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Breakup of Li near the a-t Threshold and a Possible Probe of Radiative-Capture Processes
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Breakup of 63-MeV and 42-MeV Li near the a-t threshold is examined from the astrophysical point
of view. A new approach is made to extract indirectly astrophysical S factors. The S factors are com-
pared with those deduced from radiative-capture measurements. It is shown that the energy dependence
favors the recent capture data of Schroder et al.
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Direct measurements of radiative-capture cross sec-
tions, a(b, y)c, have generally provided basic data for
nuclear astrophysics only by extrapolation since the as-
trophysical environments of big-bang expansion and the
interior of massive stars cannot be replicated in the labo-
ratory. An innovative method proposed by Baur, Bertu-
lani, and Rebel for overcoming this principal difficulty
uses the reciprocity theorem to relate radiative capture
and nuclear photodisintegration. In principle, this ap-
proach reduces the principal difficulty of the direct mea-
surements to the technical problem of observing astro-
physical energies in two-particle correlation experiments.
Very recently, a technique that utilizes a broad-range
magnetic spectrograph has been devised to observe two
particles emitted in extremely close proximity.

Breakup of Li near the a-t separation energy was

studied with the spectrograph technique at the Cyclotron
Institute of Texas A8r, M University and at the Holifield
Heavy Ion Research Facility of Oak Ridge National
Laboratory at bombarding energies of 63 and 42 MeV,
respectively. Detection-threshold-free measurements of
a-t correlation cross sections were made for a wide range
of impact parameters (detection angles) and for different
intensities of the Coulomb field (targets). These data
taken for a variety of experimental conditions (i.e., two
bombarding energies, five targets ranging from Al to

Pb, and many different detection angles) provide a
test of the indirect method proposed by Baur, Bertulani,
and Rebel. It is shown that a modified version of the
method may be feasible in the present energy domain
where the Coulomb and the nuclear interactions behave
similarly in exciting the a-t continuum states.

Figure 1 shows several a-t relative-energy distribu-
tions. The intensity of a-t correlations continuously
changes in the relative-energy range (a=0-1.0 MeV) of
astrophysical interest. These spectra were generated
from an event-by-event kinematical transformation.
In the data processing, the eff'ects of the finite spectro-
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FIG. 1. Distributions of a-t relative kinetic energies ob-
served in the breakup of 'Li at 63 and 42 MeV.

graph aperture and the finite target thickness were taken
into account. An extensive examination was made of the
spectra to locate the spectral minimum corresponding to
zero relative energy. No strong shifts were found in the
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S(a) -ae""o., (e) . (2)

Here, ri is the Coulomb parameter, ri =Z,Z, e /hv.
Let us examine the first step as applied to the present

data, temporarily putting aside the question of
Coulomb-nuclear interference. Five sets of data repre-
senting different experimental conditions with sufficient
counting statistics were chosen for this purpose. Their
experimental conditions are listed in Table I. Dividing
the data by the E 1 Coulomb excitation function yielded
the results summarized in Fig. 2. It is remarkable that,
for all the systems, the energy dependence of the reduced
transition probability is nearly universal.

Now let us consider nuclear-Coulomb interference
effects. It is quite plausible that nuclear breakup and
Coulomb breakup coexist ' over the energy region under
consideration. The original proposal of Baur, Bertulani,

TABLE I. Various systems chosen for the nuclear-
astrophysical application of the 'Li breakup.

Data set Targets

Laboratory bombarding
energies
(MeV)

c.m. angles
(deg)

IV

208pb

l 44S
120S

Al

63

63
63

42

42

12.4
15.5
20.7
25.8
12.6
9.6

12.7
15.9
1 1.2
16.9
8.9

12.7

location of these minima due to possible postbreakup
Coulomb acceleration, limiting the postacceleration
effects to about 0.3 MeV per unit charge. Corrections
were made at this level. The error bars displayed in Fig.
1 reflect the combined uncertainties due to all three
effects as well as the counting statistics.

