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Proton-induced reactions on 6He at low energies
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University of Surrey, Guildford, Surrey GU2 5XH, United Kingdom

~Received 8 September 1999; published 15 March 2000!

Finite-range coupled channel calculations of proton-induced reactions on6He have been performed below
the 6He three-body breakup threshold, assuming that thea particle 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 of thep16He interaction at the chosen energy, with
couplings to all open channels being important to generate the final cross sections. The total absorption from
the elasticp16He channel depends on the details of the interactions employed in the three-body model of6He
and shows a strong correlation with the r.m.s. radius of6He. The role of the exchange mechanisms was
investigated within the framework of the distorted-wave Born approximation. It was found that both the triton
exchange6He(p,4He)t and two-neutron6He(p,t)4He direct transfer mechanisms produce comparable cross
sections. The investigation of the radiative capture6He(p,g)7Li 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 number~s!: 24.10.Eq, 25.40.2h, 25.60.2t, 27.20.1n
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I. INTRODUCTION

Nuclear reactions induced by radioactive6He beams are
considered as a source of our knowledge about the struc
of the 6He nucleus. However, since the information abo
the structure is obtained from such reactions indirectly,
accuracy depends strongly on the adequate description o
reaction dynamics. It is clear that the low three-body brea
threshold in6He creates difficulties for the theoretical inte
pretation of the experimental data. Other problems may a
due to the target excitations. To minimize the uncertain
caused by the reaction dynamics one can either significa
increase the incident energy of the6He beam so that only the
simplest reaction mechanisms survive, or go below the6He
breakup threshold and to use a hydrogen target.

In this paper we consider6He-induced reactions by a hy
drogen target at very low energies. An experiment with
MeV 6He beam on12C target has been already done
Louvain-la-Neuve cyclotron @1#. A peak from the
6He(p,t)4He reaction was also seen in this experiment d
to the small hydrogen contamination of the target, wh
suggested large cross sections of this reaction. The co
sponding center-of-mass energy of the proton in this c
was 0.87 MeV. At such an energy the6He breakup channe
is closed, which simplifies the theoretical interpretation
the reaction mechanism. On the other hand, since the C
lomb barrier for thep16He system is only about 400 keV
the protons could penetrate inside6He, thus providing us
with information about the6He structure.

Only a few channels are open in thep-6He scattering at
Ep

c.m.50.87 MeV: charge exchange6He(p,n)6Li 0,1, one
nucleon transfer 6He(p,d)5He, two neutron transfe
6He(p,t)4He, and radiative capture6He(p,g)7Li 0,1. One
would expect that all these reactions should result from
interaction of protons with valence neutrons of6He while
the a core can be considered as inert. The charge excha
reactions (p,n) and (n,p) on A56 target have been studie
at higher energies in the four-body distorted wave the
0556-2813/2000/61~4!/044608~8!/$15.00 61 0446
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earlier @2#. It was found that one can obtain a good descr
tion of the absolute values of the differential cross section
the three-body nature of the6He nucleus is taken into ac
count. The population of the6Li in the final state may pro-
ceed, however, via the two-step process (p,d)(d,n) whose
role at low energies is not clear. The same neutron tran
reaction (p,d) initiates the two-step (p,d)(d,t) flux to the
4He1t channel. This two-step process competes with
direct two neutron transfer (p,t) which is believed to be a
good test for two-body nucleon-nucleon correlations
atomic nuclei. Since the dominant component of the6He
wave function is represented by a correlated dineutron
moving around thea core @3#, the transfer of the correlate
dineutron pair may significantly influence the cross sectio
of the (p,t) reaction. The existing theoretical calculations
the 6He(p,t)4He reaction atElab52 –5 MeV/nucleon@4#
predict a strong competition between sequential and di
processes at low energies. However, these calculations
derestimate the experimentally measured cross section
Elab53.2 MeV/nucleon in@5# by about three orders of mag
nitude. Recent studies of6He(p,t)4He reaction at higher en
ergy in @6# indicate that the transfer of the correlated dine
tron makes the dominant contribution of the cross section
this reaction.

