
PHYSICAL REVIEW C VOLUME 51, NUMBER 6 JUNE 1995

Possibility to determine the astrophysical S factor for the Be(p, p)sB radiative
capture from analysis of the Be(sHe, d)sB reaction
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At very low energies of astrophysical interest, the "Be(p, p) B reaction is almost totally periph-
eral. Consequently, the overall normalization of the cross section for this reaction is de6ned by the
asymptotic normalization coe%cient of the bound-state wave function of B in the two-body channel
Be+p. The reaction Be( He, d) B is suggested as a tool to measure this asymptotic normalization

coefficient thereby allowing one to define the absolute value of the astrophysical factor, Siq(0), for
the Be(p, p) B reaction.

PACS number(s): 25.60.+v, 25.40.Hs, 95.30.Cq

I. INTRODUCTION

The Be(p, p) B reaction occurs in one of the weak-
est of the three p-p chains in the hydrogen burning of
main-sequence stars. Even so, its rate at very small en-
ergies (E, & 25 keV where E, is the relative kinetic
energy of p and Be in the entrance channel) is of funda-
mental importance, both for defining the branching ratios
between the difFerent p-p chains and for calculating the
high-energy solar neutrino Aux which is of special interest
for the solar neutrino problem. At astrophysical energies,
the cross section for this reaction is so small that its mea-
surement has not been possible to date. Measurements
have been carried out at energies E, & 117 keV. The
experimental cross sections have then been extrapolated
to zero energy [1]. The overall uncertainty in the astro-
physical factor Si7(0) derived in such a procedure has
been estimated to be about 30% [2]. Another possibility
for finding Sip(0) is to measure the Coulomb breakup
of B [3]. However, contributions from E2 excitation [4]
and Coulomb post-acceleration may significantly distort
the result extracted &om this process for astrophysical
applications, where only the E1 contribution is relevant.

Theoretical calculations have also attempted to deter-
mine this reaction rate at solar energies. Calculations
have been made in the potential model [5—7] and in the
microscopic generator-coordinate method (GCM) [8]. In
the potential model, the overlap function (reduced width
amplitude) of the internal bound-state wave functions
of B and Be, IsB'rB, (r) = ($»~~PsB), where r is the
relative coordinate between the proton and the center
of mass of Be, is approximated by S,&,B &P», „(r) .
Here S887B is the spectroscopic factor of the configura-
tion Be+p in B and PvB, &(r) is the shell-madel single-
particle (proton) bound-state wave function in B that is
typically the solution of the single-particle Schrodinger
equation with the phenomenological Woods-Saxon po-
tential. However, in Ref. [7] the quasimicroscopic folding

procedure has been used to find the shell-model single-
particle potential. The overall normalization of the cross
section of the peripheral radiative capture, Be(p, p) B,
is defined then by the product STB p67B where 678 p
is the asymptotic normalization coeKcient (ANC) of
the tail of the single-particle bound-state wave function
g&iB,„(r),whose value depends on the geometrical param-
eters (radllls rp and difFuseness a) of the adopted Woods-
Saxon potential.

The peripheral nature of radiative capture reactions
at very low energies and for small binding energies of
the final nuclei is well understood [9]. Christy and Duck
pointed out that in such reactions the overall normaliza-
tion of the cross section is defined by the reduced width,
which is expressed in terms of the product of the spectro-
scopic factor and the single-particle reduced width. How-
ever, the parametrization of the cross section in terms of
the product of two quantities, the spectroscopic factor
and the single-particle ANC, or the spectroscopic factor
and the single-particle reduced width, each of which is
model dependent, causes an uncertainty in the absolute
normalization of the cross section. This has been explic-
itly demonstrated by Barker [5] who estimated the range
of values for Si7(0) to be between 0.012 and 0.020 keV b,
based on uncertainties for the spectroscopic factor and
geometrical parameters of the Woods-Saxon potential.
The microscopic GCM is supposed to be a more accurate
method for determining the reaction rate than the poten-
tial approach, but the overall normalization of the cross
section is very sensitive to the adopted NN potential
[10,11]. Previously, we have shown [12,13] that due to its
peripheral character, the cross section for the Be(p, p) B
reaction at E, ~ 0 is parametrized in terms of only
one parameter, the ANC of the overlap function I887B .
This ANC is related to SSB78 and 67B p by

ii2+ B Be ~sg7Be~ Bep'

