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Breakup couplings in ®He+“He elastic scattering
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The similarity betweerfHe+“He and®Li +“He elastic scattering data suggests that a previously performed
coupled-discretized-continuum channé®DCC) analysis of®Li+*He might be applicable to recently pub-
lished data for the elastic scattering e from *He at the three c.m. energies of 11.6, 15.9, and 60.4 MeV.

A two-body clustera+ 2n structure of®He was assumed and couplings to the first excited stafélefat the
excitation energy of 1.8 MeV as well as to the states in the continuum were taken into account by means of the
CDCC method. The calculations based on the previously performed CDCC analysis of pofarizetHe
scattering at a c.m. energy of 11.1 MeV provide a satisfactory description of the angular distributions of
elastically scattere§He even at backward angles. This result suggests that the large angle scattering has a
much smaller two-neutron transfer component than is commonly believed to be present.

PACS numbss): 24.10.Eq, 25.70.Bc

. INTRODUCTION similar. Since the sequential and direct breakuglaf into
an « particle plus a deuteron was found to play a very im-
The analysis of the elastic scattering of an exdtide  portant role in®Li +“*He scattering6], one can surmise that

beam from a*He target measured recently at the center ofanalogous effects can also be important for fitée+“He
mass(c.m) energy of 60.4 MeV in Dubnfl] provided em-  system. Thus, a study similar to that féii +*He would be
pirical evidence for a dineutron configuration in the neutron-of particular interest.
rich ®He nucleus. The angular distribution of elastically scat- In this paper, we present the results of an analysis of
tered®He could be reproduced at c¢.m. scattering angles up txisting ®He+“He elastic scattering data measured at the
100° by an optical modelOM) calculation, while at more three c.m. energies of 11.6, 15.9, and 60.4 Md\1]. The
backward angles, the two-neutron exchange process domrnalysis is based on our experience with ftié+“He sys-
nated over simple potential scattering. The correct descrip€m. where the analyzing powers provided a large set of
tion of the back angle scattering data was achieved when @Pservables to test the CDCC method for this system. The
dineutron configuration foPHe was assumed with the spec- goal of the present analysis is to determine the extent to

- . 6
troscopic factor for the dineutron cluster, here denotedras 2 which a simple two-body: +2n m°d§'_°f He, analogous to
equal to unity the previously usedv+d model of °Li, can reproduce the

The nucleus®He has much in common with the loosely experimental cross sections when coupling to breakup chan-

bound nucleuLi. Both nuclei are characterized by a large nels is taken into account.
rms matter radius of 2.5-2.6 fji2]. They do not have any
bound excited states. The first excited state’lifis a nar-

row resonance at the excitation energy of 0.712 MeV above A. Wave functions

®He is also a resonance at an excitation energy of 0.825 4 2n structure with the spin of ther2cluster set ts=0.
MeV above the®He— a+2n breakup threshold3]. The

1. MODEL

breakup thresholds fofLi and ®He are at 1.474 MeV and 1075 —

0.975 MeV, respectively. Because the main component of o 1o° °86 o Hes He, E,,=11.6Mev

the ®He ground state wave function corresponds to the clus- (mb/sr) B oL Her o1l

ter a+2n configuration, similar to the well-knowfiLi = o 10 R

+d cluster structure, one may surmise that the scattering ; oS S o

data of both nuclei on the same target and at the same c.m. 10 '-%%éé' AR

energy should be similar. 10° pod .
Comparison of the recently published angular distribution . .

of the differential cross section fdiHe+ “He elastic scatter- 1075 50 100 150

ing at 11.6 MeV c.m. energl4] with the °Li data measured 0, (e

at Florida State University at the very close c.m. energy of

11.1 MeV[5] shows that they exhibit great similarities. The  F|G. 1. Comparison of the angular distributions of the differen-
values of the differential cross section for both scatteringial cross sections fofLi and ®He elastically scattered frorfHe at
systems are of the same magnitude, and as can be seensimilar c.m. energies. The experimental data are from Geten.
Fig. 1, the shapes of both angular distributions are also verfs] and Raabet al. [4].
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The geometry of the Woods-Saxon potential between the =]

clusters was taken to be the same as previously used fa k (fm )

6Li=a+d, with the radius equal to 1.9 fm and a diffuseness

of 0.65 fm[7]. The wave function describing the relative 14 R ——
motion of the two clusters in the ground state was calculatec
in the potential well with the depth varied to reproduce the
binding energy of 0.975 MeV.

