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We consider the radiative capture process a+d—°Li+ 7y at energies, E, ,, <300 keV, that are relevant for
astrophysical processes. Due to the peripheral character of the reaction, the overall normalization of the
astrophysical factor S, is entirely governed by one quantity, the asymptotic normalization coefficient C,; for
SLi — a@+d. Using the recently well established value for this constant Co;=2.3+0.12 fm™ 2, we calculated
S,4 taking into account both E1 and E2 contributions. Our recommended value for S,4 is 2.57 MeV nb at the
most effective energy for the capture reaction in astrophysical processes, E. ,, = 70 keV, which gives a reaction
rate 0.036 cm® mole ™! s™! at the temperature 0.8 10° K. We found a significant energy dependence of S 24 at
astrophysical energies. At energies of less than 110 keV, the E1 component dominates over the E2 component.
At E_,, =70 keV, the E1 contribution to the total transition is about 58%.

PACS number(s): 25.10.+s, 25.45.—z, 25.55.—e, 97.10.Cv

The radiative capture reaction
a+d—CLi+y (1)

is the only process that produces °Li in the big bang model.
The astrophysically important a-d relative kinetic energies
for the process are E ., <300 keV [1]. The available experi-
mental data for this reaction cover the region 100 keV
<E_ ,<4 MeV [2,3]. The low energy experimental data
have been obtained indirectly from measurements using the
Coulomb breakup process SLi+2%Pb— a+d+2%8Pb [3].
The most recent theoretical calculations of the low energy
cross section for reaction (1) have been performed within the
framework of the microscopic resonating group method
(RGM) [4], in the quasimicroscopic potential model [5,6],
and in the framework of the multicluster dynamic model [7].
The importance of the E1 capture at astrophysically relevant
energies was noted in Refs. [2,4—7]. Despite the fact that the
E1 transition is forbidden in the long wavelength approxi-
mation, the E1 multipole can dominate over the E2 [5,7]
because of the significant difference between the mass of the
free ar particle and twice the mass of the free deuteron at low
energies.

Because of the small binding energy of °Li in the two-
body channel a+d, the capture reaction becomes almost
totally peripheral at low energies and the « particle and d in
Li can be treated as free particles, including their mass
defect. Peripheral radiative capture processes possess an im-
portant feature: The reaction amplitude is completely deter-
mined by the tail of the bound state wave function of the
final nucleus in the two-body channel corresponding to the
colliding nuclei [8—-10]. However, the work in Refs. [4—6]
did not take this fact into account. The bound state wave
function of SLi used in Refs. [5,6] was taken from Ref. [11]
where it had been derived in the three-body (a+n+p)
model. The overlap integral derived with the wave function
taken from [11] did not possess the proper asymptotic behav-
ior (correct r dependence and normalization). The same
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shortcoming occurs for the a-d relative wave function in the
RGM [4], which is approximated by the sum of Gaussian
functions when solving the Schrodinger equation. The most
crucial problem when calculating peripheral astrophysical ra-
diative capture processes is to properly normalize the tail of
the wave function since the overall normalization of the S
factor for such reactions is governed only by the amplitude
of the tail or, equivalently, the asymptotic normalization co-
efficient (ANC) of the corresponding overlap function
[8-10].

Recently, significant progress has been achieved in the
derivation of the ANC Cy, (the quantum numbers O and 1 are
defined below) for the virtual decay SLi— a+d [12] . This
ANC has been found to be Cp;=2.3+0.12 fm™ 2, using the
analytic continuation of the elastic a-d 3S, partial scattering
amplitude to the pole in the E ., plane corresponding to the
SLi ground state. The result of the analytic extrapolation has
been checked in Ref. [12] by three other techniques: first by
directly solving the inverse problem for «-d scattering and
then by two different methods of finding a solution for the
three-body (a+n+ p) Faddeev equations. There was an in-
dependent derivation of the ANC for ®Li— a+d [13] using
the three-body variational bound state wave function of ®Li
[11] and the method developed in Ref. [14]. All these calcu-
lations confirmed the result from the analytic continuation.
Thus the value of Cy; seems to be very reliable and can be
used in practical calculations.

An immediate use of this result in the calculation of the
astrophysical factor of the capture reaction (1), Sp4(E. ), at
very low E ., has been indicated in a paper by one of us
[10]. This idea has been used in [7], where the cross section
for a+d radiative capture has been calculated within the
framework of the multicluster dynamic model with the cor-
rect tail of the °Li bound state wave function in the a+d
channel. In this paper, we have used the idea in Ref. [10] to
calculate S,4(E.,) and its energy dependence for astro-
physically relevant energies using the well-defined value of
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the ANC C,,. Simultaneously, we investigate the relative
contribution of E1 and E?2 transitions to S,4(E. ) and com-
pare theoretical predictions with the low energy experimental
data [3]. In contrast to Ref. [7], we present the detailed in-
vestigation of the S,4(E_ ) behavior at astrophysical ener-
gies, give the recommended value for S,4 (70 keV), and
discuss the problems in the low energy experimental data
derived from the Coulomb breakup [3].

