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Proton-induced reactions on®He at low energies
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Finite-range coupled channel calculations of proton-induced reactiofislernave been performed below
the ®He three-body breakup threshold, assuming thattiparticle core is inert. The coupling scheme included
all transitions between open channels and therefore no imaginary parts of the interaction potentials were used.
The calculations have revealed a complicated dynamics op theHe interaction at the chosen energy, with
couplings to all open channels being important to generate the final cross sections. The total absorption from
the elastiqp+ ®He channel depends on the details of the interactions employed in the three-body mtdel of
and shows a strong correlation with the r.m.s. radiuldé. The role of the exchange mechanisms was
investigated within the framework of the distorted-wave Born approximation. It was found that both the triton
exchange®He(p,*He)t and two-neutrorfHe(p,t)*He direct transfer mechanisms produce comparable cross
sections. The investigation of the radiative captfire(p,y)’Li in the potential model shows strong suppres-
sion of theE1 transition because of the destructive interference between the external and internal contributions
to the reaction amplitude and the absorption in the incident channel.

PACS numbse(s): 24.10.Eq, 25.46-h, 25.60-t, 27.20:+n

[. INTRODUCTION earlier[2]. It was found that one can obtain a good descrip-
tion of the absolute values of the differential cross sections if
Nuclear reactions induced by radioactifele beams are the three-body nature of theHe nucleus is taken into ac-
considered as a source of our knowledge about the structugount. The population of théLi in the final state may pro-
of the ®He nucleus. However, since the information aboutceed, however, via the two-step procepsd)(d,n) whose
the structure is obtained from such reactions indirectly, itgole at low energies is not clear. The same neutron transfer
accuracy depends strongly on the adequate description of tfgaction 6.d) initiates the two-stepf,d)(d,t) flux to the
reaction dynamics. It is clear that the low three-body breakup He+t channel. This two-step process competes with the
threshold in®He creates difficulties for the theoretical inter- diréct two neutron transfem(t) which is believed to be a
pretation of the experimental data. Other problems may aris800d test for two-body nucleon-nucleon correlations in
due to the target excitations. To minimize the uncertaintie@OMic nuclei. Since the dominant component of fiee
caused by the reaction dynamics one can either significantl ave function is represented by a correlated dineutron pair

increase the incident energy of tAle beam so that only the oving around thex (.30“.3.[3]’ the. transfer of the correlatgd
. ) ; : dineutron pair may significantly influence the cross sections
simplest reaction mechanisms survive, or go below%He

breakun threshold and to use a hvdroden target of the (p,t) reaction. The existing theoretical calculations of
b ) ' hydrog get. the ®He(p,t)*He reaction atE,=2-5 MeV/nucleon[4]

In this paper we considetHe-induced reactions by a hy- predict a strong competition between sequential and direct
drogerg target at very low energies. An experiment with 6,;cesses at low energies. However, these calculations un-
MeV "He beam on™“C target has been already done atyerestimate the experimentally measured cross sections at
Louvain-la-Neuve cyclotron [1]. A peak from the g _32 MeV/nucleon if5] by about three orders of mag-
®He(p,t)*He reaction was also seen in this experiment dugitude. Recent studies SHe(p.t)*He reaction at higher en-
to the small hydrogen contamination of the target, whichergy in[6] indicate that the transfer of the correlated dineu-
suggested large cross sections of this reaction. The corrgron makes the dominant contribution of the cross section of
sponding center-of-mass energy of the proton in this casgis reaction.
was 0.87 MeV. At such an energy titele breakup channel  According to the general reaction theory, open channels
is closed, which simplifies the theoretical interpretation Ofgive rise to imaginary parts in the interaction potentials. The
the reaction mechanism. On the other hand, since the Cogmaginary parts are absent, however, if all the open channels
lomb barrier for thep+°He system is only about 400 keV, are taken into account explicitly in the coupled-channel for-
the protons could penetrate insidéle, thus providing us malism. Since the number of the open channels in the
with information about thé’He structure. p-8He scattering is reasonably small, there exists an oppor-

Only a few channels are open in tpe®He scattering at  tunity to perform the full coupled-reaction-chanr&@RC)
E;™=0.87 MeV: charge exchangéHe(p,n)®Lio;, one calculations between these channels with zero imaginary
nucleon transfer ®He(p,d)°He, two neutron transfer parts for all the projectile-target potentials involved.
®He(p,t)*He, and radiative capturéHe(p,y) Lio;. One In this paper, we consider all possible two-way couplings
would expect that all these reactions should result from thdetween the above-mentioned channels excluding the
interaction of protons with valence neutrons tle while  ®He(p,y)’Li electromagnetic channel. We estimate the
the a core can be considered as inert. The charge exchandtHe(p, ) Li cross section separately in the direct radiative
reactions p,n) and (h,p) on A=6 target have been studied capture model. We investigate the sensitivity of the angular
at higher energies in the four-body distorted wave theorydistributions of elastic scattering and all reactions to the re-
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action dynamics considered, and to the choice of the three-
body He wave function.

