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Projectile breakup by nuclear and Coulomb fields and application
to astrophysically relevant radiative-capture processes
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The interplay of nuclear and Coulomb contributions to breakup processes is studied theoretically.
This is especially relevant for the extraction of astrophysical S factors for radiative-capture reactions.
We study explicitly the breakup of Li and Li projectiles. Results of our calculations are in good agree-
ment with recent experimental data. The di6'erent behavior of the nuclear and Coulomb amplitudes as a
function of angle and energy helps to separate them from each other. This is vital for reliable extraction
of astrophysical S factors of radiative-capture processes from breakup experiments.

The Coulomb dissociation method for studying astro-
physically relevant radiative-capture processes was pro-
posed in Ref. [1]. It rests on the assumption that the nu-
clei do not interact strongly with each other. In this case
the breakup reaction a +Z ~(b + x ) +Z proceeds entire-
ly via the electromagnetic interaction. By further as-
sumption that the electromagnetic excitation process is of
first order, one can relate [1] directly the measured cross
section for this reaction to that of the radiative capture
cross b +x —+a+@. Therefore, astrophysical S factors
for the radiative-capture processes can be determined
from the study of breakup reactions under these condi-
tions. This procedure is essentially the same as the ex-
traction of electromagnetic matrix elements (between nu-
clear bound states) in Coulomb excitation [2].

However, for breakup reactions induced by projectiles
with beam energies (Eb„)above the Coulomb barrier,
the strong interaction processes can interfere with the
Coulomb excitation mechanism. This happens even at
very forward angles, where predominantly large impact
parameters contribute. Therefore, one has to pin down
the kinematic conditions under which nuclear contribu-
tions do not substantially alter the predictions of a pure
Coulomb dissociation process (or at least they can be tak-
en into account in a reliable way). This is necessary for
an accurate extraction of astrophysical S factors from the
breakup data.

The purpose of the present Brief Report is to give a
direct reaction calculation of the nuclear and Coulomb
breakup and investigate their roles in different kinemati-
cal situations. The amplitude for the Coulomb breakup
can be calculated essentially free of uncertainties (the
electromagnetic matrix elements being the only external
input). However, in the calculation of the nuclear break-
up amplitude, the optical potentials in the outgoing and
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where indices i and f refer to the incoming and outgoing
channels, respectively. Fc and F& denote the form fac-
tors for the Coulomb and nuclear excitations, respective-
ly. For Fz we take the following form:

P b/r +' r~R
Fc(r) = ' -c I,pLcr, r ~R&,

(3)

where pI is the "Coulomb deformation parameter. " This
is related to the B (EL) value of the transition by
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3Z~RC

In this equation, b =[3Z Zze )/(2L+1)]Rc and
c =(b/Rc +'). Rc is given by 1.2Hz/ fm with Z, Zz,

incoming channels are required. The parameters of these
potentials inevitably involve uncertainties. Nevertheless,
such kind of direct reactions have been extensively stud-
ied for several decades [3], and the parameters of the po-
tentials are known to a large extent by recourse to other
sources such as elastic scattering. Therefore, the nuclear
breakup amplitudes can also be calculated with little un-
certainty.

The quantal treatment of the Coulomb and nuclear ex-
citations is well known [2,3]. The expression for the
differential cross section corresponding to a transition of
multipolarity L is represented as

L =+M
)TL /2

dQ L= —M

with
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and A T being the charge of the projectile and charge and
mass of the target nucleus, respectively. For the nuclear
form factor F&, we take the usual collective model ex-
pression with the value of the "nuclear deformation pa-
rameter" PL being the same as 131 .

In Eq. (2), &L (k, r) a. nd Rl (kfr) define the wave func-f
tions for the relative motion in the incoming and outgo-
ing channels, respectively. These are obtained by solving
the Schrodinger equation with appropriate optical poten-
tials which are determined by fitting the elastic-scattering
cross sections in respective channels.