According to the originally proposed method, ' the first
step involves obtaining the reduced transition probability
for exciting the a tdi-stribution by dividing the experi-
mental cross sections d o/d 0„L;de by the Coulomb exci-
tation function df/do((, 8). The latter quantity is dom-
inated by E 1 transitions in the present case. In the next
step, the detailed balance theorem is applied to relate the
reduced transition probability 8(EI;a) to the radiative-
capture cross sections o„(e) as follows:

B(E1;a)= he — acr„(s) .
9 6 mc (1)

16m 7 E„
Thus, the astrophysical S factors S(a) for the radiative-
capture process are obtained from the definition

and Rebel requires a clean separation of the Coulomb
and nuclear contributions. Under present circumstances,
this decomposition, which can only be obtained with the
help of direct reaction theories, is currently premature.
On the other hand, one may be able to interpret the ob-
served "universal" energy dependence as a signature that
the nuclear and Coulomb interactions excite the continu-
um with the same e dependence. We investigated the
dependence of the Coulomb and nuclear excitation func-
tions on the excitation energy (a) within the framework
of a distorted-wave Born approximation (DWBA). As-
suming that the a-t continuum results from one-step E 1

transitions from the ground state of Li, the Coulomb
and nuclear excitation functions were generated with the
program' spwKa which involves a collective form fac-
tor. For the current experimental conditions, the
DWBA analysis lends support to the parallelism in the s
dependence within the accuracy of + 5% in the range
from 0 to 0.5 MeV and within + 10% in the range
0.5-1.0 MeV. At the present time, however, this result
of the DWBA study should not be regarded as evidence
for the observed universal energy dependence. The proof
must await thorough theoretical investigations that
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FIG. 2. The reduced transition probabilities deduced from

the data sets listed in Table I.
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FIG. 3. Comparison of astrophysical S factors extracted
from the present breakup data with those deduced from
radiative-capture measurements. The data at 63 and 42 MeV,
respectively, were averaged with weights inversely proportional
to the uncertainties (in Fig. 1) associated with the individual

measurements.

should include studies of higher-order effects such as
channel coupling between the —,

' (and/or the —', )
discrete state and the continuum.

Radiative-capture cross sections o„have been mea-
sured by three independent groups: Griffiths et al. in

1961 for e down to 150 keV and Schroder et al. ' and

Burzynski et al. " in 1987 for e down to 79 and 297 keV,
respectively. The astrophysical S factors deduced from
these data are summarized in Fig. 3. It is noted that the
data of Schroder et al. exhibit a pronounced energy
dependence below s 300 keV compared to the data of
Griffiths et al. , while the third measurement by Burzyn-
ski et al. does not help differentiate between these two

data sets because of a lack of cross sections in this ener-

gy region. The discrepancies at low energies are a seri-

ous problem in big-band nucleosynthesis because they
give S(0) values which differ by a factor of nearly 2.

Let us apply Eqs. (1) and (2) to the universal reduced
transition probability. The S factors extracted from the
breakup data are plotted in Fig. 3 after normalizing
them to S(a) 0.06 keVb at a 500 keV. We see that
the energy dependence favors the data of Schroder et al.
This energy dependence, however, seems to be stronger
than those of the most recent calculations, ' ' which

tend to support the data of Griffiths et al. Possibly the

production rate' of primordial Li needs to be modified.

There seems to be a systematic difference within 2o
between the results at 42 and 63 MeV in both the low-

and high-energy regions. This may reflect effects of the
final-state interactions (FSI) especially at low a. FSI

TABLE II. Astrophysical S factors obtained from the
breakup data.

e (keV)

80
130
180
230
280
330
380
430
480
530
580
630
680
730
780
830
880
930
980

S(s) (keVb)

0.35
0.15
0.1 1

0.095
0.082
0.071
0.069
0.064
0.063
0.060
0.059
0.057
0.054
0.053
0.056
0.055
0.054
0.056
0.059

Errors (+/ —) (keVb)

0.14/0. 13
0.04/0. 05
0.01/0.012
0.007/0. 010
0.011/0.010
0.014/0. 012
0.008/0. 006
0.007/0. 006
0.006/0. 005
0.003/0. 005
0.004/0. 005
0.005/0. 004
0.005/0. 004
0.007/0. 009
0.009/0. 009
0.007/0. 007
0.007/0. 007
0.011/0.010
0.009/0. 009

effects need to be studied theoretically in the future. The
S factors obtained from the combined data are given in