Hence to calculate Si7(0), it is sufIicient to know the
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value of the ANC's defining the overall normalization of
the cross section (actually one needs to know two ANC's
corresponding to the two Be+p channel spin values: S =
1, 2).

The ANC is a fundamental nuclear characteristic,
which plays an important role in nuclear structure and
nuclear reaction theory [14,15]. The ANC for the virtual
decay, a —+ 6+ c, defines the probability of finding a nu-
cleus a in the configuration b+ c at distances between 6
and c larger than the nuclear interaction radius of these
particles. That is why the cross sections of peripheral ra-
diative capture reactions are parametrized in terms of the
ANC's rather than spectroscopic factors. We note that
the spectroscopic factor of the configuration 6+ c in nu-
cleus a is, by definition, the norm of the overlap integral
(pb p, ~p ) and is determined primarily by the behavior
of the overlap function in the nuclear interior, which does
not contribute to the peripheral radiative capture reac-
tion 6+ c —+ a+ p.

ANC's have been determined both by experimental
data and theoretical calculations [14,15]. One of the re-
liable methods for obtaining ANC's is to extrapolate ex-
perimental data to the point of a nearest singularity in
the E or cos 0 plane. For example, the ANC's governing
the overall normalization of the S factor for the astro-
physical reaction n+ He~ "Be+p were found in [16] by
the extrapolation of the S-wave o.- He scattering phase
shift to the pole in the E plane corresponding to the
bound state of Be. The same procedure has been used
in Ref. [17] to define the ANC for Li-+ o. + d.

In previous publications [12,18], the ANC's of the over-
lap integral for the virtual decay B~"Be+p, for the
channel spins S = 1 and S = 2, have been calculated
in the microscopic approach developed in Ref. [18] and
the result for the astrophysical factor was found to be
Sip(0) = 0.0165 keVb. More accurate calculations of
Si7(0), using the same approach but taking into account
S- and D-wave contributions in the initial state of the
reaction Be(p, p) B, gave Si7(0) = 0.0176 keVb [13].
This value turns out to be significantly smaller than the
value Si7(0) = 0.0225 keVb used to calculate the high-
energy sB neutrino flux in the standard solar model [19]
and in the Turck-Chieze et aL model [20], but it is
within the interval found in Ref. [5]. The results of Refs.
[12,13] depend completely on the accuracy of the calcu-
lated ANC's. We note that the ANC's for B~ Be+p
were calculated using a microscopic approach [18] with
the %K potential M3YE (M3Y potential in the Elliott
form) [21]. This potential was best able to reproduce
(with fixed parameters) three well-established ANC's for
Li—+ Li+n, ~ C—+ 2C+n, and N —+ N+n, which

were found. &om the analysis of the experimental cross
sections of reactions (p, d), (d, t) and heavy-ion-induced
neutron transfer reactions [22—25]. The two first coef-
ficients also have been derived by extrapolation of the
experimental data to the pole singularity of the cross sec-
tion in the cos 0 plane. This pole is the closest singular-
ity to the physical region and corresponds to the neutron
transfer mechanism [14,22]. The typical uncertainty for
the phenomenological ANC's was about 10'Fo. It is diffi-
cult to evaluate the uncertainty in the ANC's calculated

in Ref. [18] since the theoretical values of the ANC's were
derived using a fitting procedure for the theoretical cal-
culations to the known phenomenological ANC's. This
is why it is of great importance to find the experimental
values of the ANC's for the virtual decay B+ Be+p
which define the overall normalization of the reaction
7Be(p, p) B cross section at astrophysical energies.