According to the general reaction theory, open chann
give rise to imaginary parts in the interaction potentials. T
imaginary parts are absent, however, if all the open chan
are taken into account explicitly in the coupled-channel f
malism. Since the number of the open channels in
p-6He scattering is reasonably small, there exists an opp
tunity to perform the full coupled-reaction-channel~CRC!
calculations between these channels with zero imagin
parts for all the projectile-target potentials involved.

In this paper, we consider all possible two-way couplin
between the above-mentioned channels excluding
6He(p,g)7Li electromagnetic channel. We estimate t
6He(p,g)7Li cross section separately in the direct radiati
capture model. We investigate the sensitivity of the angu
distributions of elastic scattering and all reactions to the
©2000 The American Physical Society08-1
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action dynamics considered, and to the choice of the th
body 6He wave function.

In Sec. II the finite-range coupled channel calculations
the proton-induced reactions on6He are performed. In Sec
III we estimate the role of the exchange effects within t
framework of the distorted-wave Born approximatio
~DWBA!. In Sec. IV the contribution of the radiative captu
6He(p,g)7Li(g.s.) is estimated. Some concluding remar
are given in Sec. V.

II. COUPLED CHANNELS IN THE LOW-ENERGY
p-6He SCATTERING

Strictly speaking, thep-6He scattering is a seven-bod
problem. In the coupled reaction channel~CRC! formalism
this seven-body dynamics is replaced by the coupling oN
possiblepairs of subclustersm1i andm2i in different parti-
tions i 51 . . .N, wherem1i1m2i57. The total wave func-
tion is represented by a sum of product of pairs of inter
f1i and f2i and relativeFi wave functions in the various
partitions:

C5(
i 51

N

f1if2iFi~RW i !/Ri , ~1!

where RW i is the relative coordinate between the two fra
ments in partitioni.

The radial relative wave functionsf a are obtained from
the solutions of radial Schro¨dinger equations for total energ
E:

F2
\2

2m i
S d2

dRi
2

2
La~La11!

Ri
2 D 1e1i1e2i2EG f a~Ri !

1(
a8

E
0

Rm
dR8Va:a8~Ri ,R8! f a8~R8!50, ~2!

where a is a general index that includesi as well as the
angular momentum quantum numbers. TheRm is the radius
outside of which all couplings are assumed to be zero, an
taken as 50 fm in the present calculations. The nonlo
terms with Va:a8(Ri ,R8) arise from the transfer of one o
more nucleons, coupling together the different partitioni
and i 8, and may havepost or prior forms that should be
equivalent when the appropriate nonorthogonality terms
included. The energiese1i ande2i are the internal energies o
nuclear statesf1i and f2i , respectively, andm i is the re-
duced massm1im2i /(m1i1m2i). Equations~2! are solved
iteratively using the codeFRESCO@7#, with Pade´ acceleration
if necessary near resonances, as described in Ref.@7#.

In the case ofp16He the following partitions can be
considered below the breakup threshold:

I p16He~01,g.s.!,

II d15He~3/22!,

IIIa n16Li ~11,g.s.!,
04460
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IIIb n16Li ~31,2.18 MeV!,

IV t14He.

The coupling scheme between these partitions is presente
Fig. 1. If the proton center-of-mass energy is larger th
0.838 MeV, then an isobar-analog channel

IIIc n16Li ~01,3.56 MeV!

is open as well. To minimize the number of channels we w
consider the proton energies below this threshold. Actua
we make calculations atEp

lab50.97 MeV which corresponds
to the maximum energy of the6He beam at which the chan
nel IIIc is closed. Let us note that at this energy the6He and
deuteron breakup channels are closed. Although virt
breakup of the6He and/or the deuteron may take place, the
are still included in the CRC formalism insofar as they a
nonorthogonal to the rearrangement channels.

There exists also an open three-body channel4He1d
1n at the energy considered. This channel contains lo
energyp-wave andd-wave resonances in the4He1n and
a1d subsystems. Therefore, one would expect that
population of these resonances would exhaust the major
of the 4He1d1n continuum. We describe the4He1n and
4He1d resonances by the continuum bin wave functio
~see Ref.@7#! calculated with the corresponding4He1n and
4He1d potentials which provide correct locations of the
resonances, and we present the4He1d1n continuum as
two-body d15He and n16Li(3 1) channels~partitions II
and IIIb, respectively!. The population of these two-bod
channels in the three-body continuum is explicitly treated
this paper.