In the long wave approximation, the cross section
o(E ) of the direct radiative capture reaction is given by
the sum of the cross sections o(EN;E. ) with A=1,2 cor-
responding to the E1 and the E2 transitions [4]:

0(Ecm)=0(ELEc )+ 0(E2;Ecp). @

The astrophysical factor is related to the corresponding cross
section by  S(EN;Ec;n)=Ecqn exp(2mn)0(ENE ),
where 9,=Z,Z,e*ul2E,,, is the Coulomb parameter for
« and d in the initial channel, Z ,e and Z e are their charges,
and u is their reduced mass, with #i=c = 1. Possible correc-
tions to the long wave approximation for the E1 transition
due to the spin-dependent part of the E'1 operator and retar-
dation effects are very small [5]. The influence of the internal
quadrupole moments of d and SLi is found to be insignifi-
cant [15]. The M1 multipole is also practically negligible in
this reaction [5]. Consequently, we take into account only the
expression for the cross section in the classical long wave
approximation. The cross section o(EN;E_ ;) is propor-
tional to B(EX;E. ) [4], which is expressed in terms of the
matrix element
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Here m; is the mass of the particle j; R, is the cutoff radius
introduced to check the peripheral character of the reaction;

Iiljm(r)= (P oPal sy is the radial overlap function of the
bound state wave functions of °Li, @, and d; and r is the
distance between the centers of mass of the a particle and
the d. The only bound state of °Li has relative a-d angular
orbital momentum [;=0 and spin parity J}T= 17. The wave
function z,b,i Ji(r) describes the relative a-d motion in the

continuum with the relative angular orbital momentum /; and
the total angular momentum J;. When calculating the cross
section, we took into account all the possible initial angular
momenta including J7=3%, 2%, 17 for the E2 transition
arising from ;=2 and J7=2", 17, 0~ for the E1 transition
arising from [;,=1 [4]. When deriving the matrix elements
for the E1 and E2 transitions, only the parts of the E1 and
E2 electromagnetic transition operators which depend on the
relative a-d coordinate r have been taken into account due
to the peripheral character of the capture reaction at astro-
physically relevant energies. To calculate the E1 transition,
the exact nuclear masses of the & and d must be used in the
factor A; [4,5].

MUKHAMEDZHANOYV, SCHMITT, TRIBBLE, AND SATTAROV 52

The most crucial part of the calculation is the overlap

function / le()l(r). Because of the peripheral character of the
reaction under consideration, only the asymptotic part of the
overlap function contributes to the radial integral in Eq. (3).
This will be explicitly demonstrated below in our calcula-
tions. The asymptotic behavior of the overlap function is
well known and given by

6L, W_ o 12(2kr)
Iall}lm(r)”CM—W . , (5)

where W_ ”‘lf+1/2(2Kr) is the Whittaker function,

n=2Z,Ze*ulk, k=2 pe, and £=1.475 MeV is the bind-
ing energy of SLi in the channel a+d. In our calculations
1 lem(r) has been approximated by

IH (1) =TY2 o (r). ©6)

Here J,; is the spectroscopic factor of the configuration
a+d in SLi, ¢o(r) is the single-particle wave function of
the bound state a-d calculated in a Woods-Saxon potential
with the standard parameters, ro=1.20 fm, and a=0.70 fm.
No spin-dependent term appears in the case under consider-
ation. The depth of the potential was found using the well-
depth procedure. It is very important to stress that the calcu-
lated S factor does not depend on the form of the adopted
a-d potential and, hence, on the model approximation of Eq.
(6). It is almost entirely defined by the tail of the overlap
function I ZI;iOI(r) or by the tail of its approximation
J"2po(r). To provide the correct normalization of that tail,
the spectroscopic factor Jj; used satisfied the asymptotic
relation

— o, 12(2K7)

w
J(l)/12¢0(’“)~C01"—*—7——» r=Ry, (7

where Ry is the a-d nuclear interaction radius. It follows
from Egs. (5)—(7) that

C01=J(1)/12b07 (®)

where b, is the ANC of the single-particle wave function
¢o(r). For the parameters chosen for the Woods-Saxon po-
tential, the spectroscopic factor is J;;=0.733. It is clear
from Egs. (3), (6), and (7) that for a peripheral reaction the
normalization of the matrix element M ;‘f 1, and, hence the

cross section, for both the E1 and E2 transitions is entirely
defined by the ANC Cy; and not by the individual factors
Jo1 and b,. Because of the peripheral character of the cap-
ture reaction, the S factor is not sensitive to the details of the
adopted a-d optical potential in the initial channel. We used
the conventional Woods-Saxon form [6] with the depth of the
central part Vo=74.23 MeV for /;=1 and V;,=79.23 MeV
for [;,=2, the spin-orbit part V,,=3.305 MeV,
ro=rc=1.85 fm, and a=0.71 fm.