Of course, one may try to extract the ANC's under
consideration from the available low-energy experimen-
tal data but even the latest results derived by Fillipone
et al. [1] are believed to have an uncertainty of about
30Fo [2]. We also note that the experimental data cover
the energy range 117 keV& E, . At such energies, the
inHuence of the resonance at E, = 632 keV is more sig-
nificant than at zero energy. To find the Si7(0) requires
extrapolating the experimental data down to zero energy
which can induce an additional uncertainty in its value.
Thus independent measurements (direct or indirect) of
Si7(0), or equivalently, of the ANC's for sB-+ ~Be+p, are
necessary. We propose in this paper a diferent method
to extract the ANC's for B—+ Be+p using peripheral
proton transfer reactions.

Recently, as a result of the development of techniques
for the production of secondary beams, modern nuclear
physics has a new tool to investigate processes involv-
ing radioactive nuclei. This possibility can be useful to
define the ANC's under consideration. Using Be or B
radioactive beams, it is possible to study transfer reac-
tions at small angles, such as a( Be, B)b or b( B, Be)a,
where a = 6 + p, and choose a target and beam en-

ergy in such a way that the contribution from the in-
terior part of the IeBen, (r) would be negligible. Then
the cross section for such a transfer reaction would be
proportional to the sum of the squares of the ANC's,
C2&, + C,&, (see below). But just this sum de-

2 2

fines the overall normalization of the astrophysical Sip
factor at solar energies. This technique appears to us to
be better than possible p( Be, p) B measurements, since
there is no need to perform measurements at very low
energies where the cross section is extremely small, or to
extrapolate the experimental data to zero energy to get
the Si7(0) value. The best way to determine the ANC's
values from the a( Be, B)b reaction would be to use a
heavy target a. Because of strong absorption, this reac-
tion would be purely surface. But since the amplitude of
such a reaction also contains the overlap integral of the
internal wave functions of nuclei o, and b, (Pb~P ), the
cross section of the peripheral reaction is proportional to
the product of the squares of two ANC's, for B+ Be+p
and a m b+p. Thus an accurate knowledge of the ANC of
the overlap integral (Pb~P ) is required. Unfortunately,
the ANC's for one-proton removal are not known with
good accuracy, and in the case of a heavy target a, one
needs additional experiments to establish the ANC for
the virtual breakup a ~ b+ p.

For purposes of illustration, we consider the possibil-
ity of determining the ANC's for the virtual breakup
B—+ Be+p using a He target, since the ANC for the

(Pb~P ) overlap integral, where a = He and b = d, is
known with high accuracy [26]. To find the ANC for
He~ d + p, a few hundred precise experimental cross
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i 7r(17n+l n )
Ga(g j )

— e +a(l j ) r

Pa
(2)

where all the quantities are defined below and the an-
tisymmetrization factor allowing for the nucleon iden-
tity has been absorbed into the ANC. The ANC for
3He~ d + p in the channel with / = 0 is found to be

sections (with overall uncertainties ( 2%) have been an-
alyzed for the reaction d + d ~ t + p at 19 difFerent
incident energies in the interval 4.0 ( Ed ( 83 MeV [26].
The analysis method was explained in Ref. [27]. By ex-
trapolation of the experimental data in the cos 0 plane to
the neutron transfer pole, which is nearest to the physical
region singularity of the cross section, the triton vertex
constant for H~ d+ n in the channel with zero relative
angular orbital momentum of d and n, and total angular
momentum for the neutron of j3H ——1/2, has been ex-
tracted: G,H(, )

——1.34 + 0.02 fm. The vertex constant

for He~ d+p G 8 (p )
shouldbe very close to G H(o

since the increase of the vertex constant for He due to
the Coulomb interaction between d and p is compensated
by the corresponding decrease of the vertex constant due
to the lower binding energy between d and p compared
to that of d and n. From the analysis of S-wave p-d and
n dscatte-ring using the numerator/denominator or I)I/D
equations, the di8'erence between G3H(p1) and GSH (o1)2 2