In the following we will use two6He three-body wave
functions to determine the4He1n1n dynamics@3#. These
are both calculated using the hyperspherical harmonic exp
sion method, and include hyperharmonics up toKmax520.
The first ~A!, from @8#, has a two-neutron separation ener
of 0.975 MeV and, with ana particle rms matter radius o
1.49 fm, yields a6He rms matter radius of 2.50 fm. Th
second wave function~B!, calculated assuming a modifie
three-body interaction term, has separation energy 0.
MeV, and produces a6He nucleus with a smaller rms matte
radius of 2.35 fm. Both use then-4He potential from Ref.
@9#, and the Gogny-Pires-Tourrelln-n potential @10# with
spin-orbit and tensor components. A triton wave functi

FIG. 1. Coupling scheme for thep16He scattering.
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PROTON-INDUCED REACTIONS ON6He AT LOW ENERGIES PHYSICAL REVIEW C 61 044608
was constructed with the same hyperspherical harmonic
pansion method withKmax528. We fitted an additional sca
lar three-body potential to the experimental binding ener
and obtain a triton rms matter radius of 1.8 fm. The tw
nucleon transfer form factorŝ6Heua& and^put& and the cor-
responding vertex functions^6HeuVn1a1Vn2aua& and

^puVn1p1Vn2put& were calculated from the three-body mo

els for 6He and triton using the same interactions in t
transition operator that were used to calculate the wave fu
tions. The A and B6He wave functions, both with the cor
rect breakup threshold, will allow us to gain a first impre
sion of the sensitivity of the low-energy reaction calculatio
to the assumed three-body wave function of6He. Prelimi-
nary corresponding predictions for Coulomb breakup h
already been examined@11#.

Since all the open channels are included in the coup
scheme, we set the imaginary parts of projectile-target po
tials to zero and we represent their real parts by folding
tentials. We calculate the folding potentials for partitions
III, and IV using the M3Y effective interactions@12#, that are
based on the Reid-soft-coreNN potential with a knockon
exchange term. The6Li, 4He, and triton densities wer
taken from the electron scattering@13#, with Gaussian form,
while the A and B 6He densities for folding were derive
from the corresponding three-body wave functions with
Gaussiana density of radius 1.49 fm given above. We ca
culate thed-5He(3/22) potential by folding thed-n and
d-4He interactions withn-4He continuum bin wave function
that is found using then-4He potential again of Ref.@9#. The
depths of thed-n and d-a potentials have been chosen
reproduce the triton and6Li(g.s.) bound states in the two
body potential model.

To calculate the^6Heu5He&, ^6Li u5He&, ^tud&, ^pud&,
^nud&, and ^6Li(g.s.)u4He& overlap integrals, the well dept
procedure was used1 with standard geometry parametersr 0
51.25 fm and a50.65 fm everywhere except for th
6Li(g.s.) nucleus whereR541/3r 0 , r 051.575 fm were
used. For 6Li(3 1) the d-4He model is used withV
5115.06 MeV, r 051.575, anda50.65 fm to reproduce
the resonance in thed wave at 0.711 MeV. No spin-orbi
potentials were used in these cases. All the spectrosc
amplitudes were consistently calculated within t
translation-invariant shell-model@14# using shell-model
wave functions from@15#. The values of these spectroscop
amplitude are given in Table I, where their signs have b
changed according toFRESCO’s convention for angular mo
mentum couplings:lW1sW1i5 jW, jW1sW2i5JW with s1i ands2i be-
ing spins of subclusters 1 and 2 in the partitioni.

1Strictly speaking, the overlap of the Borromean6He wave func-
tion with the wave function of the particle-unstable nucleus5He
does not necessarily lead to the single-particle wave function wh
asymptotic is defined by the neutron separation energy. Since, h
ever, we consider only two-body channels in our CRC approach
still use the separation energy prescription for the^6Heu5He& over-
lap keeping in mind that accuracy of this approximation should
investigated separately in the future.
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The charge-exchange form factor^6Heu6Li(1 1)& has been
taken from@2#. However, here we keep only thel 50 part of
the transition density. We have neglected the char
exchange coupling between thep16He and n16Li(3 1)
channel because it is determined by a weakl 52 transition.

