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Pb( Li,ad) Pb Breakup Experiment to Test Feasibility of Extracting
the Astrophysically Relevant a+ d Capture Cross Section
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The (a+d) breakup of 60 MeV Li scattered from ' "Pb has been measured inside the grazing angle
for c.m. energies of the fragments between 100 keV and 1.5 MeV. We find the integrated cross sections
to be in agreement with Coulomb excitation theory, but the angular correlations of nonresonant breakup
exhibit significant deviations from this theory. This shows that the measured breakup cross section can-
not be related by first-order Coulomb excitation theory to the astrophysically relevant He(d, y) Li cap-
ture reaction.

PACS numbers: 25.70.Np, 25.45.—z, 25.55.—e, 95.30.Cq

In the radiative capture reaction x(y, y)z the incident
projectile y is absorbed by the nucleus x followed by the
emission of y radiation from the compound nucleus z.
This process is one of the most important reactions for
the formation of elements in the Universe [1]. Many as-
trophysical problems depend strongly on reliable mea-
surements of the radiative capture cross sections involved
[2,3]. Examples of astrophysical interest are the reac-
tions ' C(a, y) ' 0 important for the nucleosynthesis in

red giants, He(a, y) Be involved in the solar neutrino
problem, and a(d, y) Li which could provide a consisten-
cy check for the standard big-bang model [4]. The direct
measurement of such cross sections at astrophysically
relevant energies, typically well below 100 keV, is rather
difficult. Thus most cross sections could not yet be mea-
sured at sufficiently low energy.

In 1985, it was proposed to study photodisintegration
processes A(z, xy)A of a projectile z in the Coulomb field
of a nucleus 8 in order to extract cross sections for the
corresponding radiative capture reaction [5]. Using this
indirect approach the following advantages are quoted:
(i) Even at very low center-of-mass energies of the frag-
ments a reliable detection of the fragments is possible due
to their high velocities in the laboratory frame. (ii)
Coulomb breakup experiments at sufficiently high projec-
tile energies often produce higher reaction rates than cap-
ture experiments.

In order to extract reliable capture cross sections from
Coulomb breakup data a good understanding of the
breakup process is required. Especially, one has to know
the contribution of nuclear interaction to the cross section
and the influence of higher-order Coulomb eAects, e.g. ,
"postacceleration. " At the moment, it is not clear wheth-
er these eAects must be taken into account and how this
might be done. To get experimental information on these
questions we measured the breakup Pb( Li, ad) Pb
below the grazing angle. Li should be well suited for the
proposed indirect method, due to its low breakup thresh-
old and due to the similar charge-to-mass ratio of projec-
tile and fragments, which minimizes postacceleration
eAects.

Our experiment was performed by bombarding a 7.6-
mg/cm -thick "Pb target (99% enriched) with a Li
beam of 60 MeV provided by the Heidelberg boosted MP
tandem. The experimental setup is shown in Fig. 1.
Coincident a-d events were measured by two semiconduc-
tor telescopes. The a telescope (telescope 1 in Fig. 1)
consisted of a 200-pm hE counter and a 1.5-mm E
counter covering a solid angle of 0.33 msr. The AE[-
hE2-E telescope for the deuterons (telescope 2) had two
250-pm-thick crossed strip detectors S[ q as h, E counters,
and a 1.5-mm E detector combining good angular resolu-
tion (60=0.5') with a large total solid angle of 8 msr. It
was protected against the huge number of elastically scat-
tered Li projectiles by an aluminum foil 500 pm thick.
Figure 2 shows the kinematic conditions of the breakup
and defines the relevant physical quantities. In contrast
to previous experiments, we measured at various detector
arrangements in order to cover a large fraction of the de-
cay cone in which the fragments were emitted. In the
laboratory system, our measurements covered relative an-
gles between a particle and deuteron from 3 to 13 . We
took data at various angles p, between the scattering