In Sec. Il the finite-range coupled channel calculations of
the proton-induced reactions dile are performed. In Sec.
[l we estimate the role of the exchange effects within the
framework of the distorted-wave Born approximation
(DWBA). In Sec. IV the contribution of the radiative capture
SHe(p,y)'Li(g.s.) is estimated. Some concluding remarks
are given in Sec. V.

Il. COUPLED CHANNELS IN THE LOW-ENERGY I I il v

p-°He SCATTERING FIG. 1. Coupling scheme for the+®He scattering.

Strictly speaking, thep-®He scattering is a seven-body o1t
problem. In the coupled reaction chant€RC) formalism b n+°Li(37,2.18 MeV),
this seven-body dynamics is replaced by the coupling\ of
possiblepairs of subclustersn;; and my; in different parti-
tionsi=1...N, wheremy;+m,=7. The total wave func- T
tion is represented by a sum of product of pairs of internaIF
¢1i and ¢,; and relativeF; wave functions in the various 0
partitions:

IV t+“He.

he coupling scheme between these partitions is presented in
ig. 1. If the proton center-of-mass energy is larger than
.838 MeV, then an isobar-analog channel

lllc n+5Li(0",3.56 MeV)

N
V= 241 $1ib2iFi(R)/R;, (D is open as well. To minimize the number of channels we will
consider the proton energies below this threshold. Actually,
we make calculations &'%°=0.97 MeV which corresponds
to the maximum energy of theHe beam at which the chan-

The radial relative wave functior, are obtained from nel llic is closed. Let us note that at this energy fitée and

: - I . deuteron breakup channels are closed. Although virtual
':Ehe solutions of radial Schdinger equations for total energy breakup of thé’He and/or the deuteron may take place, these

are still included in the CRC formalism insofar as they are
nonorthogonal to the rearrangement channels.
f (R There exists also an open three-body chanftéé+d
+n at the energy considered. This channel contains low-
R energyp-wave andd-wave resonances in théHe+n and
+> f de’Va.a/(Ri,R’)fa,(R’)zo, ) a+d subsystems. Therefore, one would expect that the
o Jo ' population of these resonances would exhaust the major part
of the “He+d+n continuum. We describe théHe+n and
where « is a general index that includésas well as the “He+d resonances by the continuum bin wave functions
angular momentum quantum numbers. Rygis the radius  (see Ref[7]) calculated with the correspondirfide+ n and
outside of which all couplings are assumed to be zero, and i4He+ d potentials which provide correct locations of these
taken as 50 fm in the present calculations. The nonlocalesonances, and we present thide+d+n continuum as
terms withV,.,(R;,R’) arise from the transfer of one or two-body d+°He andn+°Li(3%) channels(partitions II
more nucleons, coupling together the different partitions and llib, respectively The population of these two-body
andi’, and may havepost or prior forms that should be channels in the three-body continuum is explicitly treated in
equivalent when the appropriate nonorthogonality terms arehis paper.
included. The energies;; ande,; are the internal energies of In the following we will use two®He three-body wave
nuclear statesp;; and ¢,;, respectively, ang; is the re-  functions to determine théHe+n+n dynamics[3]. These
duced massn;;m,;/(my;+m,;). Equations(2) are solved are both calculated using the hyperspherical harmonic expan-
iteratively using the coderesco[ 7], with Padeacceleration  sion method, and include hyperharmonics upKtQa,= 20.

where F§i is the relative coordinate between the two frag-
ments in partition.

hZ

d?> L,(L,+1)
2pi

— - + e+ e—E
dez Rlz 1i 2i

if necessary near resonances, as described in[Rlef. The first(A), from [8], has a two-neutron separation energy
In the case ofp+°He the following partitions can be of 0.975 MeV and, with anv particle rms matter radius of
considered below the breakup threshold: 1.49 fm, yields a®He rms matter radius of 2.50 fm. The
second wave functioiiB), calculated assuming a modified
| p+°He0",g.s), three-body interaction term, has separation energy 0.985
MeV, and produces &He nucleus with a smaller rms matter
Il d+°He(3/27), radius of 2.35 fm. Both use the-*He potential from Ref.
[9], and the Gogny-Pires-Tourrefl-n potential [10] with
lNla n+°©Li(17%,g.s), spin-orbit and tensor components. A triton wave function
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was constructed with the same hyperspherical harmonic ex- TABLE I. Spectroscopic amplituded,s; used in the coupled
pansion method with .= 28. We fitted an additional sca- channel calculations.
lar three-body potential to the experimental binding energy;