The full finite-range treatment of one- and two-nucle
transfer form factors has been performed including the re
nant term in the transition operator and the nonorthogona
corrections. The inclusion of the nonorthogonality terms
crucial to get the same coupled-channels results both in
and prior forms of coupling terms. We do observe a go
agreement between the post and prior calculations when
one-body couplings are present, However, the choice
tween post and prior representations for the two-nucle
transfer form factor still produces 5–20 % difference in t
angular distributions but no more than 5% change in the t
cross sections. This difference is much smaller than the
certainty arising due to the choice of the input interactio
and wave functions.

First of all, in order to see the relative importance
different couplings in thep16He scattering at the chose
energy, we have performed several preliminary coup
channel calculations where only some selected channe
couplings have been retained with the modelA being used
for the 6He nucleus at this stage. For example, three mec
nisms may be responsible for the population of the4He1t
channel: direct transfer (p,t) of two nucleons, two step
transfer (p,d)(d,t) and two step exchange-transf
(p,n)(n,t). So, we have performed three coupled chan
calculations with zero imaginary parts keeping only:~i! par-
titions I, IV and two-neutron transfer form factor;~ii ! parti-
tions I, II, IV and one-nucleon transfer form factors;~iii !
partitions I, IIIa, IV, charge exchange and deuteron trans
form factors. Two-way couplings were always consider
with their effects included to all orders in the CRC solutio
The results are presented in Fig. 2 where they are comp
with full CRC calculations. One can see that the simul
neous transfer (p,t) and two-step (p,n)(n,t) mechanisms
give similar shapes for the angular distributions of t
6He(p,t)4He reaction, which are very different from th
two-step (p,d)(d,t) transfer via the5He(3/22) resonance.
The angular distributions obtained from the full CRC calc
lations are similar to those calculated assuming only
(p,d)(d,t) couplings but the absolute values of the full CR

se
w-
e

e

TABLE I. Spectroscopic amplitudesAls j used in the coupled
channel calculations.

ls j Als j

t5d^ n 0 1
2

1
2

21.225
5He(3/22)54He^ n 1 1

2
3
2

21.118
6He55He(3/22) ^ n 1 1

2
3
2

1.4365
6Li(1 1)55He(3/22) ^ p 1 1

2
3
2 0.7322

6Li(1 1)55He(3/22) ^ p 1 1
2

1
2 0.5598

6Li(3 1)55He(3/22) ^ p 1 1
2

3
2 21.0954

6Li(1 1)54He^ d 0 1 1 21.056
6Li(3 1)54He^ d 0 2 3 1.0607
8-3
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cross section are about three times smaller.
Another example is the population of then16Li(g.s.)

channel which may proceed either directly by (p,n) charge
exchange or via the two-step (p,d)(d,n) transfer. So, we
have performed two calculations keeping only~i! partitions I,
IIIa and charge-exchange form factor and~ii ! partitions I, II,
IIIa, and one-nucleon transfer form factors. The results
presented in Fig. 3. The population of the same channen
16Li can also be calculated as an intermediate stage
CRC calculation with bidirection charge exchange-trans
(p,n)(n,t) couplings to the4He1t channel. The cross sec
tions of the (p,n) reactions obtained from the previou
(p,n)(n,t) calculations and full CRC calculations are show
in Fig. 3 as well. Figure 3 shows that the (p,n) and
(p,d)(d,n) paths generate large6He(p,n)6Li cross sections,
but as soon as the large-Q-value channel4He1t is open, the
(p,n) cross sections drop significantly. We do not show

FIG. 2. Coupled channel calculations of the6He(p,t)4He reac-
tion restricted to two-neutron transfer~dashed line!, sequential
(p,d)(d,t) transfer ~dotted-dashed line! and two-step (p,n)(n,t)
exchange-transfer~dotted line!. Full CRC calculations are presente
by solid line. See text for details.

FIG. 3. Coupled channel calculations of the6He(p,n)6Li(g.s.)
reaction restricted to charge exchange only~dotted line!, sequential
(p,d)(d,n) transfer ~dashed line! and two-step (p,n)(n,t)
exchange-transfer~dashed-dotted line!. Full CRC calculations are
presented by solid line. See text for details.
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results for the6He(p,n)6Li(3 1) reaction since we did no
take into accountl 52 exchange form factor which is impor
tant for this particular channel. These cross sections
small, more sensitive to the errors of calculations and the
fore less reliable.