2
has been found to be ~GsH&p 1

) ~ ~G3H&(p l.
) ~

= 0.05 fm
l 7c't7 3 H

[28), where GsH, ~pi) ——e ~ I'(1+r)3H, )G3H (pl). Tak-
ing into account the relation between the vertex constant
and ANC for the virtual decay a ~ 6+ p,

II. DISTORTED-WAVE BORN APPROXIMATION
DIFFERENTIAL CROSS SECTION

To check our proposal, we investigated the peripheral
character of the reaction

Be+ He ~ B+d. (3)

The cross section for this reaction was calculated within
the framework of the distorted-wave Born approximation
(DWBA). The DWBA amplitude for the reaction A +
a~Y+6, whereX= Be, Y= 8, a= He, 6=d is
given by

M = ) (@& Iyx
I V&„

I

I &0, ).

Here Vgz is the interaction potential between particles 6
and p, which, for simplicity, is assumed to depend only
on the relative coordinate r between the center of mass
of 6 and p. The wave functions 4;+ and 4'& are the
distorted waves in the initial and final channels,

C,H, ——3.9+0.06 fm . We use a system of units such
2

that 5 = c = 1. When analyzing the data containing the
vertex He~ d + p, both components l = 0 and t = 2
should be taken into account. But for He the ratio of
the squares of the vertex constants (or ANC's) for l = 0
and l = 2 is about 5% [29]. Thus the contribution of
the l = 2 component in the vertex for He+ d + p was
neglected.

I p(r) =
l~ m~, g~ Vc„

i'- (JpMp j v
~

J M ) (J„M„l m
~
j v ) I p(,.(r)&i. (r)

is the overlap integral of the internal bound-state wave functions of nuclei n and p (n = p+ p, p = b, &), where

I p~ (r) is its radial part, Y& ~ (r) are the spherical harmonics, r" = r/r, J (M ) is the spin (projection of the spin)
of particle n, l (m ) is the relative angular orbital momentum (its projection) of particles p and p in the bound state,
n = p + p j (v ) is the total angular momentum (its projection) of the proton in nucleus n, and (b'av). j2v2

~
2svs)

is the Clebsch-Gordan coefficient. For reaction (3), Jx. = 3/2, Jy. = 2, ly. = 1, jy. = 1/2, 3/2; J = 1/2, Jg = 1, l

0, j = 1/2, J& ——1/2. For r )R, where R is the nuclear interaction radius,

+x/2 (2r r)I p(., (r)=G(, , ) (6)

Wp b(p) is the Whittaker function, r = /2p e, p, is the reduced mass of particles P and p, e is their binding
energy in the bound state P+p = n, g~ = zpzzp~/K~ is the Coulomb parameter for this bound state, Z~ is the charge
of particle n, and C ~~ z ) is the ANC of I pI, ~ (r).

For simplicity in the presentation, we consider the DWBA amplitude in the zero-range (ZR) approximation for

V~, although calculations were made within the &amework of the finite-range DWBA. In the ZR approximation, the
DWBA amplitude takes the form

1 7E'e'2" C
3He(O —,)

Jy Vy my M&

(-,'M„1my
~
gyve)

x(rMx jrrr
~

M )2( Mr~1rMj
~

rM ) f are& (r)Irxrr„(r)Yr' „(r)e!+(r).