Table II. The individual values represent the simple
average between the 42- and 63-MeV data, while the er-
rors correspond to the total range spanned by the two
data sets. It is added that below 100 keV, the extracted
S factors even exceed 0.15 keVb with considerable un-

certainties. This is at least partly because the measure-
ments suffered from degradation of the energy resolution
in this region. '

In conclusion, projectile breakup near particle thresh-
olds may provide indirect access to radiative-capture pro-
cesses at astrophysical energies where extrapolation has
been known to be the major cause of associated uncer-
tainties. The theoretical aspects of this indirect ap-
proach need to be investigated. Another measurement of
the radiative-capture cross section is also desired.
Achieving sufficient energy resolution for the Li system
at its astrophysical energies (below 10 keV) requires
particle-tracking capabilities within the aperture of the
spectrograph. However, it would be interesting to study
the breakup of other nuclear species where such ultra-
sensitivity is not required.

This work was supported in part by the U.S. Depart-
ment of Energy Contracts No. DE-F605-86ER40256
(Texas A &,M University) and No. DE-FG05-
87ER40361 (Joint Institute for Heavy Ion Research)
and by the Robert A. Welch Foundation under Grant
No. A-972. The Oak Ridge National Laboratory is
operated by Martin Marietta Energy Systems, Inc. , un-

der Contract No. DE-AC05-84OR21400, with the U.S.
Department of Energy.

849



VOLUME 65, NUMBER 7 PHYSICAL REVIEW LETTERS 13 AUGUST 1990

' Present address: Superconducting Super Collider Labora-
tory, Dallas, TX 75237.

Present address: Chemistry Department, Purdue Univer-

sity, West Lafayette, IN 47906.
'H. Rebel, in Proceedings of the Workshop on Nuclear Re-

action Cross Sections of Astrophysical Interest, Karlsruhe,
West Germany, February 1985 (unpublished); G. Baur, C. A.
Bertulani, and H. Rebel, Nucl. Phys. A458, 188 (1986).

2H. Utsunomiya, Y.-W. Lui, and R. P. Schmitt, Nucl. In-
strum. Methods Phys. Res. , Sect. A 278, 744 (1989).

3H. Utsunomiya er al. , Nucl. Phys. A511, 379 (1990); H.
Utsunomiya et al. , Phys. Lett. B 211, 24 (1988).

4H. Fuchs, Nucl. Instrum. Methods Phys. Res. 200, 361
(1982).

sG. Baur and M. Weber, Nucl. Phys. A504, 352 (1989).
K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther,

Rev. Mod. Phys. 2$, 432 (1956). The finite aperture of the
spectrograph was taken into consideration by using the El
Coulomb excitation functions weighted over the experimental

angular distributions. This, however, had minor corrections,
typically (2-4)%.

7T. Kim, T. Udagawa, D. H. Feng, and T. Tamura, Fortran
program JpwKB (unpublished).

sT. Tamura, Rev. Mod. Phys. 37, 679 (1965).
9G. M. Griffiths er al. , Can. J. Phys. 39, 1397 (1961).

'oU. Schroder et al. , Phys. Lett. B 192, 55 (1987).
"S.Burzynski er al. , Nucl. Phys. A473, 179 (1987).
'2T. Kajino and A. Arima, Phys. Rev. Lett. 52, 739 (1984);

T. Kajino, Nucl. Phys. A460, 559 (1986).
'3K. Langanke, Nucl. Phys. A457, 351 (1986).
'4T. Mertelmeier and H. M. Hofmann, Nucl. Phys. A459,

387 (1986).
'sT. Kajino, G. F. Bertsch, and K.-I. Kubo, Phys. Rev. C 37,

512 (1988).
' T. Kajino, G. J. Mathews, and K. Ikeda, Phys. Rev. C 40,

525 (1989).
' W. A. Fowler, G. R. Caughlan, and B. A. Zimmerman,

Annu. Rev. Astron. Astrophy. 13, 69 (1975).

850