In all the examples considered above there is flux tran
to the d15He channel. The cross sections of th
6He(p,d)5He reaction corresponding to different combin
tions of reaction paths, as well as to full CRC calculatio
are shown in Fig. 4. One can conclude that the shape of
angular distribution is almost independent of the coupl
scheme chosen. The absolute values of these cross sec
are very close to those calculated assuming only (p,d) or
(p,d)(d,n) paths.

Each variant of the coupling scheme considered ab
produces angular distributions of the elastic scatteringp 1
6He. Elastic scattering calculated with partitions~i! I, II, IIIa;

FIG. 4. The 6He(p,d)5He reaction obtained from coupling
only between proton and deuteron channels~dotted line!, from re-
action paths (p,d)(d,n) ~dashed line! and (p,d)(d,t) ~dotted-
dashed line!. Full CRC calculations are presented by solid line. S
text for details.

FIG. 5. Elastic-scattering ratio to Rutherford for6He(p,p)6He
arising in different coupling schemes, in no-absorption opti
model~thin solid line! and full CRC calculations~thick solid line!.
See text for details.
8-4
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PROTON-INDUCED REACTIONS ON6He AT LOW ENERGIES PHYSICAL REVIEW C 61 044608
~ii ! I, II, IV, and ~iii ! I, IV are compared in Fig. 5 to the
elastic scattering calculated in the no absorption opt
model with the same folding potential. The angular distrib
tions calculated with partitions~iv! I, IIIa, IV are not distin-
guishable from case~iii ! therefore they are not shown in Fig
5. The (p,t) and (p,n)(n,t) coupling schemes gave th
smallest deviation of the elastic scattering angular distri
tions from the no-absorption folding optical model. The d
viation is larger for the (p,d)(d,n) and (p,d)(d,t) reaction
paths, however, their influence is very different. The f
CRC elastic-scattering angular distributions deviate from
no-absorption optical model most strongly.

Partial cross sections for deuteron, triton, and neutron
nal channels are presented in Fig. 6. Strong contributi
from the 1/21 partial wave can be seen in this figure which
naturally expected for the very low projectile energies. Ho
ever, significant increase of the cross sections in the 32

partial wave witnesses the presence of the resonance in
wave. Such a resonance indeed exists in the spectrum o
7Li nucleus at 9.9 MeV and has a large width of 1.2 MeV

The resulting cross sections for all channels dep
strongly on the input parameters, mainly on the signs
values of spectroscopic amplitudes and three-body w
function of 6He. Studies of single nucleon transfer reactio
on 1p-shell nuclei have shown many times that, in gene
the shell model spectroscopic factors are quite relia
Therefore, we will show how the choice of the model for t
three-body6He wave function influences the cross sectio
in the CRC calculations. We repeated the full CRC calcu
tions with the three-body6He wave function B with shorte
radius three-body force, and hence the smaller root-me
square matter radius for6He of 2.35 fm. We have found ou
that if different models of6He are used to calculate thep
26He folding potential, the results are not sensitive to t
choice. However, different6He wave functions used for th
two-nucleon transfer form factor give dramatic changes
the results of the CRC calculations, which are demonstra
by Fig. 7. One can see that angular distributions have b
changed significantly, especially for the deuteron out

FIG. 6. Partial cross sections for the6He(p,d)5He,
6He(p,t)4He and 6He(p,n)6Li reactions calculated in the ful
CRC, for different6He models A and B which predict6He r.m.s.
radii of 2.50 and 2.35 fm, respectively.
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channel. Total cross section of the (p,d) reaction has de-
creased by a factor of 3~see Table II!, slightly increased for
(p,t) reactions and increased by 50% for the (p,n0) reac-
tions. Total reaction cross section has decreased by 3
Thus, it shows that the simultaneous two-nucleon transfe
low energies does play an important role in formation of t
distribution of the incident flux into different final channel
Simultaneous experimental studies of proton-induced re
tions on6He at low energies can therefore help to understa
better the structure of the three-body function of6He.