POSSIBILITY TO DETERMINE THE ASTROPHYSICAL S. . . 3475

In the conventional ZR DWBA, the reaction amplitude is parametrized in terms of the so-called ZR normalization
constant. However, it can be shown that within the framework of the three-body approach (with constituent clusters
X, b, and p), the peripheral transfer reaction amplitude is parametrized in terms of the product of the ANC s for
Y w X+p and o, -+ b+ p virtual decays [24]. That is why we have parametrized the amplitude M in Eq. (7) in terms
of the ANC CsH, (o i) rather than the ZR normalization constant. If reaction (3) is surface, i.e., if the contribution

2

&om the region r ( B to the integral in Eq. (7) is negligibly small, then Iy.xq~~(r) in (7) can be approximated by
Eq. (6) and we derive

1M=
2pb&

7r

+3H (0-')
jy Vymy Mp

3 W s (2ry r)
&&(zMx jy~

~ 2M')(2M„ IMs
~ zM~) dr @* (r) ""'' Y~* (r)@.+)(r).

~&R„ r (8)

Then from (8) one easily gets that the differential cross section

2
Hs(0 s)( sB(1 )

+ B(1 s))

(10)

where A is the kinematical factor. It follows from Eq. (9)
that for the surface reaction (3), do /dO is proportional to
C2 (, (C2, +C2, )). This factor can be defined

by normalizing the theoretical cross section [Eq. (S)] to
the experimental one. Since, as we have noted, the value
of the ANC for the virtual decay He —+ d + p is well es-
tablished, we can extract the factor C

H(y )
+ C 8(y )2 2

which calibrates the absolute normalization of the radia-
tive capture process, Be+@ ~ B+p, at astrophysical
energies [12,13].

III. CALCULATIONS

We calculated, within the &amework of the finite-
range DWBA, the cross sections for the ~Be(sHe, d)sB
reaction at different incident energies of He ions, E =
21, 27, 33, and 45 MeV, which correspond to 49, 63, 77,
and 105 MeV, respectively, for the energies of the Be
beam that would be used for the He( Be, B)d reaction.
Our aim was to find an energy interval where the reac-
tion under consideration would be essentially peripheral,
so that we can neglect the contribution from the B in-
terior to the reaction amplitude.

When calculating the DWBA cross sections, the over-
lap integrals Iy-~ and I b have been approximated as

where 5 p is the spectroscopic factor for the configura-
tion P + p and Pp„ is the bound-state wave function of
the relative motion of P+p in nucleus n. Since we are not
interested in the absolute value of the cross section, we

took both spectroscopic factors equal to 1. Tombrello's
potential [6] has been used to calculate the single-particle
wave function Pea, „in the 1p proton state. We note that
the exact form of the interaction potential for Be and p
in the bound state does not influence the behavior of the
cross section of the peripheral reaction "Be(sHe, d)sB in
the main stripping peak as long as it provides the cor-
rect binding energy of the (~Be-p) bound state. We used
the usual Woods-Saxon potential and well-depth proce-
dure to calculate the wave function Pg„. To investigate
the peripheral character of reaction (3), we introduced
the cutoff radius B,„t in the integral in Eq. (7). B,„t
was varied from 0 to 7 fm to determine how the cross
section for the ~Be(sHe, d) B reaction changed at small
angles and to check whether the reaction mechanism is
dominated by the nuclear surface.

The choice of the optical potentials in initial and final
channels is the most serious problem since there are no
data on He+ Be and d+ B scattering. Thus the opti-
cal potentials adopted in this paper must be considered
to be only rough estimates. For E = 33 and 45 MeV
in the entrance channel, we used He+ Li optical po-
tential parameters available from the literature. In fact,
because of the strong cluster structure of Be, the ex-
change mechanism from Be(sHe, ~Be)sHe transfer can
contribute (perhaps significantly) to the elastic He+ Be
scattering. Such a problem does not exist in the He+ Li
scattering, and so the use of this optical potential in the
Be( He, d) B calculations is perhaps more reasonable

since we take into account the pure proton transfer mech-
anism in a proper way. Unfortunately for E = 21 and
27 MeV, there are no He+ Li potentials available in the
literature; consequently, we used 3He+ Be optical poten-
tials. In the final channel, d+ Be optical potentials were
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TABLE I. Ratio of the cross sections for the Be( He, d) B
reaction calculated at difFerent energies with the cutofF radii
equal to 4 fm and 0 fm. Optical parameters are taken from
Table II.
E (MeV)