For the 2" resonance at excitation energg, 0.85 e
=1.80 MeV, corresponding to the relative motion of the
two clusters with orbital angular momentuim=2, the en-
ergy bin of 300 keV width was set at the mean energy of
0.825 MeV above the breakup threshold. The width of the (.65 .
bin roughly corresponds to the empirical va[@. The wave
function ¥ (r) was calculated using the coupled-discretized-
continuum-channels(CDCC) method. The cluster wave
functions ¢(r,k) in the bin, wherefik is the momentum of 0.45
the @-2n relative motion, were averaged over the bin width
Ak and normalized to unity according {6,10|

r,k)dk, (1) 0.25 . ISSEEEN NS

1
P(r)=——| ¢(
VNA"LK 0.825 MeV

whereN is the normalization factor andis the a-2n sepa-
ration. The depth of the-2n potential was adjusted to give
a resonance at the required excitation energy of 1.80 MeV. Ir 0.00 W o reocmeeomceenenne,
the course of the analysis a test calculation was performec
with a second. =2 resonance placed at an excitation energy
of 3.3 MeV above the breakup threshold as suggested by
Danilin et al. [8]. Its wave function was calculated in the
same way, within the energy bin of 2.4 MeV width. The
values of the excitation energies, bin widths, and potential
depths found in the course of the calculations for the three
discrete states ofHe are listed in Table I. 0 1 2 3 L
The separations of the-2n clusters in the®He ground
and 2" excited states can be characterized by the rms radii
calculated using the cluster wave functions. The obtained
values are 4.92 fm and 6.78 fm, respectively. For compari- 6
son, the rms radius of the deuteron distribution in fié _ He
ground state was 4.06 fm and in the first excited state 4.19
fm [6]. Larger values for’He are due to the lower binding FIG. 2. Discretization of th€He continuum with respect to the
energy of the ground state and the larger width of the resomomentunk of the @+ 2n relative motion used in the calculations
nance. for E¢,,=60.4 MeV. For the two lower energies the range of the
The value of the reduced transition probabilByE2;0" continuum states was appropriately limited.
—27), between the ground and 2xcited states, calculated
using the cluster wave functions, is equal to @3Bn*,
which is larger than reported recently by Aumagtral. [11]
(3.2 fm* or used in the model calculations by ®es

-0.975 MeV

et al.[12] (2.8%?fm?). However, as these values are model
dependent, this difference is not significant.

Couplings to the continuum were realized by means of the
CDCC method. The continuum above the breakup threshold
was discretized into a series of momentum bins as shown in
Fig. 2. For®He+“He scattering at the c.m. energies of 11.6
and 15.9 MeV, the full momentum space was taken into

TABLE |. Widths of theL=2 resonant bins and depths of the
a+2n binding potential for the ground state ahd-2 resonances

(in MeV). account. At the highest c.m. energy of 60.4 MeV the model
E AE Vv space was limited to the momentum of the2n relative
X motion #k=1.05: fm~!, which corresponds to an excita-
0.000 0.000 69.363 tion energy of about 18.3 MeV. The widths of the lowest
1.800 0.300 80.531 bins just above the breakup threshold were setAto
4.275 2.400 69.330 =0.25 fm ! while the upper bins were of 0.20 fm width.

Those values were found to be sufficient to descrihe
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TABLE |l. Parameters of the particléHe optical model poten- 100

tials.

Particle Uy (MeV) W (MeV) Xo (fm) 1
12 106.0 0.0 2.236 — 10
2n 64.1 2.5 2.236 o

2
>;" 100"

scattering from*He, ?®Mg, °®Ni, and 2°%Pb [6,13-19. The !

depth of thea-2n potential for the continuum states was set

to the value of 77.5 MeV, previously used ki scattering 10t —— \

[6 13_13. - zilye et al. \ ".__.-
' . this work vk
In the coupled-channel&CC) calculations each momen- 1 ... Ter—Akopian et al\

tum bin was treated as an excited state®de at an excita- \\

tion energy equal to a mean enerd,) of the bin and spin 10‘20 2 :1 é é 1=0 1o

equal to the relative momentulmbetween thev particle and R (fm)

2n in the cluster system. The valueslofvere limited toL =

0,1,2,3. The®He+“*He scattering wave functions were cal- g, 3. Comparison of the real parts of tAe+“He potential

culated at E,) and assumed to be energy independent withiryerived by means of the double-folding model by Bayeal. [17],

a particular bin. In a series of test calculations it was foundhat obtained in this work from single-folding calculations, and the

that L=2, 0.0<k<0.25 fm* as well asL=3, 0.0sk  empirical potential found from a fit to the experimental data by

<0.45 fm ! bins have a negligible influence on tfféle  Ter-Akopianet al. [1].