III. EXCHANGE EFFECTS

There are two groups of exchange effects in thep16He
scattering. One of them involves all possible transfers
heavy particles, for example,6He(p,6Li) n, 6Li( n,5He)d,
etc., and another one includes all possible rearrangem
within the a core itself. In the previous sections only dire
mechanisms were considered. However there are cases,
sidered in@16# for example, where the exchange effects m
play an important role at low energies as well.

Our DWBA estimations show that the contribution of th
exchange effects of the first kind is about 5 to 6 orders
magnitude smaller than that from the direct transfers. In
case the most significant exchange effect of the second
may arise due to the presence of thet1t configuration in

FIG. 7. Full CRC cross sections calculated with the two-neut
transfer form factor corresponding to the large6He model A and
the smaller model B with r.m.s. radii of 2.50 and 2.35 fm, resp
tively.

TABLE II. Reaction cross sections calculated with differe
two-neutron transfer form factors corresponding to different mod
A and B for the6He g.s., with different radii.

sR (mb)
Reaction A: ^r 2&1/252.50 fm B: ^r 2&1/252.35 fm

(p,d) 983 321
(p,t) 184 212
(p,n0) 209 328
(p,n1) 35 22
Total 1411 883
8-5
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N. K. TIMOFEYUK AND I. J. THOMPSON PHYSICAL REVIEW C61 044608
6He. It is well known that this configuration is important
obtain a correct binding energy of6He in the resonating
group method@17#. The 6He5t1t configuration has been
already experimentally investigated in the7Li( t,6He)4He,
19F(t,6He)16O, 13C(t,6He)10B, and 12C(t,6He)9B triton
transfer reactions atEt538 MeV @18#. In that work the de-
scription of the angular distributions of the13C(t,6He)10B
and 12C(t,6He)9B reactions was very poor and therefo
these reactions can not serve as a source of the reliable
termination of the spectroscopic factors. The description
the angular distribution of the7Li( t,6He)4He reactions was
good in the angle range available from the experiment. Ho
ever, in this case an important contribution from the remn
term of the transition operator should arise. Neither this c
tribution nor an interference with the exchan
7Li( t,4He)6He mechanism had been taken into account
therefore the spectroscopic information from this react
was not reliable. As for the19F(t,6He)16O reaction, the de-
scription of its angular distribution was very satisfactory a
the extracted spectroscopic factors do not contradict to
theoretical shell-model value of21.33 for the spectroscopi
amplitude for thê 6Heut ^ t& overlap.

At present we are not able to include exchange effect
the coupled reaction channel scheme. So, we estimate
role of the6He(p,4He)t exchange transfer in the DWBA. T
provide necessary optical potentials, we first fit the angu
distributions forp16He, d15He, and 4He1t elastic scat-
terings calculated in Sec. II. The effective optical potenti
are presented in Table III. While we succeeded to reprod
the p16He andd15He elastic scatterings only with centr
optical potentials, the introduction of the spin-orbit potent
with Vso54.6 MeV, r so51.97 fm, andaso50.29 fm was
necessary to describe thet14He elastic scattering. The cen
tral potentials are presented in Table III. The angular dis
butions calculated within the full CRC, and their optic
model fit, are shown in Fig. 8.

To calculate the6He(p,4He)t reactions, we used a two
body potential model for thet1t bound-state wave function
with r 050.66 fm anda50.65 fm without spin-orbit inter-
action, assumingR5r 0(A1

1/31A2
1/3). As in @18#, we use the

spectroscopic amplitude for the^6Heut ^ t& overlap equal to
21.33. The full transition operator has been used and
agreement between the post and prior forms has b
achieved. The calculated6He(p,4He)t angular distributions
are compared in Fig. 9 with direct one-step (p,t) transfer
obtained with the same optical potentials and with mode

TABLE III. Effective optical model potential which reproduc
the elastic scatterings from the full coupled channel calculatio
The potential depths and laboratory energies are in MeV, radii
diffusenesses are in fm andRi5r iAT

1/3. See text for the spin-orbi
interaction in thet14He channel.