and obtain a triton rms matter radius of 1.8 fm. The two- Is] Alsj
nucleon transfer form factok$He| a) and(p|t) and the cor- t=d®n oiL —1.225
responding vertex functions(°HelV,, ,+Vy /@) and SHe(3/2 )= “Hean 1f§ 1118
(PIVnp+Viplt) were calculated from the three-body mod- 61051632y li; 14365
els for ®He and triton using the same interactions in the 6Li(1+)=5He(3/2)® 12;25 0.7322
transition operator that were used to calculate the wave func- ¢ .,. .\ 5 P 22 '

. 6 . . Li(1 *)=5He(3/2)op 131 0.5598
tions. The A and B°He wave functions, both with the cor- 5Li(3 1)~ SHe(3/2 )@ 113 10954
rect breakup threshold, will allow us to gain a first impres- ="~ ' P 22 :
sion of the sensitivity of the low-energy reaction calculations GL!(1+):4He®d 011 —1.056
to the assumed three-body wave function®fe. Prelimi- Li(3 ") ="Hexd 023 1.0607

nary corresponding predictions for Coulomb breakup have
already been examindd1].

Since all the open channels are included in the coupling,
scheme, we set the imaginary parts of projectile-target poteny,
tials to zero and we represent their real parts by folding po
tentials. We calculate the folding potentials for partitions |
[, and IV using the M3Y effective interactiorjd 2], that are
based on the Reid-soft-cofe¢N potential with a knockon
exchange term. ThéLi, “He, and triton densities were
taken from the electron scatterif3], with Gaussian form,

The charge-exchange form fact8He|°Li(1 ")) has been
ken from[2]. However, here we keep only the-0 part of

e transition density. We have neglected the charge-
exchange coupling between thet®He and n+°Li(3 ")
'channel because it is determined by a wealk transition.

The full finite-range treatment of one- and two-nucleon
transfer form factors has been performed including the rem-
nant term in the transition operator and the nonorthogonality
) . . . corrections. The inclusion of the nonorthogonality terms is
while the A and B6I-!e densities for folding were denyed crucial to get the same coupled-channels results both in post
from the corresponding three-body wave functions with a4 prior forms of coupling terms. We do observe a good
Gaussiany dsnsny of radius 1.49 fm given above. We cal- 5greement between the post and prior calculations when only
culate thed-°"He(3/2") pftenual by folding thed-n and e hody couplings are present, However, the choice be-
d-"He interactions W'tm‘; He continuum bin wave function  yyeen post and prior representations for the two-nucleon
that is found using the-"He potential again of Ref9]. The  yansfer form factor still produces 5-20 % difference in the
depths of thed-n andd-a potentials have been chosen 10 gngyar distributions but no more than 5% change in the total
reproduce the triton anfiLi(g.s.) bound states in the two- ¢ross sections. This difference is much smaller than the un-

body potential modelé 5 - certainty arising due to the choice of the input interactions
To calculate the(°He[>He), (°Li|°He), (t|d), (p|d),  and wave functions.

(nld), and<6Li(g.s_)|4He> overlap integrals, the well depth  First of all, in order to see the relative importance of
procedure was usedvith standard geometry parametets  ifferent couplings in thep+He scattering at the chosen
621_-25 fm and a=0.65 fm (;./\éerywhere except for the epergy, we have performed several preliminary coupled
Li(g.s.) nucleus whereR=4"",, ro=1.575 fm were channel calculations where only some selected channels or
used. For °Li(3") the d-*He model is used WithV  couplings have been retained with the modebeing used
=115.06 MeV, ro=1.575, anda=0.65 fm to reproduce for the *He nucleus at this stage. For example, three mecha-
the resonance in thd wave at 0.711 MeV. No spin-orbit pisms may be responsible for the population of fiée+t
potentials were used in these cases. All the spectroscopifyannel: direct transferp(t) of two nucleons, two step
amplitudes were consistently calculated within theyansfer 0.d)(d,t) and two step exchange-transfer

translation-_invariant shell-mode[14] using shell-model_ (p,n)(n,t). So, we have performed three coupled channel
wave functions fronﬂs]. The values of these spectroscopic cg|cylations with zero imaginary parts keeping orfly:par-
amplitude are given in Table I, where their signs have beegtions I, IV and two-neutron transfer form factaii) parti-