+“%He elastic scattering. Therefore those bins were omitted

in the calculations in order to reduce the number of channelgm is very close to that used in the empirical analysis of

SHe+ “He elastic scattering at 60.4 MeV c.m. energy by Ter-

B. Interactions Akopian et al. [1]. An OM calculation with this single-

folding potential plus the imaginary part used by Ter-

Akopian et al. [1] describes the exerimental data of the

differential cross section at forward angles as well as the

calculation presented in Reffl]. The potential derived by

All the central and coupling potentials used in the CC
calculationsV; ¢(R), were derived fronw-*He and h-*He
potentialsU , ,, by means of the single-folding method,

. 2. Bayeet al. [17] is much less diffuse than the empirical po-
Viﬂf(R)=<\Ifi(r) UZn( R+ §r tential and the potential used in this work.
- 1.
+U,| [R-3r )\I,f(r)>, %) lll. RESULTS OF THE CALCULATIONS
A. Inelastic excitations
whereR is the °He-*He separation. The clustéHe input The CDCC calculations were performed using version
potentials were assumed to have a Gaussian dfidije FRxP-15 of the coupled-reaction channels cageEsco[9].
The coupled equations were integrated out to 30 fm and 100
X 2 .
U.(X)=—Uyg; exd — | — 3) partial waves were used. All the parameters of the model
! 0i Xo) |’ were kept fixed for the three incident energies’bfe beam.

In the course of the analysis more attention was payed to the
where X is the separation between the clusteand *He 0.4 MeV data set since at the low c.m. energy fire
target nucleus. Thex-*He potential was assumed to be excitation curve could exhibit a resonance behavior. The re-
purely real. For®He+“He scattering at 11.6 MeV c.m. en- sults of the analysis are compared to the experimental data in
ergy this is justified by the large binding energy of the Fig. 4.
particle. The parameters of thenZHe real potential were The calculations reproduce the values and the shape of the
assumed to be the same asdetHe[16]. Moreover, a small angular distribution of the differential cross section for
imaginary part was added to this potential with a depth ofg, , =11.6 MeV. At the highest energy of 60.4 MeV the
W=2.5 MeV and the same geometry as for the real potenealculation reproduces the forward angle scattering data in-
tial. The parameters of the input potentials to the singlecluding an oscillation at about 25°. At backward scattering
folding calculations are listed in Table . angles the calculation predicts a rise of the differential cross

In Fig. 3 the real part of the centrdHe+*He potential  section which is observed experimentally. The two low en-
resulting from the single-folding model calculation is com- ergy data sets do not exhibit an energy dependence and the
pared to the empirical potential used by Ter-Akopg&iral.  angular distribution measured at 15.9 MeV is almost identi-
[1] and to the potential derived from a realisfiele matter  cal with that obtained at 11.6 MeV. This insensitivity to the
density by means of the double-folding modél7]. The incoming energy is not confirmed by the calculations and the
single-folding potential aPHe-*He separations larger than 6 calculated angular distribution at 15.9 MeV is shifted back-

034608-3



K. RUSEK AND K. W. KEMPER

PHYSICAL REVIEW C61 034608

1o’ 6 4 o ' “He(*He, *He )'H
3 _ ¢( He, He €
10° He + He (mblsr) |, -= Eizl) Hoiey
107 11.6 MeV 10 B 0.25 <k <045 fm"'
(mb/sr) . 40
10 107
107 10°°
1 040 50 100 150 50 100 150
eCm(deg)
10° 15.9 MeV
FIG. 6. Calculated angular distribution of the differential cross
10° section for the®He+ *He— (°He* = a+2n) +*He inelastic scatter-
10° ing at the c.m. energy of 60.4 MeV corresponding to the 2n
/e momentum bin ranging from 0.25to 0.4% fm~!. The curves
10° % !!’ show contributions due to the different relative orbital momentum
107 ' of the two clusters.
40 50 100 150 _ ) _
10 estimates the measured values of the differential cross sec-
10° 60.4 MeV tion up to 120° as shown by the dashed curve. Inclusion of
10° the coupling to the resonancelt=1.80 MeV reduces the
10’ calculated values of the cross section at forward angles and
10° enlarges them at more backward angles. Couplings to the
107 nonresonant states further improve the descriptisolid
107 curve. _ _ _ _
10° CDCC calculations predict a rise of tféle+*He elastic
0 50 100 150 scattering differential cross section at backward angles. This
0 (deg) effect was seen in the experiment by Ter-Akopé&tral. [1]
c.m.