Elab VR r R aR WD r D aD

p16He 0.97 49.35 1.33 0.155 17.83 1.804 0.161
d15He 1.66 101.63 2.728 0.199 26.15 2.207 0.04
t14He 14.59 105.9 1.98 0.405 29.8 1.91 0.045
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for the 6He wave function in the DWBA. One can see tha
within the DWBA, the triton exchange transfer leads
much larger cross sections than the direct two-neutron tra
fer.

As for the sequential (p,d)(d,t) transfer, it is not possible
to separate uniquely its contribution due to nonorthogona
considerations@19#. We show in Fig. 9 the results of th
prior-post calculations of the6He(p,d)(d,t)4He in which
the contribution of the nonorthogonality term is zero. T
DWBA two-step transfer cross sections are much larger t
the DWBA one-step (p,t) cross sections. This result coul
lead to the conclusion that the role of the simultaneous tw
neutron transfer is small at very low energies. However,

FIG. 9. The DWBA calculations of the exchange triton trans
6He(p,4He)t ~dashed line!, simultaneous two-neutron transfe
~short dashed line! and sequential (p,d)(d,t) transfer ~dashed-
dotted line!. The results of the full CRC calculations from Sec.
are shown by a solid line for comparison.

s.
d

FIG. 8. Angular distributions of the elastic scatterings in thep
16He, t14He, andd15He channels obtained in full coupled cha
nel calculations and their optical model fits.
8-6
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we have shown in our previous section, the two-neut
transfer does play an important role in the full CRC calcu
tions. Neglecting or varying the (p,t) coupling in the CRC
scheme leads to significant change of cross sections in
final channels. The DWBA angular distribution in the fin
4He1t channel differs by its shape from those obtained
the CRC calculations. Thus the conclusion about the rela
contribution of the simultaneous and sequential two-neut
transfer within the framework of the DWBA may be mi
leading.

The 6He(p,4He)t cross sections are comparable to t
full CRC (p,t) cross sections. This means that the inclus
of the exchange triton transfer into the coupling scheme m
also significantly influence the distribution of the incide
proton flux into all final channels.

IV. RADIATIVE CAPTURE

There should be a qualitative difference between the
diative proton capture by proton-rich nuclei and the radiat
proton capture by neutron-rich nuclei at the low energies
the former case the proton capture is strongly influenced
the long tail of the bound-state wave function of the captu
proton and the proton-nuclear potential has only a secon
effect on the capture cross sections while in the later case
separation energy of the captured proton is normally v
large and its wave function is mainly concentrated inside
nuclear interior thus making the cross sections to be m
model dependent. In addition, proton emission thresholds
very different for the systems composed by proton-r
nucleus1 proton and neutron-rich nucleus1 proton. Being
very high for the neutron-rich nuclei, they often lie abo
other particle emission thresholds so that the proton-nuc
interaction cannot be chosen to be real anymore. The abs
tion from elastic channel to other channels may lead to
suppression of the continuum wave function in the inter
part in nucleus and therefore to the decrease of the pr
capture cross sections.

In the particular case of6He1p the separation energy o
the captured proton in the residual nucleus7Li is 9.9 MeV.
Therefore, the contribution of the tail of its wave function
the capture amplitude should be reduced. On the other h
the continuump16He wave function has a node in thes
wave because of the Pauli principle. Therefore, an inter
ence between the internal and external amplitudes ta
place, which makes the cross sections even smaller. S
the Coulomb barrier in the case of thep16He is very low,
the proton penetrates inside the nucleus and the contin
proton wave function should be sensitive to the interact
potential between proton and6He. Different interaction po-
tentials will give different cancellations between external a
internal parts of the transition amplitude, thus showing
enchanced sensitivity of the calculated capture cross sec
to thep-6He potential. Finally, the proton emission thresho
in 7Li lies above three other thresholds, so that transition
other reaction channels are open and thep16He interaction
potential must contain imaginary part. Therefore, the cr
sections of the6He(p,g)7Li radiative capture should be fur
ther reduced due to the absorption effects.
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To illustrate all that was said above, we have plotted
Fig. 10 the integrandr 3f E(r )wgs(r ) of theE1 transition am-
plitude for the 6He(p,g)7Li(gs) reaction at Ep
50.97 MeV. A two-body potential model with standard g
ometry parametersr 051.25 fm a50.65 fm and without
spin orbit potential was used to calculate thep16He bound-
state wave function, with the depth of thep16He potential
chosen to reproduce the proton separation energy in7Li. The
spectroscopic factor for thê7Li u6He^ p& overlap equal to
0.3 @20# was used to normalize the final cross section. W
fixed bound-state wave function, different variants of thep
16He continuum potentials have been used:~i! only Cou-
lomb potential,~ii ! Coulomb plus standard nuclear potent
of V550 MeV, r 051.25 fm, anda50.65 fm, ~iii ! Cou-
lomb plus foldedp16He potential and~iv! Coulomb plus