changed according t’iREsgoi ccinverltion for angular mo- {ions 1, 11, IV and one-nucleon transfer form factorij )
mentum couplingst +s;;=j, j + sy =J with s;; andsy; be-  partitions |, llla, IV, charge exchange and deuteron transfer
ing spins of subclusters 1 and 2 in the partition form factors. Two-way couplings were always considered,

with their effects included to all orders in the CRC solution.
The results are presented in Fig. 2 where they are compared
IStrictly speaking, the overlap of the BorromeSide wave func- with full CRC calculations. One can see that the simulta-

tion with the wave function of the particle-unstable nucléige ~ N€OUS transfer f,t) and two-step g§,n)(n,t) mechanisms
does not necessarily lead to the single-particle wave function whosg@ive similar Shapt_es for Fhe angular d'_St”bUt'OnS of the
asymptotic is defined by the neutron separation energy. Since, how:He(p,t)*He reaction, which are very different from the
ever, we consider only two-body channels in our CRC approach, wéwo-step 0,d)(d,t) transfer via the®’He(3/2°) resonance.
still use the separation energy prescription for ¢fidel°He) over- ~ The angular distributions obtained from the full CRC calcu-
lap keeping in mind that accuracy of this approximation should bdations are similar to those calculated assuming only the
investigated separately in the future. (p,d)(d,t) couplings but the absolute values of the full CRC
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I 6 I 4 I lab I ' 10° T T . T .
He(p,tyHe E,~ =0.97 MeV 6 s b
10° | i He(p,d) He Ep =0.97 MeV
—— (p.d)}d,Y) 6 =567 mb
---=- (p,n){n,t) o =183 mb
o -—-(phH o=182mb ., F
5 — 1l CRC o =184 mb 10
- o
s 2
g 5
8 3
© =}
© 10’
---- (pd) o= 1014 mb N
==~ (p,d)}{d,n) 6 =939 mb \
—-— (P.d)d) 6 =924 mb \
—— full CRC o = 983 MeV \
0 3‘0 6I0 9I0 1 éO 1 éO 180 10° L L . . . X
9 (degrees) 0 30 60 90 120 150 180
6 (degrees)
FIG. 2. Coupled channel calculations of thide(p,t)*He reac- . . .
P (p.t) FIG. 4. The ®He(p,d)°He reaction obtained from couplings

tion restricted to two-neutron transfédashed ling sequential )
(p.d)(d,t) transfer (dotted-dashed lineand two-step ,n)(n.t) onI_y between proton and deuteron_ chann(elstted ling, from re-
exchange-transfeédotted ling. Full CRC calculations are presented action p_aths .d)(d.n) (dashed ling and (p,d)(d,t) (_dot_ted-
by solid line. See text for details. ?ea:(sthfi? CIilgfaaillzsull CRC calculations are presented by solid line. See

cross section are about three times smaller.

Another example is the population of the+°Li(g.s.)  results for the®He(p,n)®Li(3*) reaction since we did not
channel which may proceed either directly kiy,if) charge take into account=2 exchange form factor which is impor-
exchange or via the two-step,d)(d,n) transfer. So, we tant for this particular channel. These cross sections are
have performed two calculations keeping ofilypartitions I,  small, more sensitive to the errors of calculations and there-
llla and charge-exchange form factor afiid partitions I, Il,  fore less reliable.
llla, and one-nucleon transfer form factors. The results are In all the examples considered above there is flux transfer
presented in Fig. 3. The population of the same channel to the d+°He channel. The cross sections of the
+5Li can also be calculated as an intermediate stage of &He(p,d)®He reaction corresponding to different combina-
CRC calculation with bidirection charge exchange-transfetions of reaction paths, as well as to full CRC calculations,
(p,n)(n,t) couplings to the*He+t channel. The cross sec- are shown in Fig. 4. One can conclude that the shape of the
tions of the ,n) reactions obtained from the previous angular distribution is almost independent of the coupling
(p,n)(n,t) calculations and full CRC calculations are shownscheme chosen. The absolute values of these cross sections
in Fig. 3 as well. Figure 3 shows that the,0) and are very close to those calculated assuming omplyd) or

(p,d)(d,n) paths generate lardiHe(p,n)SLi cross sections, (p,d)(d,n) paths.

