CD®Zalculations using the
method of Thompsoret al. [24]. Their dependence on the
separation between the colliding nuclei is shown in Fig. 4. At

Calculations similar to those carried out félri were per-  the region important for scatteringaround 4 fm, their
formed for ®He+'H scattering. The results of these calcula-imaginary parts are very similar while the real parts differ—
tions with the potentials derived from the+“He andd the potential for®He is stronger than the potential f8L.i.
+H optical model potentials, listed in Table 2, by means ofThe real potential foPHe is repulsive, as is the potential for

C. Elastic and inelastic scattering results
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FIG. 4. Polarization potentials deduced from CDB8@nalyses

of 5L and ®He scattering fromH. FIG. 5. Results of CDCC calculations féHe+'H elastic scat-

tering with the three different sets af+2n binding potentials

) ) o listed in Table I. The experimental data are from Réj.
SLi and other loosely bound nuclei. At the projectile-target

separation of 4 fm its strength is about 25% of thare . .
single-folding potential. This result is in agreement with theSPoNding to the largest value of the reduced transition prob-

recent work of Guptet al.[11] who found that to reproduce a_lbility, gave the_ Iargest values of the O!ifferential Cross sec-

SHe+ 1H elastic scattering data at 151 MeV by optical modeltion, as shown in Fig. 6. Future experimental data for this

calculations with the real potential derived from a nucleon-Process will serve as a stringent test of the present calcula-
nucleon interaction, the depth of the potential had to be retlons.

duced by about 30%. The CDCC B calculations have been repeated at the
To check how well the one-channel calculations with thehigher incident energy of 250 MeV without any change in

central potential of the form input parameters. Experimental data féHe+'H elastic
scattering for this energy were published earlier by Cortina-

SF

Upsre( RV =U 6e(R)+ Vi(R), (3 Gil etal.[25]. There is also another set of data, published

very recently[26], measured at the slightly lower energy of
whereUﬁ_FeHe(R) is the bare single-folding potential, simu-
late the results of full CDC@ calculations, such calcula-
tions were performed for both scattering systems. The results

are presented by dotted curves in Figs. 2 and 3. They are o
very close to the results obtained using the CDE@ethod 10t /7> 'HCHe 'He*)'H
apart from the backward angles. Surprisingly, for tfis (mb/sr) A

. : . . \ 151 MeV, CDCC B, N=2.5
+1H scattering, one-channel calculations with the polariza- \ !

tion potential included fit the experimental data better at
backward scattering angles than do the original CDBC

calculations.
CDCCB calculations were performed with three different 10°4
geometries for thex+2n binding potentials, sets |, I, and

[Il of Table I. Each set corresponds, among others, to the
different value of the reduced transition probability

B(E2;9.s—2") between the ground state and the resonant — setLBE2T08

state of®He. — eIl BE2)=3.21 ¢’fm’
The results of the CDC® calculations for’He+ 'H elas- o set IIL, B(E2)=2.06 ¢’fm’
tic scattering are shown in Fig. 5. As expected, the calcula- 10 0 5’0 160 1%0
tions with potential set Ill, giving the weakest coupling, gen-
erated the largest values of the elastic scattering cross 0 (deg)
sections while the calculations with set | gave the smallest ¢.m.
values. FIG. 6. Same as Fig. 5 but for the inelastic scatterindlaé

For the inelastic scattering excitirfile to its 2" resonant  from H, leading to the 2 resonance of the projectile at excitation
state, the situation is opposite—CD®alculations, corre- energy of 1.8 MeV.
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FIG. 7. Results of the CDC@® calculations for the incident ;
energy of 250 MeV of théHe beam. The data sets at 245.4 MeV 107 R
and 249.6 MeV are from de Vismest al. [26] and Cortina-Gil 0 50 100 150
et al.[25].
9c.m. (deg)

245 MeV. The results of the calculations are plotted in Fig. 7

. FIG. 8. Results of the CCBA calculations for the transfer reac-
together with the two sets of data.

tion. The dot-dashed and solid curves correspond to the different
signs of the®He=t+t spectroscopic amplitude. The data set is
Ill. TRANSFER REACTION from Wolski et al. [2].
A. Bxit-channel potential energy range. A simplifietl-independent form of this poten-
In order to calculate the cross section for thetial was also applied to the analysis of thel(°He,a)%H
'H(®He,)3H transfer reaction at the incident energy of 151 transfer reactiorfpotentialC).
MeV, the optical model potential fax+ 3H elastic scattering
at the corresponding energy of 67.9 MeV is needed. To our B. CCBA calculations

knowledge this scattering has not been investigated experi- Bef tarting full CCBA calculati | test
mentally at this energy, but there are data for a similar sys- elore starting Tu caiculations several lests were

tem, a+3He, at a wide range of energi€a7,28. It is also performed using the simple DWBA method. In the DWBA,

well known that the process of one-neutron transfer, not dist—6he tranlsmon matrix element for dineutron stripping from
He to “H can be written either ipostor prior form:

tinguishable experimentally from the elastic scattering, con-
tributes significantly to the final resulfg9]. This fact makes
the analysis ofx elastic scattering frontHe very difficult.
On the other hand, results of calculations for the
1 6 3 : H H H SF