The results for S,4, for different energies of astrophysical
interest, are given in Table I and Fig. 1. These show a strong
energy dependence of S,4(E ., ) at astrophysical energies,
confirming the results of [4,5]. It is clear from Fig. 1 that
Swu(E2;E . ,) has a stronger energy dependence than
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TABLE . Calculated astrophysical factors S,, as a function of E_, and cutoff radius R,;
S2(EN;E 1) is the astrophysical factor for the EN transition; Sy4(E ) is the total astrophysical factor for
E1+E?2 transitions; Sy(E . is the astrophysical factor for E1+ E2 transition calculated with use of the

tail of the radial overlap function Co\W_, ;,5(2kr)/r.

E (keV) R. (fm) Astrophysical factors (MeV nb)
Sou(ELE () Sou(E2;E 1) S2(Ecm) S5(Ecm)
10 0 1.12 0.33 1.45
3.0 1.12 0.33 1.45
4.0 1.09 0.32 1.41
4.5 1.06 0.32 1.38 1.38
70 0 1.50 1.07 2.57
3.0 1.50 1.06 2.56
4.0 1.45 1.04 2.49
4.5 1.41 1.03 2.44 2.44
100 0 1.73 1.60 3.33
3.0 1.73 1.59 3.32
4.0 1.68 1.56 3.24
4.5 1.62 1.55 3.17 3.17
210 0 2.42 4.19 6.60
3.0 242 4.14 6.56
4.0 2.32 4.05 6.38
4.5 2.24 4.00 6.24 6.25
300 0 2.94 7.21 10.15
3.0 293 7.096 10.03
4.0 2.80 6.90 9.70
4.5 2.69 6.79 9.48 9.5

Su(ELE ). The E1 transition dominates over the E2 at
the energies of less than 110 keV as derived in [7]. At the
most effective astrophysical energy E_.,, ~70 keV [2], the
E1 transition contributes about 58% to the total transition.
At an energy of E_ ,, =300 keV, which is also astrophysically
relevant, the E1 capture gives about 30% of the total capture
cross section. In that aspect, our results for the E1 contribu-
tion confirm the conclusion that the contribution of the isos-
calar E1 transition is very important at energies of astro-
physical interest despite the fact that the E1 transition is
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FIG. 1. The S,, as a function of the a-d relative kinetic energy
E ... The squares are the experimental data [3,16]. The solid line
indicates our calculation for E1+ E2 transitions. The dash-dotted
line is our calculation for E'1 transition only. The dashed line dis-
plays the calculations for E1+ E2 transitions from [4]. The dotted
line shows the results for £1+ E2 transitions from [6].

forbidden in the long wavelength approximation [4,5,7].
However, the relative contribution of the E1 transition in our
calculations and the absolute magnitude of our cross section
are significantly higher than the results from [4] (Fig. 1). The
reason lies in the peripheral character of the reaction under
consideration. Since in [4-6] the a-d bound state wave
function was taken as the sum of the Gaussians which die off
very quickly, the contribution of the peripheral part of the
integral to the capture rate was suppressed compared to our
calculations where the tail of the wave function has been
taken to be the correct Whittaker form. Since the tail of the
a-d bound state wave function in [6] is closer to the realistic
tail than that used in [4], the S,, calculated in [6] is closer to
ours than that found in [4].