but as soon as the larg@-value channefHe+t is open, the Each variant of the coupling scheme considered above
(p,n) cross sections drop significantly. We do not show theproduces angular distributions of the elastic scattefng
5He. Elastic scattering calculated with partiticis!, 11, llla;
10 : : : ; ;
*He(p.n)’Li(g.s.) E,* =0.97 MeV - ; - ; ;
10° t ---- (pn) 5=630mb 1 *He(p,p)°’He E.** =0.97 MeV
——~- (pd){cn) o =541 mb P
—-— (pn) from {pn)(nt) c=25.5mb —-— (p,d){d,n)
= — fulCRC 6=209mb _ __ ——pddy T =i
7] 2 | 10 +
3 10 === (o) -
E —— folding TS S
— full CRC
g 10’ o ’
3 ®
10°
1 4
107 : - ' : '
0 30 60 9 120 150 180
8 (d ; ; ; ; ;
(degrees) 0 30 60 90 120 150 180

FIG. 3. Coupled channel calculations of thide(p,n)®Li(g.s.) 6 (degrees)
reaction restricted to charge exchange didgtted ling, sequential FIG. 5. Elastic-scattering ratio to Rutherford féle(p,p)®He

(p,d)(d,n) transfer (dashed ling and two-step g,n)(n,t) arising in different coupling schemes, in no-absorption optical
exchange-transfefdashed-dotted line Full CRC calculations are  model(thin solid line and full CRC calculationsthick solid line.
presented by solid line. See text for details. See text for details.
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(i) 1, I, 1V, and (iii) I, IV are compared in Fig. 5 to the
elastic scattering calculated in the no absorption optical g “HoppHe — 162
model with the same folding potential. The angular distribu- ) ' T~
tions calculated with partition&v) I, Illa, IV are not distin-
guishable from caséii) therefore they are not shown in Fig.
5. The (,t) and (p,n)(n,t) coupling schemes gave the
smallest deviation of the elastic scattering angular distribu-
tions from the no-absorption folding optical model. The de-
viation is larger for the §,d)(d,n) and (p,d)(d,t) reaction
paths, however, their influence is very different. The full
CRC elastic-scattering angular distributions deviate from the
no-absorption optical model most strongly.

Partial cross sections for deuteron, triton, and neutron fi-
nal channels are presented in Fig. 6: Str.ong contnb_utpns 107 e 0
from the 1/2° partial wave can be seen in this figure which is 9 (degrees) 6 (degrees)
naturally expected for the very low projectile energies. How-  FiG. 7. Full CRC cross sections calculated with the two-neutron
ever, significant increase of the cross sections in thé 3/2 transfer form factor corresponding to the larfide model A and
partial wave witnesses the presence of the resonance in thise smaller model B with r.m.s. radii of 2.50 and 2.35 fm, respec-
wave. Such a resonance indeed exists in the spectrum of thigely.

’Li nucleus at 9.9 MeV and has a large width of 1.2 MeV.

The resulting cross sections for all channels depenahannel. Total cross section of the,fl) reaction has de-
strongly on the input parameters, mainly on the signs andreased by a factor of Gee Table I, slightly increased for
values of spectroscopic amplitudes and three-body wavép,t) reactions and increased by 50% for ther,) reac-
function of ®He. Studies of single nucleon transfer reactionstions. Total reaction cross section has decreased by 37%.
on 1p-shell nuclei have shown many times that, in general,Thus, it shows that the simultaneous two-nucleon transfer at
the shell model spectroscopic factors are quite reliablelow energies does play an important role in formation of the
Therefore, we will show how the choice of the model for thedistribution of the incident flux into different final channels.
three-body®He wave function influences the cross sectionsSimultaneous experimental studies of proton-induced reac-
in the CRC calculations. We repeated the full CRC calculations on®He at low energies can therefore help to understand
tions with the three-bodyHe wave function B with shorter better the structure of the three-body function®fe.
radius three-body force, and hence the smaller root-mean-
square matter radius fdiHe of 2.35 fm. We have found out
that if different models of®He are used to calculate the . 6
—5He folding potential, the results are not sensitive to that | €ré are two groups of exchange effects in phe°He
choice. However, differenfHe wave functions used for the Scattering. One of them involves ‘%” 'posse|bl'e tgansfers of
two-nucleon transfer form factor give dramatic changes td'€avy particles, for examplelHe(p,°Li) n, °Li(n,°He)d,
the results of the CRC calculations, which are demonstrate8IC-» @nd another one includes all possible rearrangements
by Fig. 7. One can see that angular distributions have beefithin th_ea core itself. !n the previous sections only direct
changed significantly, especially for the deuteron outpumechan!sms were considered. However there are cases, con-
sidered in[16] for example, where the exchange effects may
play an important role at low energies as well.