H(°He,a)"H reaction strongly depend on the interaction in Torior={(Xpote PordUap+Upan— Up_GHemft Xat):

Tpost: <Xa,t ‘Pt| U apt Ugon—U a-t|q,6He Xp,GHe>!

the exit channel, therefore calculations with three different (5)
a+3He optical model potentials have been performed. The
parameters of the potentials are listed in Table II. where y; are the scattering wave functions in the entrance

The potentialA was obtained by Vincent and Boschitz and exit channelsy; are the bound-state wave functions of
[30] from an optical model analysis af+3He elastic scat- the triton, and®He, U; are the interactions for the different
tering at 42 MeV. It reproduces the angular distribution ofsystems listed in Tables | and Il and, fo°He, generated by
the differential cross section very well at this energy, but itssingle-folding calculations. This test showed that the final
description of the data measured at the higher energy of 65.:&sults of the calculations corresponding to both forms are
MeV, much closer to that required, is rather poor. Since this/ery close. The CCBA calculations were performed using the
potential was used in all previous analyses of thepostform.
1H(®He,«)®H reaction[2,4,5, it was also used in this work The results of the CCBA calculations are shown in Fig. 8
for comparison. with potentialB in the exit channel for the dineutron-transfer

The parameters of potenti@lwere used as starting values reaction(dashed cunve In the calculations couplings to the
for a parameter search carried out to improve the descriptionnbound states ofHe as well as transfer of the dineutron
of the experimental data for the elastic scatteringrgbar-  from those states were included. The wave functions repre-
ticles from 3He at 65.3 MeV. Optical potentiaB resulted  senting continuum bins were not normalized to unity as in
from this search. Although the fit is still far from perfect, it the CDCCB calculations. The parameters of the Woods-
reproduces the gross features of the measured angular distBaxon potential that binds the transferred dineutron to the
bution. proton to form the triton were taken from Ré&1] while the

Neudatchinet al. [29] studied thea-t scattering system spectroscopic amplitude for this projection was adopted from
more microscopically and derived dndependent potential calculations of Nemetst al. [8]. The results of the CCBA
that describes the phase shifts for this system over a widealculations reproduced the forward angle oscillation of the
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differential cross section quite well while at scattering angles 102

larger than 100° there is a shift between the data and the ) 'H(°He,)’H, 151 MeV

calculations. CCBA, set I, N=2.5
Despite the fact, that théHe—t+t breakup threshold is (mb/sr)101 '

well above the threshold fofHe— a+2n, the ground-state i pot. B

wave function of®He has a significant component originat-
ing from t+t clustering. Studies by Clarkgs] based on
t-transfer reactions induced by tritons on a number of target 10°1
nuclei supported a theoretical prediction for thide=t+t
spectroscopic amplitude to be equaHd.33[8]. This value
was also used by Timofeyuk and Thompsf@l in their 107"+
analysis of the?He(p, a)®H transfer reaction. In the present

CCBA calculations the transfer in the coupling scheme is

included to find out if its presence can reduce the shift be- 102 : . .
tween the data and the calculations at backward angles. In 0 50 100 150

test calculations, it was found that the final results depend e (deg)

only weakly on the parameters of the potential binding the c.m.\9¢8

two trl_tons in °He. Thergfore the same parameters for this FIG. 9. Dependence of the results of the CCBA calculations on
potential, as used by_ Tlmofeyuk and Thomps[@j, Wer_e the choice of thex+3H optical model potential. The potential pa-
used(Table ). Calculations with the spectroscopic amplitude ., oters are listed in Table I.

for t+t clustering equal te- 1.33 changed the results mostly

at backward angles, as expected, but generated too large a . SE

cross section value, so the magnitude of this amplitude wa&'® DWBA 2 calculationlJ . ee(R) =U s, (R) +V;p (R), sO
varied in order to obtain the best possible description of théhe couplings to the unbound states are in some sense in-
experimental data. The dotted curve in Fig. 8 shows the corcluded but not the dineutron transfer from those states. Both
tribution to the 'H(®He,«)3H differential cross section due DWBA calculations gave rather similar results suggesting
to triton transfer with thet+t spectroscopic amplitude re- that the influence of the couplings to tfiele breakup chan-
duced to—0.5. The coherent sum of the two processes,ne|5 is small. They differ from the results of the CCBA cal-
transfer of a dineutron and a triton, is shown in Fig. 8 by theculation mainly at forward scattering angles, which reflects
solid curve. Addition of thet-transfer component produced the role played by the transfer of the dineutron from the
better agreement with the experimental data. The final resutnbound states dfHe. This role is reduced by thetransfer

was found to be very sensitive to the sign of thet spec-  contribution that adds coherently to the contribution of the

troscopic amplitude. The dot-dashed curve shows resultdineutron transfer. . o
when the sign of théHe=t+t amplitude was reversed. The CCBA calculations were repeated at the higher inci-