FIG. 1. The schematic view of the detector arrangement.
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FIG. 2. Kinematics of the breakup process. The scattering
plane is defined by the velocity vector of the incoming beam
vb„.„and the center-of-mass (c.m. ) velocity v~, » of the outgoing
fragments. The breakup plane is defined by the velocity vectors
of the fragments v, , ]„b,vd]„. b. The center-of-mass system of in-

coming Li is nearly equivalent to the laboratory system. The
c.m. energy E d is related to the shown quantities: E d
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FIG. 3. The '- "Pb(bLi, ad)~o"Pb breakup cross section as a
function of the fragments' energy E,d in their center-of-mass
system. The measurements have been performed at the beam
energy EL; =60 MeV and at the scattering angle 0R =15 . The
dashed curve shows the result of a first-order Coulomb excita-
tion calculation. The solid curve was calculated including an
experimental background of 0.7 mb/MeVsr.

plane and the breakup plane between 0 and 180 in

steps of 45 . We measured at scattering angles dR for
the excited Li* of 15, 20', and 25 . The grazing angle
at our beam energy is = 30'. The Coulomb parameter
(g =12) justifies a semiclassical approach.

Figure 3 shows the measured double differential cross
section d cr/dQ, RdE as a function of the center-of-mass
energy E,d. The data points result from measurements
mapping out about 60% of the decay half cone in and
above the scattering plane (0' ~ p, ~ 180') which is a
symmetry plane of the problem. Breakup processes were
reconstructed event by event using the energy measured
in telescope 1, the position in telescope 2, and the energy
of the beam assuming two-body kinematics for scattering
and decay. Detector geometry was taken into account by
a Monte Carlo simulation. By taking data in a large part
of the breakup cone, we avoided making assumptions
on the breakup's angular correlation. Background was
suppressed by particle identification in telescope 1 and
telescope 2 and a cut on the total energy. Because of a
poor energy resolution near the edges of telescope 2 a
complete background suppression, however, was not pos-
sible. By comparing events hitting the center and the
edges of telescope 2 the remaining background was es-
timated to be —I mb/sr MeV. Throughout this paper er-
ror bars indicate the statistical errors only. Additionally,
there is a systematic error of about 15%. The peak at
E d =0.71 MeV indicates resonant breakup via the 2.18-
MeV continuum state (J =3+) of Li, while all other
yield can be interpreted as nonresonant breakup [6]. The
solid curve shows the result of a first-order Coulomb ex-
citation calculation [5,71 using the B(E2) values of
Langanke's microscopic potential model calculations [8]
for nonresonant breakup and B(E2) from (e,e') experi-
ments [9] for resonant breakup. Excitation and decay
were treated as successive processes ("sequential break-
up"). This might be justified because effective separation

of the fragments consumes a significant amount of time
due to their low relative energy E,d [10-12]. In order to
get an optimum fit to the data, the calculated curve was
scaled by a factor N =0.8 and a constant background of
0.7 mb/MeVsr was added. The curve was folded with a
Gaussian [FWHM(E, d) =120 keV] taking into account
the experimental energy and angular resolution. There is
a surprisingly good agreement between our measurements
and Coulomb excitation theory with respect to both abso-
lute cross-section value and energy dependence. Even
better agreement in absolute cross section (N =0.9) is
obtained if dipole polarization, the dominant higher-order
effect [13],is taken into account [7,Vol. 7].

Of course, the angular correlations contain much more
detailed information on the breakup process itself; for ex-
arnple, their patterns might either establish Coulomb
breakup and the contributing multipolarities or, by sensi-
tive interference eAects, reveal the presence of additional
non-Coulomb breakup amplitudes. The left-hand part of
Fig. 4 shows the angular correlation of events with 0.6
MeV & E,d & 0.8 MeV where resonant breakup dom-
inates. The solid curves show the result of a first-or-
der Coulomb excitation calculation assuming sequential
breakup, using Langanke's B(E2) values. Agreement of
measurement and calculation is satisfactory, which could
be expected from earlier experiments measuring angular
correlations at p, =0,180 [14].