10°

-
L
o

10°

(Us/qui) Tp/OP

10"

3 3

“He(p,t)*He AN . .
A v/ He(p,n,)"Li
-—-B

do/dQ (mby/sr)
(1s/qw) Bp/Op

—a
} ---B

10"

Ill. EXCHANGE EFFECTS

500

Our DWBA estimations show that the contribution of the
o~ "He(p,0)*He & — -+ "He(p,d)He exchange effects of the first kind is about 5 to 6 orders of
400 F *\ o—u *He(p,t)’He | = - *He(p,1)*He magnitude smaller than that from the direct transfers. In our
\\ o -~ Ho(p,n)'Li o -+ *Ho(p,n)’Li case the most significant exchange effect of the second kind
200 \\ . may arise due to the presence of thet configuration in
5 | ? 1
§ i / 4 ‘ TABLE Il. Reaction cross sections calculated with different
© \ Iy A ‘ B two-neutron transfer form factors corresponding to different model
200 F \ I 1 1 S ponding fo difterent models
\ /I \‘ \ A and B for the®He g.s., with different radii.
. N0 oA
100 - & N \ h \‘\“ VAR e (mb)
AU T S AN Reaction A (r5)¥2=250 fm  B: (r)¥2=2.35 fm
\‘:\.{,i,,\_ &\\ v \ \\‘/ "\\X\
o P16 POl (p,d) 983 321
Ve T 3 ar s o Ty T vz 1z a2 4z 6 55 TE T (1) 184 212
FIG. 6. Partial cross sections for théHe(p,d)°He, (P,Ng) 209 328
He(p,t)*He and ®He(p,n)®Li reactions calculated in the full (p,ny) 35 22
CRC, for different®He models A and B which predidéHe r.m.s. Total 1411 883

radii of 2.50 and 2.35 fm, respectively.
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TABLE IIl. Effective optical model potential which reproduce 10? . . . : .
the elastic scatterings from the full coupled channel calculations. 6He(p p)GHe

1

The potential depths and laboratory energies are in MeV, radii and 10" |

diffusenesses are in fm ariR|=r;AY®. See text for the spin-orbit E, =0.97 MeV oM
interaction in thet+“He channel. 10° o full CRC 1
Eap Vg R agr Wp ) ap \ ) t t t f }
10" F He +t

p+°He 097 4935 1.33 0.155 17.83 1.804 0.161 .2

E, =14.59 MeV o full CRC 1

d+°He 1.66 101.63 2.728 0.199 26.15 2.207 0.0483 % 10" OM fit
t+%He 1459 1059 1.98 0.405 29.8 1.91 0.045 10° ]

1 d+ 5He
®He. It is well known that this configuration is importantto 10" E, = 1.66 MeV 2o o o oo
obtain a correct binding energy dfHe in the resonating o /
group method17]. The ®He=t+t configuration has been ~ '° °fou,|\|,|cf>i?c ]
already experimentally investigated in tHei(t,°He)*He, 10” . . . . .
9F(t,%He)t%0, 3C(t,°He)'B, and '2C(t,°He)°B triton 0 30 60 90 120 150 180
transfer reactions d,=38 MeV[18]. In that work the de- b (deg)
scription of the angular distributions of ’[hJe?C(’[,GHe)lOB FIG. 8. Angular distributions of the elastic scatterings in the

and 2C(t,°He)°B reactions was very poor and therefore +°He, t+*He, andd+°He channels obtained in full coupled chan-
these reactions can not serve as a source of the reliable d@e! calculations and their optical model fits.
termination of the spectroscopic factors. The description of
the angular distribution of théLi(t,°He)*He reactions was for the ®He wave function in the DWBA. One can see that,
good in the angle range available from the experiment. Howwithin the DWBA, the triton exchange transfer leads to
ever, in this case an important contribution from the remnantnuch larger cross sections than the direct two-neutron trans-
term of the transition operator should arise. Neither this confer.
tribution nor an interference with the exchange As for the sequentiald,d)(d,t) transfer, it is not possible
"Li(t,*He)®He mechanism had been taken into account ando separate uniquely its contribution due to nonorthogonality
therefore the spectroscopic information from this reactionconsiderationd19]. We show in Fig. 9 the results of the
was not reliable. As for thé%(t,°He)®O reaction, the de- prior-post calculations of thé€He(p,d)(d,t)*He in which
scription of its angular distribution was very satisfactory andthe contribution of the nonorthogonality term is zero. The
the extracted spectroscopic factors do not contradict to thBWBA two-step transfer cross sections are much larger than
theoretical shell-model value of 1.33 for the spectroscopic the DWBA one-step [§,t) cross sections. This result could
amplitude for the(°Helt®t) overlap. lead to the conclusion that the role of the simultaneous two-
At present we are not able to include exchange effects imeutron transfer is small at very low energies. However, as
the coupled reaction channel scheme. So, we estimate the
role of the®He(p,*He)t exchange transfer in the DWBA. To ' - ' ' -
provide necessary optical potentials, we first fit the angular
distributions forp+°®He, d+°He, and*He+t elastic scat-
terings calculated in Sec. Il. The effective optical potentials 10°
are presented in Table Ill. While we succeeded to reproduce
the p+®He andd+°He elastic scatterings only with central