Now we use these formulas to study the breakup reac-
tions Li —+e+d and "Li~e+ t on a Pb target, where
the experimental data in the relevant energy region have
recently become available [4—6]. In particular, we inves-
tigate the resonant breakup via 3+ and —', levels in Li
and Li, respectively. This has the advantage that the
corresponding B (E2) values are known from other ap-
propriate experiments (see, e.g. , Ref. [7]), and a quantita-
tive comparison with the experimental data is possible.
The optical potentials needed in our calculations have
been taken from Ref. [8] for Li (at Eb„=156 MeV) and
from Ref. [5] for Li (at Eb„=63MeV). We have used
the same set of potentials for the incoming and outgoing
channels.

In the left part of Fig. 1, we consider the resonant
breakup of Li on a Pb target with Eb„=63MeV.
The data [5] correspond to a —', ~—,

' excitation with a
known B(E2) value of 15.5 e fm . The solid line shows
the results obtained with both nuclear and Coulomb exci-
tations (and their interference) included into the calcula-
tions. The long-dashed (short-dashed) line depicts the
cross section for pure Coulomb (nuclear) excitation. The
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FIG. 1. Angular distributions for Li+ Pb~ Li*(a+t)
+ 0 Pb (left side)»d Li+ o Pb~ Li'(n+d)+ o Pb
(right side) reactions, They proceed via ( 2

—+
~ )

and (1+~3+ ) transitions, respectively. The long-dashed
(short-dashed) curve represents the result of pure Coulomb (nu-
clear) excitation calculation. Their coherent sum is depicted
by solid curve. 8, represents the center-of-mass angle of
outgoing Li*.

Coulomb form factor is determined entirely by the corre-
sponding B(E2) value. As described above, we use Eq.
(4) to extend it to the radii smaller than Rc. Anyway, it
is worthwhile to note that this interior region contributes
very little. It can be seen in this figure that the angular
distribution corresponding to the Coulomb form factor is
a smooth curve approaching to zero as 0~0. This
rejects the semiclassical nature of the process. The adia-
baticity condition for the excitation leads to the vanish-
ing of the cross section in the limit of zero angle (which
corresponds to impact parameter tending to infinity). On
the other hand, the nuclear cross section, although gen-
erally smaller than the Coulomb one, tends to a finite
value as 0—+0. This shows a typical diffraction pattern,
which persists in the full (nuclear plus Coulomb) curve as
well underlining the relative importance of the nuclear
contributions throughout.

In the right part of Fig. 1, the corresponding results for
the resonant breakup of Li on a Pb target at
Eb„=156MeV is shown. The experimental points are
taken from Ref. [6]. In this high-energy case, the
Coulomb amplitude dominates. For 0 & 4', nuclear
effects modify the total amplitudes only marginally (ex-
cept for the region very close to 8=0). Thus higher ener-
gies (accompanied, of course, by more forward angles)
should be a more favorable region for the extraction of S
factors of the astrophysically interesting radiative-
capture reactions. Furthermore, the "Coulomb final-
state effects" (some times also called as post-acceleration
effects [9,10] are less severe at higher energies (see also
Ref. [11] for a recent review, which includes the experi-
mental aspects as well).

The origin of the different angular distribution patterns
for the nuclear and Coulomb amplitudes can be traced
back to the different behavior of the radial matrix ele-
ments corresponding to these processes in the orbital an-
gular momentum (L) space. This is shown in Fig. 2,
where we have plotted them as a function of the incident
channel orbital angular momentum for the Li breakup.
For illustration purposes we select the case L; =Lf andI= 1 (all other combinations of these quantum numbers
have the same typical behavior). The nuclear part
(short-dashed line) shows the expected narrow peak
around the grazing partial wave L,. On the other hand,
the long-range quadrupole Coulomb interaction leads to
radial matrix elements which extend very far out. The
(coherent) sum of the nuclear and Coulomb contributions
are shown by solid curve. Because of absorption effects
in the distorted waves, the Coulomb contribution (long-
dashed line) becomes very small for partial waves
L ~L, . This substantiates our earlier remark that the
Coulomb form factor for the region r ~RC contributes
negligibly to the corresponding amplitude. Because of
this contrasting L-space behavior of the their respective
radial matrix elements, nuclear and Coulomb breakup
amplitudes show different angular distributions,
diffractive type for the former and smooth for the latter.
We further remark that because of their smooth behav-
ior, the Coulomb amplitudes are quite amenable to the
semiclassical methods (such as performing the L-space
summation by saddle-point method). This will prove to
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FIG. 2. Modulus of the radial matrix elements (PLM) as a
function of the entrance channel orbital angular momentum
(L6 . ) for the reaction Li+ zospb~cx+ d +zospb. Various