To confirm our approach, we calculated the dependence of
the So(EN;E ) and So4(E. ) on the cutoff radius at dif-
ferent energies. The results, shown in Table I, explicitly dem-
onstrate that at astrophysical energies the contribution of the
nuclear interior to the capture reaction is negligibly small.
For example, at E ., =70 keV, the contribution of the region
r<4.5 fm to the S factor is less than 5%. At r=4.5 fm the
difference between the model radial overlap function
Ty o(r) and its tail Co W _, |,2(2kr)/r is only about 4%.
That is why the S factor, S5(E.,), calculated with
R.=4.5 fm and with the overlap integral approximated by
Eq. (5) (the last column of Table I), practically coincides
with the exact S,4(E . ,,) (the fifth column of Table I) calcu-
lated with the same cutoff radius. Both of these S factors are
very close to the exact result obtained without any cutoff. We
note that the dominant contribution to the matrix element at
E . ,=70 keV comes from the region r=4.5 fm.
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In Fig. 1, we compare the calculated S factor with data at
energies relevant to astrophysical processes. The only avail-
able data at low energies are those found in [3] from analysis
of the Coulomb breakup °Li+2%®Pb— a+d+2%Pb. These
data have about 30% uncertainty in the absolute normaliza-
tion and about 15% statistical uncertainty. In addition, the
experimental data are different for different branches:
v,<v,zand v;<v,. In Fig. 1 we show only the results of an
updated analysis of Coulomb breakup data for the branch
vy<v, (v, and v, are the velocities of the outgoing deu-
teron and « particle after Coulomb breakup of the projectile
SLi). These data were kindly provided by Kiener [16].

Our calculations show an explicit energy dependence in
low energy region and are in fair agreement with data points
[3] for E ., =300 keV. Moreover, our calculations also re-
produce the higher energy data including the resonance re-
gion [2]. However, here we only give the results of the cal-
culations in the low energy region relevant for nuclear
astrophysics where the capture reaction is almost entirely
peripheral. In our calculations both E1 and E2 transitions
are important. We note that in Coulomb breakup the E1 rela-
tive contribution is suppressed compared to E2 [3]. Hence,
at energies where E1 and E2 contributions are comparable,
Coulomb dissociation will not provide an accurate determi-
nation of S,,. However, we can conclude from our calcula-
tions (Fig. 1) that for energies E,,=300 keV, where E2 cap-
ture dominates over E1, Coulomb breakup can provide
reliable information about S,,. We note that in the analysis
of the Coulomb breakup data in work [3], it was assumed
that only the E2 transition occurs [3]. Hence we would ex-
pect that at low energies E£,4,<<300 keV the experimental data
should be lower than our calculations.

In summary, the a+d capture reaction is almost entirely
peripheral at astrophysical energies. Hence, the overall nor-
malization of the cross section of the direct radiative capture
process is totally defined by only one quantity, the ANC for
SLi—a+d. At energies important for astrophysical pro-
cesses, E. ., <300 keV, due to the peripheral character of
reaction (1), the overlapping of the clusters « and d is neg-
ligibly small. Hence, to calculate the S,, factor with an un-
certainty of a few percent, it is sufficient to use either the
model overlap integral in the form of Eq. (6) or simply to use
its tail given by Eq. (7). Since the ANC we used has been
derived from the a-d elastic scattering data, the results given
here for S,4(E .n) can be considered as an “indirect mea-
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surement” of the astrophysical factor for reaction (1). Taking
into account the accuracy of the extracted ANC Cy,; in Ref.
[12], the approximations made in the model overlap integral,
and in the electromagnetic operators, neglecting contribu-
tions from the quadrupole moments of d and °Li, we con-
clude that the overall uncertainty of the calculated astro-
physical factor S,, at the energy 70 keV, is about 12%. We
find a strong energy dependence of the astrophysical factor
S24(E ) at astrophysically relevant energies and impor-
tance of the E1 transition. Our recommended values for
S,4(E.m) are given in the fifth column of Table I (solid line
in Fig. 1). Our calculated reaction rate at the temperature
T=0.8x10° K is given by ¥=0.036 cm?® mole™' s™!. Our
results confirm the conclusion of [2] that the production rate
of °Li via the reaction (1) in the big bang is a small contri-
bution to the abundance of the universal °Li, which is pre-
sumably produced mainly by the galactic cosmic rays, for
example, as a result of bombardment of high energy protons
on different heavier elements, so-called high energy spalla-
tion reactions [17].

Finally, we would like to draw attention to the fact that
the use of the ANC for normalizing the cross sections is an
extremely powerful tool for nuclear astrophysics. In particu-
lar, one ANC for °Li— a+d defines the overall normaliza-
tion of both E1 and E2 transitions. Thus the use of the ANC
to calculate the S, factor has some advantage compared, for
example, to determining it from Coulomb breakup, since the
relative contribution from E1 capture is suppressed in Cou-
lomb breakup compared to that in the direct radiative cap-
ture. In principle, the Coulomb post-acceleration effects can
also cloud the analysis of some Coulomb breakup data. Of
course, for °Li breakup post-acceleration effects should be
negligible because the charge/mass ratio for the fragments
a and d is practically the same. Contributions from nuclear
processes also complicate the interpretation of the breakup
data. It clearly would be useful to repeat the °Li breakup
experiment to extract more accurate information about astro-
physical factor S, at energies E ,, =300 keV, where the E2
transition dominates over E1.
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