optical potentials, the introduction of the spin-orbit potential g
with Vgi=4.6 MeV, rg;=1.97 fm, anday,,=0.29 fm was E
necessary to describe the “He elastic scattering. The cen- @ 10’
tral potentials are presented in Table Ill. The angular distri-$

butions calculated within the full CRC, and their optical . .
model fit, are shown in Fig. 8. ---- He(p,t)He %

6 4 \
To calculate the®He(p,*He)t reactions, we used a two- . - GEZEPH;‘('C%EHG |
body potential model for the+t bound-state wave function 10" full CpRC \ E
with r;=0.66 fm anda=0.65 fm without spin-orbit inter- ‘\‘
action, assu.mingez-rO(A}’er AZ3. As in[18], we use the 0 30 50 9 20 150 180
spectroscopic amplitude for tHéHe|t®t) overlap equal to 9 (degrees)

—1.33. The full transition operator has been used and the g, 9. The DWBA calculations of the exchange triton transfer
agreement between the post and prior forms has beefHe(p *He)t (dashed ling simultaneous two-neutron transfer
achieved. The calculatetHe(p,*He)t angular distributions  (short dashed lineand sequential f,d)(d,t) transfer (dashed-
are compared in Fig. 9 with direct one-step,t) transfer  dotted ling. The results of the full CRC calculations from Sec. II
obtained with the same optical potentials and with model Aare shown by a solid line for comparison.
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we have shown in our previous section, the two-neutron 1.0 - - - -
transfer does play an important role in the full CRC calcula-

tions. Neglecting or varying thep(t) coupling in the CRC . ;/t";;:a?dv
scheme leads to significant change of cross sections in al - folding A =1

final channels. The DWBA angular distribution in the final
4He+t channel differs by its shape from those obtained in§_ 95
the CRC calculations. Thus the conclusion about the relative £
contribution of the simultaneous and sequential two-neutron<%, |/ /-l
transfer within the framework of the DWBA may be mis- £
leading.
The ®He(p,*He)t cross sections are comparable to the “-
full CRC (p,t) cross sections. This means that the inclusion 7 Imaginary
of the exchange triton transfer into the coupling scheme may b Real
also significantly influence the distribution of the incident
proton flux into all final channels.

240 fE (I’) '

0f—ecz. S - RIT———————="

0 2 4 6 8 10
r (fm)

FIG. 10. The integrand of thEl transition amplitude for the

There should be a qualitative difference between the raHe(p.)'Li(g.s.) reaction aE,=0.97 MeV calculated with dif-
diative proton capture by proton-rich nuclei and the radiativeerent potentials of th@-%He interaction in the incident channel.
proton capture by neutron-rich nuclei at the low energies. In
the former case the proton capture is strongly influenced by To illustrate all that was said above, we have plotted in
the long tail of the bound-state wave function of the capturedFig. 10 the integrand®f(r) ¢44(r) of the E1 transition am-
proton and the proton-nuclear potential has only a secondafylitude for the ©®He(p,y)’Li(gs) reaction at Ep
effect on the capture cross sections while in the later case the 0.97 MeV. A two-body potential model with standard ge-
separation energy of the captured proton is normally vernpmetry parameters,=1.25 fm a=0.65 fm and without
large and its wave function is mainly concentrated inside thepin orbit potential was used to calculate the ®He bound-
nuclear interior thus making the cross sections to be morgtate wave function, with the depth of tipe- ®He potential
model dependent. In addition, proton emission thresholds aléhosen to reproduce the proton Separation enerdyiinThe
very different for the systems composed by proton-richspectroscopic factor for th¢/Li|®He® p) overlap equal to
nucleus+ proton and neutron-rich nucleus proton. Being  0.3[20] was used to normalize the final cross section. With
very high for the neutron-rich nuclei, they often lie abovefixed bound-state wave function, different variants of the
other particle emission thresholds so that the proton-nucleus éHe continuum potentials have been uséd:only Cou-
interaction cannot be chosen to be real anymore. The absorgsmp potential,(ii) Coulomb plus standard nuclear potential
tion from elastic channel to other channels may lead to thgf v=50 MeV, r,=1.25 fm, anda=0.65 fm, (i) Cou-
suppression of the continuum wave function in the internalomp plus foldedp+°®He potential andiv) Coulomb plus
part in nucleus and therefore to the decrease of the proton
capture cross sections.