FIG. 11. E1 cross sections for the6He(p,g)7Li(g.s.) reaction
calculated with different potentials of thep-6He interaction in the
incident channel.

FIG. 10. The integrand of theE1 transition amplitude for the
6He(p,g)7Li(g.s.) reaction atEp50.97 MeV calculated with dif-
ferent potentials of thep-6He interaction in the incident channel.
8-7
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effective complex optical potential from Table III derived
Sec. III. One can see that in the absence of the nuclear fo
the integrand does not have any nodes. As the nuclear f
is switched on, the node in the scattering state wave func
appears and the maximum values of the integrand sig
cantly decrease. This will lead to the cancellation betwe
internal and external contributions to the transition amplitu
which are different for different choice of the nuclear pote
tial. The effective optical potential leads to absorption fro
the incident channel and it pushes slightly the scattering s
wave function from the nuclear interior, as well as decre
ing its absolute value. The contribution from the imagina
part of the distorted-wave function is concentrated close
the nuclear surface and it will correspond to the effects
the radiative capture of other open channels to which so
of the incident flux has escaped.

The calculatedE1 cross sections are presented in Fig.
One can see that in the absence of nuclear interaction in
incident channel the cross sections are large. Nuclear in
action strongly reduces this cross section. Optical mo
treatment of the incidentp-6He motion leads to a small cros
sections53.6 mb. The inclusion of other multipoles wil
not dramatically change this estimation. The estimated c
section of the (p,g) reaction is about five orders of magn
tude smaller than the reaction cross section caused by st
interaction. This justifies noninclusion of the7Li1g channel
in the coupling scheme used to describe proton-induced s
tering on 6He.

V. CONCLUSION

We have performed a finite-range CRC calculations of
p16He scattering atEp

lab50.97 MeV assuming that the
a-particle core is inert. The choice of the incident prot
energy has been made to avoid the complications due to
6He breakup and the transition to the superallow
6Li(0 1;1)1n channel. Furthermore, this energy is availab
at the Louvain-la-Neuve cyclotron, where preliminary me
surements for (p,t) reaction at a similar energy have alrea
been performed.
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The calculations have revealed a complicated dynamic
the p16He interaction at this energy. Couplings to all op
channels were important to generate the final cross secti
The total absorption from the elasticp16He channel de-
pends on the details of the interactions employed in
three-body model of6He and shows a strong correlatio
with the r.m.s. radius of6He. The radius of 2.50 fm ha
given the total absorption of 1411 mb, while a smaller rad
of 2.35 fm has given much smaller absorption of 883 m
~see Table II!. In the case of larger radius the main abso
tion was due to the (p,d) reaction withsR5983 mb, while
the (p,t) and (p,n) reactions had comparable cross sectio
to each other. In the case of smaller radius the total abs
tion was more uniformly distributed between the (p,d),
(p,t), and (p,n) channels~Table II!. The strong decrease o
the (p,d) cross sections is related with dramatic redistrib
tion of the 1/21 partial cross sections between different r
action channels~see Fig. 6!. Such a redistribution should
make us to able to discriminate between the models desc
ing 6He. However, this discrimination can take place on
after inclusion of the exchange triton transfer into the co
pling scheme.

The cross sections of the (p,t) reaction calculated in ou
paper with any choice of the input parameters are about th
orders of magnitude larger than those predicted in Ref.@4#.
Unfortunately, we cannot comment on the reason for t
discrepancy because the physical parameters of their DW
calculations are not given.

In conclusion, the investigation of6He-induced reactions
on a hydrogen target may help us to learn more about
structure of the halo nucleus6He. Therefore, further experi
mental investigation of these reactions started in@1# would
be very interesting.
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