FIG. 4. Results of the CDCC calculations féide+ *He elastic
scattering at three c.m. energies. The data sets are from[Rgfks.

and interpreted as a contribution from the two-neutron ex-
change process, not distinguished experimentally from elas-
tic scattering. In the present calculations this rise emerges
naturally from coupling to the breakup channels. Coupling to
the 2" resonance plays an especially important role as illus-

wards by about 15° in comparison with the data. Fbf a0 i Fig. 5. The calculations without this resonance,

scattering at 11.6 and 15.0 MeV, the expected shift t&nown by the dotted curve, do not describe the experimental
smaller angles at higher energy is obsery8f] suggesting yata.

that resonance contributions are present at the hiGhier This sensitivity to theL=2 resonance was further ex-
energy. _ _ loited to test whether the elastic scattering data probe the
Coupling to the breakup channels is found in the course Obtrycture of theL =2 continuum. Predictions made by Da-
the calculations to affect considerably the process of elastigjjin et al.[8], based on a three-body+n+n cluster struc-
scattering at all three energies. In Fig. 5 the effects generatgg,e of 6He suggested the existence of a secohcyRadru-
by the couplings to the different breakup channels are showgge resonance at an excitation energy of 3.3 MeV above the
for the c.m. energy of 60.4 MeV. The OM calculation over- hreakup threshold. Present CDCC calculations with this
resonance included and represented by the wave function

10* - " generated as described in the previous section produced a
o 10° He + He worse description of the experimental data at all thfeke
(mb/sr) 10? o~ — gggg " 26?::“"" incident energies.

; N oM N In Fig. 6, the angular distributions of the differential cross
10 section for the direcfHe — .+ 2n breakup corresponding
10° to the excitation energy ranging from about 2.0 MeV up to
10~ Sy 4.0 MeV are shown. At backward scattering angles the
102 AN breakup is dominated bly=2 cluster states and coupling to

3 ST these breakup channels is mainly responsible for the rise in
10 0 50 100 150 the elastic scattering cross section at backward angles.

The total scattering amplitude can be decomposed into
components of near-side and far-side scattering. Such de-
FIG. 5. The effects of sequential and direct breakup of the procomposition is used for exploring the role of coupling effects
jectile on 8He+“He elastic scattering at the c.m. energy of 60.4in the scattering18]. The ®He+“He potential scattering at
MeV. The data set is from Ref1]. See text for details. E.mn=60.4 MeV is dominated by the far-side component.

ec:.m. (deg)
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10° 60
@ Nuclear + Coulomb breakup
10*+ © Coulomb breakup - 4 6 6 * 4
¥ 2n transfer > He( He, He ) He
5 L
10 oe
2 : = 60.4 MeV
E10° < 7
o 5 g 40 _
) S L —-—- 3
10 o FUOJ* - 2i
10°4 . z -—= 1
_8 ..................... 0
0 20 40 60 80 100 207 1|
Ec.m (MCV) =
FIG. 7. Energy dependence of the calculaféte total breakup A
cross section(solid circleg, its component due to the Coulomb I I_ —
interactions(open circleg and the cross section for the dineutron 0 L o ,
transfer reaction. 0 5 10 15 20

E, (MeV)

As a result of this component, the results of the OM calcu-
lation overestimate the experimental data. Couplings to the FIG. 8. Calculated spectrum fdiHe+*He— (°He* = a+2n)
breakup channels reduce the far-side component while the “He inelastic scattering at the c.m. energy of 60.4 MeV. Hgre
near-side component remains almost unchanged. The dondenotes the excitation energy of thele= a+2n cluster system.
nation of the far-side scattering is not so evident at low enThe curves show contributions from thet2n breakup states cor-
ergy but also, there, couplings to the breakup channels reesponding to the relative motion of the two clusters with orbital
duce mainly the far-side scattering. This effect can beangular momenturh=0,1,2,3.
simulated by a reduction of the central attractiveal
nuclear potential. Thus, couplings to the sequential and diaccount in the data analysis. In the present analysis the trans-
rect breakup channels produce a polarization potential of r of the dineutron from théHe, ¢ is taken into account by
repulsive nature, analogous to that seen previously’for  means of the coupled-reaction-chann@RC) method and
scattering[18]. after correction for the scattering angle coherently added to