21
27

Optical
potential

Hl-Dl
Hl-D2
H2-D2
H3-D3
H5-D3
H8-D4
H7-D4
H6-D5

1 3
o(R...=4

1.02 1.02
0.97 1.01
1.02 1.02
0.93 0.93
1.02 1.03
0.97 0.96
0.87 0.86
0.74 0.73

8 (deg)
9

fm)/o. (R,„,=0
1.01
1.00
0.95
0.88
0.97
0.85
0.79
0.66

fm)
0.98
1.00
0.93
0.80

0.68

0.60

used for all the energies. Although the B internal struc-
ture difFers strongly from Be, both of them are weakly
bound nuclei so that their optical potentials should have
large difFuseness parameters.

The problem of the discrete ambiguity of the optical
potentials plays an important role in these calculations.
As is well known, deep potentials produce distorted waves
with more oscillations in the nuclear interior than shal-
low potentials. These oscillations cut ofF the contribu-
tions from the nuclear interior. So using deep potentials
should automatically suppress, to some extent, the in-
ternal contribution. That is why we are interested in
ending an energy of the incident beam where the difFer-
ence between the results obtained with shallow and deep
potentials would be small. We show in Table I the ratio
o (B,„t ——4 fm)/o (R,„t ——0 fm) calculated at four dif-
ferent energies for He and at scattering angles (in the
center-of-mass system) of 0 = 1', 3,9', and 15', using
the optical potentials &om Table II. At B,„q ——4 fm, the
behavior of the Iy~q~ (r) difFers from W „s(2ryr)/r
only by 4%. As can be seen from Table I, the smaller the

energy, the smaller the difFerence between cross sections
calculated with the shallow and deep optical potentials.
At 45 MeV for deep potentials, the contribution &om the
internal region (r & 4 fm) is only 4% at angles & 3', while
for the shallow potentials this contribution is 27% in the
same angular range. But at E = 21—27 MeV, both deep
and shallow potentials have a small contribution &om
the nuclear interior. At 0 ( 10 the maximum value of
this contribution is 5%. This situation reflects the fact
that at higher energies the transparency of nuclei grows
and rainbow phenomena take place. Although rainbow
scattering is believed to help in distinguishing between
difFerent types of ambiguities, new data in He scattering
show the presence of another type of ambiguity called the
V/W ambiguity [33], which also causes some problems in
the optical potential choice. The problem of choosing the
optical potentials is important since it can produce up to
28% ambiguity in the cross section of the ~Be(sHe, d)sB
reaction (see Table III) in the angular range 0 & 10'.
Such an ambiguity occurs for energies where the contri-
bution &om the nuclear interior is not small, but these
energies are not of interest. Unfortunately we cannot cal-
culate the inHuence of the optical potential ambiguity on
the cross section in the most interesting energy interval
E = 21—27 MeV, where reaction (3) is completely pe-
ripheral, because optical potentials are not established
for these energies. However, we note that the optical po-
tential ambiguity is less important for surface reactions.
Angular distributions from the calculations are shown in
Fig. 1. The cross sections at all four energies are quite
large and have a pronounced peak at small angles with a
magnitude between 20 and 50 mb/sr.

We can estimate the accuracy of determining the ANC
of the overlap integral Ianen, [and hence the astrophys-
ical 8 factor for ~Be(p, p)sB reactions at solar energies]
from the analysis of the Be( He, d) B reaction at 20—
27 MeV where the discrete ambiguity is not so important
as at higher energies, and Eq. (9) is valid with accuracy
of 10% at 0 & 10'. Let us assume that the ambiguity in

TABLE II. Optical potentials for the He+ Be and d+ B scattering. The Coulomb radius is
rc = 1 3 fm-

E (MeV)