In the particular case ofHe+ p the separation energy of
the captured proton in the residual nuclelis is 9.9 MeV.
Therefore, the contribution of the tail of its wave function to
the capture amplitude should be reduced. On the other hanc
the continuump+®He wave function has a node in tise
wave because of the Pauli principle. Therefore, an interfer-
ence between the internal and external amplitudes take
place, which makes the cross sections even smaller. Sincﬁi
the Coulomb barrier in the case of tpe-®He is very low, b
the proton penetrates inside the nucleus and the continuur
proton wave function should be sensitive to the interaction
potential between proton arftHe. Different interaction po-
tentials will give different cancellations between external and
internal parts of the transition amplitude, thus showing an

e . 10 / 4
enchanced sensitivity of the calculated capture cross section s
to thep-®He potential. Finally, the proton emission threshold [ .o .
in Li lies above three other thresholds, so that transitions to 0o,o 0.5 1.0 1.5
other reaction channels are open and fthe’He interaction E (MeV)
potential must contain imaginary part. Therefore, the cross FiG. 11. E1 cross sections for theHe(p, y)Li(g.s.) reaction
sections of thé’He(p, y) 'Li radiative capture should be fur- calculated with different potentials of the®He interaction in the
ther reduced due to the absorption effects. incident channel.

IV. RADIATIVE CAPTURE

80 T T

70 1

*He(p,y)'Li(g.s.)
E1 .

nuel = Y 1
——- standard V,,
Y 2 folding A = 1

30 * OM

20 t T e ]
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effective complex optical potential from Table 11l derived in  The calculations have revealed a complicated dynamics of
Sec. lll. One can see that in the absence of the nuclear forcéhe p+ ®He interaction at this energy. Couplings to all open
the integrand does not have any nodes. As the nuclear forahannels were important to generate the final cross sections.
is switched on, the node in the scattering state wave functioffhe total absorption from the elastig+®He channel de-
appears and the maximum values of the integrand signifipends on the details of the interactions employed in the
cantly decrease. This will lead to the cancellation betweenhree-body model offHe and shows a strong correlation
internal and external contributions to the transition amplitudewith the r.m.s. radius ofHe. The radius of 2.50 fm has
which are different for different choice of the nuclear poten-given the total absorption of 1411 mb, while a smaller radius
tial. The effective optical potential leads to absorption fromof 2.35 fm has given much smaller absorption of 883 mb
the incident channel and it pushes slightly the scattering stat&ee Table Il. In the case of larger radius the main absorp-
wave function from the nuclear interior, as well as decreastion was due to theg,d) reaction withor=983 mb, while
ing its absolute value. The contribution from the imaginarythe (p,t) and (p,n) reactions had comparable cross sections
part of the distorted-wave function is concentrated close tao each other. In the case of smaller radius the total absorp-
the nuclear surface and it will correspond to the effects onion was more uniformly distributed between the,d),
the radiative capture of other open channels to which somgp,t), and (p,n) channelgTable Il). The strong decrease of
of the incident flux has escaped. the (p,d) cross sections is related with dramatic redistribu-
The calculatedEl cross sections are presented in Fig. 11tion of the 1/2 partial cross sections between different re-
One can see that in the absence of nuclear interaction in thection channelgsee Fig. . Such a redistribution should
incident channel the cross sections are large. Nuclear intemake us to able to discriminate between the models describ-
action strongly reduces this cross section. Optical modeing ®He. However, this discrimination can take place only
treatment of the incideni-°He motion leads to a small cross after inclusion of the exchange triton transfer into the cou-
sectiono=3.6 ub. The inclusion of other multipoles will pling scheme.
not dramatically change this estimation. The estimated cross The cross sections of the t) reaction calculated in our
section of the p,y) reaction is about five orders of magni- paper with any choice of the input parameters are about three
tude smaller than the reaction cross section caused by strorgders of magnitude larger than those predicted in REf.
interaction. This justifies noninclusion of tH&i + y channel Unfortunately, we cannot comment on the reason for this
in the coupling scheme used to describe proton-induced scagiscrepancy because the physical parameters of their DWBA
tering on ®He. calculations are not given.
In conclusion, the investigation dHe-induced reactions
on a hydrogen target may help us to learn more about the
We have performed a finite-range CRC calculations of thestructure of the halo nuclelkHe. Therefore, further experi-
p+°®He scattering atE';"b:O.97 MeV assuming that the mental investigqtion of these reactions startedlihwould
a-particle core is inert. The choice of the incident protonbe very interesting.
energy has been made to avoid the complications due to the
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