The right-hand part of Fig. 4 shows the angular corre-
lations of events with 0.3 MeV & E,d &0.5 MeV where
nonresonant breakup dominates. Again the calculations
[7,15] use Langanke's B(E2) values. The relative phases
for final states with diAerent orbital angular momenta are
adjusted to get an optimum fit to the data. Here, data
and calculations show significant deviations. The most
prominent feature is a pronounced forward-backward
asymmetry in the "in-plane geometry" (p, =0', 180 )
which vanishes in "out-of-plane geometry, " and has dif-
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F16. 4. The '- "Pb(6Li, ad) "Pb angular correlations for res-
onant (left) and nonresonant (right) breakup measured at indi-
cated scattering angles 0R and azimuthal angles p, (see Fig. 2).
The data have been obtained at the incident energy of F.];=60
MeV. The solid curves show the result of a first-order Coulomb
excitation calculation. The dashed curves were calculated as-
suming interference of resonant and nonresonant breakup am-

plitudess.

ferent signs for p, =0' and 180'. Because of the fact
that data at different p, were taken with the same setup,
by changing only the position of the detector a systematic
error in experiment or data analysis could hardly explain
this effect. The significance of the nonresonant data is
confirmed by the fact that no such effects are seen in the
resonant data measured simultaneously with the same ex-
perimental setup. Thus, first-order Coulomb breakup
theory fails to describe the nonresonant breakup by a
sequential approach. A more advanced theoretical study,
which is valid also for nonsequential breakup, cannot ex-
plain the observed forward-backward asymmetry once
again [16].

Measurements at a Rutherford scattering angle of
Dg —20 agree with the results discussed so far. At a
scattering angle of 8R —25 we observe deviations from
Coulomb theory in both resonant and nonresonant break-
up, indicating the increasing influence of the nuclear

force near the grazing angle.
Our experimental results can be interpreted in the fol-

lowing way. Because of the long lifetime of the 2.18-
MeV Li state its decay following resonant excitation
takes place far from the "catalyst" nucleus and there is
no perturbation by its Coulomb field. First-order Cou-
lomb excitation theory and the assumption of sequential
decay are valid.

The present angular correlation measurements confirm,
however, our earlier result [17] that nonresonant breakup
cannot be described by these simple assumptions, at least
at present limits. This might be explained by a non-

negligible inAuence of the final-state interaction of frag-
ments and target nucleus or by a significant contribution
of nuclear interaction of projectile and target. Since our
experiments are performed well below the grazing angle
in a regime where Coulomb excitation is expected to
dominate [6,10,18], and since the resonant breakup data
do not show any evidence for nuclear interaction, we as-
sume that nuclear interaction gives no obvious explana-
tion of our results. The final-state interaction, however,
could be a possible explanation. It should be more impor-
tant in nonresonant breakup than in resonant breakup,
because the effective separation of the fragments occurs
much closer to the nucleus in the first case [10-12].

Recent Li breakup experiments of a Karlsruhe group
show no deviation from Coulomb theory in the non-
resonant case [19]. They were performed at a beam ener-

gy E~; of 156 MeV and a Rutherford scattering angle 6R
of about 3 . Using a magnetic spectrometer the mea-
surements covered only a small part of the angular corre-
lation, where the velocities of projectile and fragments
are almost collinear. With our detector setup we cannot
measure this kinematical situation, but extrapolation of
our data to 6 =0, 180 indicates also an agreement of
Coulomb theory and measurements at just these kinemat-
ic conditions. For this reason the Karlsruhe results do
not necessarily contradict ours.

In the case of Li there is a similar situation. Mea-
surements, where velocities of projectile and fragments
are almost collinear, show less evidence for the final-state
interaction [20] than measurements performed at
14—90 [211.

With regard to astrophysical application of Coulomb
breakup measurements it can be concluded that, in gen-
eral, Coulomb breakup measurements cannot be correlat-
ed in a straightforward manner to astrophysically rele-
vant capture reactions. But there might be special kine-
matical situations (e.g. , collinear breakup, higher beam
energy, smaller Rutherford scattering angle) where inter-
pretable and reliable data can be taken. To establish the
limits for these situations must be the aim of further in-

vestigations. The present work has demonstrated that
considering the breakup cross section only is, in general,
not su%cient for this purpose and that the thorough ex-
amination of the completely measured breakup correla-
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tions will be crucial.
We acknowledge many helpful discussions with Profes-

sor J. P. Wurm.
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