The total breakup cross section was found in the course ahe elastic scattering amplitudes.
the calculations to be almost independent of scattering en- The total cross section for this process is the largest at the
ergy as plotted in Fig. 7. At 60.4 MeV the value of the c.m. energy of 11.6 MeV and decreases with increasing in-
calculated total breakup cross section was equal to 606 méident energy more rapidly than that for Coulomb excitation
while at 11.6 MeV it was slightly larger, 637 mb. This simi- (see Fig. 6. The transfer of the dineutron modifies the results
larity is a result of the fact that the description of the threeof the CDCC calculations for the angular distributions of the
data sets could be achieved with the fixed depth of the imagielastic scattering differential cross section at angles other
nary part of the B-*He potential used as an input to the than the forward ones. An example is shown in Fig. 9. The
single-folding calculations. The contribution to the total results of calculations with effects §He breakup included
breakup cross section due to the Coulomb interactions iby means of the CDCC method are shown by the dashed
found to be very small. The whole process is mainly drivencurve. The dotted curve presents calculated angular distribu-
by nuclear forces. With increasing incident energy the Coution of the dineutron transfer process, corrected for the scat-
lomb contribution becomes smaller. tering angle. The results of the final CRC calculations, taking

As shown in Fig. 8, the main contribution to the total into account the effects of breakup and dineutron transfer,
breakup cross section comes from the states corresponding to

the *He-2n relative motion with orbital angular momentum 10*
L=2. However, just above the breakup threshdlds 2 C 4 e ‘He+'He
states contribute negligibly to the total breakup spectrum, (mbfst), o == CDeC 604 MeV
since the spectrum is dominated by0 andL =1 states. It 101
is interesting to note that the angular distributions of the 10
differential cross section for the two contributions are very 10°
similar which makes it difficult to distinguish between them. 1074,
Breakup states with =3 start to be important at excitation 1072
energies higher than 4 MeV. 1072
0 50 100 150
B. Dineutron transfer ec.m.(deg)

The process of exchanging a dineutron between the pro- FIG. 9. The effect of the dineutron transfer reaction on the cal-
jectile and the target nucleus is experimentally indistinguishculated differential cross section f6He+ “He elastic scattering at
able from elastic scattering and therefore has to be taken intibe c.m. energy of 60.4 MeV. The data set is from R&f.
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are plotted by the solid curve. Inclusion of the transfer gen- The role of the dineutron transfer was investigated by

erates a more oscillatory shape of the calculated angular disaeans of the CRC method. Inclusion of the transfer influ-

tribution, with a deep minimum at about 80° c.m. in the ences the angular distribution of the differential cross section
scattering angle. For the 15.9 MeV data set the inclusion oét backward scattering angles. The contributions of the trans-
the transfer has a much weaker effect, while for the lowester and ®He breakup process are found to be of equal impor-
energy of 11.6 MeV it deteriorates the description of the datdance.

obtained by the CDCC calculation. The present analysis is not able to answer the often raised
question as to whethetHe is a halo nucleus. The results
V. CONCLUSIONS obtained in the present work show that the scatteringHxf

) 4 ) ) can be treated in a two-body cluster model as is the scatter-
The present analysis dfHe+“He elastic scattering data jhg of SLi. The amount of available experimental data on
at the three c.m. energies of 11.6, 15.9, and 60.4 MeV byya scattering is at present very limited but new possibilities
means of CDCC calculations supports the suggestiot] ¢, nerform experiments wittfHe beams will open in the

that the experimental da\tﬁa can be described in terms of geqr future. The results obtained in the present work show
simple two-body model oPHe. In this model,"He was as-  he need to perform scattering experiments with ex8ke
sumed to consist of aa core and a dineutron cluster bound paams on targets and at energies whrescattering data

by a potential analogous to that used previously doFd 46 giready available so that the comparison betwiiée

clusters forming the nuclew’Li. _ and bLi scattering may shed light on the details of the struc-
At higher energy, the CDCC calculations reproduced thg ;e of SHe.

forward angle scattering data including an oscillation at
about 25°. For these angles, the role of breakup is similar to
that found for other loosely bound nuclei like'Li or °Be:
coupling to the breakup channels reduces the far-side scat- The authors thank Dr. Andreas Piechaczek for supplying
tering amplitude. This reduction can be simulated by a repulthe lower energy’He+“He scattering data in tabular form,
sive polarization potential. At more backward scatteringand for several very helpful discussions. This work was sup-
angles, complicated coherent effects arise mainly from couported in part by the State Committee for Scientific Research
pling to theL =2 breakup states so that the elastic scatteringKBN) of Poland, the U.S. National Science Foundation, and
cross section is not reduced but enhanced. NATO.
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