curves have the same meaning as in Fig. 1.

be quite handy for future calculations involving far
higher energies and more massive particles (experiments
for such cases are already being performed at RIKEN
and GANIL [12]). For the reactions investigated in this
Brief Report, calculations have been done by exact
quantum-mechanical methods (which have to be used for
the nuclear part any way).

Recently Utsunomiya et al. [13] have raised an in-
teresting possibility which simplifies the analysis of their
very beautiful data on Li breakup. From a distorted-
wave Born approximation (DWBA) calculation, they sug-
gest that there is a parallelism between the nuclear and
Coulomb excitation cross sections as a function of the ex-
citation energy [or the a trelative -energy (e, )] for their
experimental conditions. We have tried to investigate
this point in our first-order DWBA model. Assuming an
energy independent 8 (El ) value (and hence a constant
value for PL and PL ), we show in Fig. 3 the correspond-
ing nuclear and Coulomb excitation cross sections (for
the sake of simplicity, we have left out the interference
term). We note that whereas the cross section for the nu-
clear excitation (dashed line) is only weakly dependent on
the excitation energy (corresponding to E, values be-
tween 0 and 2 MeV), that for the Coulomb excitation
(solid line) shows the expected decrease with increasing
energy. As can be seen in this figure, we fail to corro-
borate the existence of parallelism between nuclear and
Coulomb cross sections, particularly for energies below
200 keV, which is relevant for nuclear astrophysics.

In conclusion, we want to say that the direct reaction
model including Coulomb as well as nuclear contribu-
tions is very well suited for the study of breakup reactions
at moderately high energies. As a test case, we per-
forrned calculations for the breakup of Li and Li projec-
tiles on the Pb target at the beam energies of 156 and
63 MeV, respectively. Using standard optical model pa-

FIG. 3. Differential cross section for the Li+ Pb —+a
+ t+ Pb reaction as a function of the n-t relative energy e, .
Solid curve shows the results of full Coulomb excitation calcula-
tions, while dashed lines represents the same for pure Coulomb
excitation.

rameters (which are determined by the elastic-scattering
studies) and well-known B (EL) values, a very satisfacto-
ry agreement with the experimental data is obtained.
The different angular distributions of the nuclear and
Coulomb contributions are the direct consequence of the
different behavior of the corresponding amplitudes in the
L space: Nuclear amplitudes are well localized in this
space, while very high values of L contribute to the
Coulomb amplitude. Because of this, the corresponding
angular distributions are characteristically different for
nuclear and Coulomb excitations. Therefore, one can be
confident that by careful analysis of a range of experi-
mental data the Coulomb breakup part, and hence the as-
trophysically relevant cross sections, can be determined
almost in a model-independent way.

Our calculations suggest that higher beam energies and
forward angles provide a more favorable regime for the
extraction of S factors of the radiative-capture processes
from measurements of the breakup cross sections. In this
regime the nuclear contributions only marginally affect
the total amplitudes. We further remark that we fail to
observe the parallelism between nuclear and Coulomb ex-
citation cross sections for the breakup of Li at low beam
energies, for excitation energies of astrophysical interest.
It may be necessary to further check this point by using
more proper nuclear form factors and also to calculate
the coincidence cross sections for outgoing fragments.
Such studies are in progress.
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