The results of the CCBA calculations for the dent energy of 250 MeV in order to see how the results
1H(®He,a)H reaction depend much less on the differentdepend on the energy of ttiéle beam. All the input param-
a+2n binding potentials than the elastic or inelastic scatter-
ing. They strongly depend, however, on the choice of the 102
optical potential in the exit channel. The results of CCBA (0] '"H("He,)’H, 151 MeV
calculations with thex-t potentials from Table Il are shown b pot. B, set IL N=2.5
in Fig. 9. All three calculations are the coherent sums of the (mb/sr) | B
dineutron and triton transfer processes with thd spectro- 10
scopic amplitude equal te-0.5. The best description of the
experimental data was obtained with potenfiaused in all \
previous analyses of this data set. Calculations with the mi- 10°¢
croscopic potential of Neudatchiet al [29] generated the
worst result.

One of the aims of the present work was to study the role
of the dineutron transfer froMiHe— a+ 2n breakup states.
In Fig. 10 we compare angular distributions of the differen-
tial cross section for théH(°He,a)®H transfer reaction cal-

CCBA

107§

culated by means of the CCBA method with the simple 1072 + + +

DWBA calculations. In the calculations, potentiiof Table 0 50 100 150

| was used in the exit channel. In the DWBA 1 calculation, e (deg)

shown by the dashed curve, the couplings to it un- ¢.m.

bound states were not included as the poteifiab,(R) in FIG. 10. Comparison of the results of CCBA calculations with

tthentrance channel was a central single-folding potentiahe results of DWBA calculations witiDWBA 2) and without
Up-ﬁHe(R) generated fronp-+“He andd+'H potentials. In  (DWBA 1) the polarization potential in the entrance channel.
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TABLE IlI. Calculated cross sections for interaction $fle with protons at the two incident energies.

Eiap Total reaction Total breakup Breakup vid 2esonance 8He,) transfer
(MeV) (mb) (mb) (mb) (mb)

151 492.2 116.0 27.8 5.6

250 402.2 88.4 21.6 1.4

eters were the same as those at 151 MeV. The results aglarization potential foPHe is more repulsive than that for

listed in Table Ill. Generally, the calculated total cross sec-6Lj, which reflects the different binding energies of the two
tions for different processes decrease with energy. The mosiyclei.
dramatic reduction is observed for the transfer reaction. It is

In this work predictions for the differential cross section

interesting to note that the calculated value of the total reacof SHe+ *H inelastic scattering to its resonant 2tate at an

tion cross section at 250 MeV is very close to that measure
by de Vismeset al. [26] at the slightly lower energy of 245
MeV.

IV. CONCLUSIONS

A consistent analysis of existingHe+ *H scattering data
at 151 MeV as well as théH(®°He,«)3H transfer reaction

has been performed by means of the coupled channeL

method. The present analysis uses a simple two-body clust
model of ®He. Only two free parameters were used—the
depth of the imaginary part of the inpdt+ *H optical po-
tential and the spectroscopic amplitude fert clustering in

the ®He ground state. All other parameters were fixed by

previous studies.

In order to obtain a reasonable description of the elasti
scattering data the depth of the imaginary part of the
+H potential used in the calculations had to be renormal
ized by a factor ofN;=2.5. This can be due to the limited
number of processes explicitly included in the coupling
scheme. For example, the one-neutron transfer reaction w.
not included in the analysis. The present analysis shows th
the elastic scattering dfHe by a proton target is influenced
by breakup of the projectile into am particle and two neu-

trons. This breakup can be simulated in simple optical mode
calculations by a complex polarization potential added to the

centralbare potential. This induced polarization potential ex-
hibits similar properties to those found for other loosely

@xcitation energy of 1.80 MeV were made. New experimen-
tal data for this process will test these results.

Large coherent effects due to contributions coming from
two-neutron and transfer, processes that are experimentally
indistinguishable, were found for thkH(®He,a)3H transfer
reaction. These effects can make the study of detailed
+2n configurations in the®He ground state very difficult.
The transfer reaction was affected by the breakup of the pro-
Bctile mainly at forward scattering angles.

" The present analysis did not give a conclusive value for
the 6Heg_s_=t+t spectroscopic amplitude as the results of the
calculations are strongly dependent on the poorly knawn
+1t interaction. However, calculations performed with three
different interactions lead to a similar conclusion—the value
of the spectroscopic amplitude fc?dﬁeg_s_:tﬂ clustering

Gvas found to be much smaller than predicted by two-body

shell model calculationg8]. This value is very close to that

suggested by Wolslet al.[2] and only slightly smaller than

the value calculated by Aragt al. [7] from a four-cluster
model ofGHeg,S_. In this model thew cluster being the core
Rrticle is described as a three-nucleon cluster and a single
fucleon. The calculations were quite sensitive to the relative
sign of the ®°Hey s= a+ dineutron and®He, s=t+1t spectro-
copic amplitudes, with the sign found in the present analysis
greeing with theoretical predictions.
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