21 27

12
17
22

VR

Dl
D2
D3
D4
D5

78.0
65.0
59.4
74.03
84.7

Hl 62 7
H2 108.1
H3 69.5
H4 176.6
H5 146.9
H6 79.8
H7 66.9
H8 129.5

1.432
1.08
1.18
1.11
1.39
1.2
1.3
1.3

0.967
1.25
1.447
1.239
1 ~ 11

0.746 21.8
0.857 21.7
0.76

0.707 51.7
0.684 29.1
0.7 8.24

0.73 21.4
0.57 7.8

1.04 30.
0.79
0.776 26.0
0.736
0.609

He+ Be
1.525
1.636

1.055
0.893

0.96
1.91
2.15
1.0
1.6

d+ 'B
1.07

0.801
0.407
1.07
1.38
1.64

0.81

1.447 0.776

20.3 1.18 0.76

7.2 1.25 1.025

11.63 1.239 0.736
5.29 1.37 1.003

Reference

[30]
[3o]
[3o]
[31]
[31]
[32]
[32]
[32]

[33]
[30]
[30]
[30]
[3o]

We also use the spin-orbit potential for the Dl parameter set with V, = 6.05 MeV, r,
0.967 fm, and a, = 1.04 fm [33].
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100- Be( He, d j 8B TABLE III. The dependence of the Be( He, d) B reaction
cross section on the choice of the optical potentials at E = 33
and 45 MeV.

10
100

10

100

'l0

R (MeV)

33

Optical
potentials

H4-D3
H5-D3
H6-D4
H8-D4
H6-D5
H7-D5
H8-D5

1
45.3
40.4
45.3
35.7
44.9
38.9
34.2

8 (deg)
9

32.7
28.8
27.6
23.3
27.0
23.1
21.6

H6- 05

I I I I I I

10 30 50 70 90 110

8 (deg)

FIG. 1. Differential cross sections for the Be( He, d) B
reaction calculated within the framework of the finite-range
DWBA for difFerent He energies, and for the optical poten-
tials listed in Table II.

the optical potential choice gives rise to an uncertainty
in the DWBA cross section of 15—20 %. If the uncer-
tainty of the experimental cross section is 10%, then the
accuracy of the C, + C, and Sq7(0) is 35—40%. To

2 2
decrease this, it is necessary to improve the accuracy of
the experiment. It is even more important to measure
the angular distribution of the elastic scattering in the
entrance and exit channels, since the main uncertainty
comes from the optical potential choice. This would al-
low for a decrease to 25—30% in the total uncertainty for
the extracted value of Sqy(0). A more definite conclusion
can be made only after analysis of the experimental data.

reaction would result in a large uncertainty in scatter-
ing angle due to the finite divergence of the radioactive
beam. For this reason, a better choice of reactions to
study would be ones with heavier targets than He, such
as B( Be B) Be or N( Be B) C. Both B and

N targets have comparatively loosely bound protons,
and only one ANC, corresponding to the virtual decay

B~ 9Be+p or N~ i C+p, is needed to define the
normalization of the corresponding surface reaction am-
plitude. We also note that by using radioactive beams,
it is quite feasible that elastic scattering data can be ob-
tained both for the entrance and exit channels, thus sig-
nificantly reducing the ambiguity in the determination
of the optical potentials. The ANC's for B~ Be+p
and ~4N~ ~sC+p have been calculated [18] but not mea-
sured. Thus it is important to measure these ANC's
using, for example, Be( B, Be) B, C( N C) N,
or Be( He, d) B and C( He, d) ~4N reactions. Work is
now underway at the TAMU Cyclotron Institute to study
the B( Be, B) Be reaction using a radioactive Be
beam that is produced by the reaction p( Li, Be)n and
is separated from the primary beam by passing through
the recoil spectrometer MARS. As part of this work, the
ANC for B~ Be+p will be measured.

IV. CONCLUSION

We have shown that, in principle, the inverse reac-
tion He( Be, B)d could be carried out with a radioac-
tive ~Be beam to find the ANC's described above. How-
ever, the laboratory to center-of-mass conversion for the
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