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Cross section for the primordial reaction
sLi(y, n)sBe(g. s.) at E', =l.5 MeV
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The differential cross section for the primordial reaction Li(p, n) Be(g.s.) has been determined at
E, = 1.5 MeV in the c.m. angular range 38' to 90' by use of the radioactive nuclear beam facility
at the University of Notre Dame which utilizes a superconducting solenoid lens system designed at
the University of Michigan, and a Be detection technique developed at the Florida State University.
A Li beam of approximately 10 pps is used to infer a total cross section of 21+2 mb, with a
20Fo absolute cross section uncertainty. This total cross section is a factor of two smaller than a
conventional Hauser-Feshbach calculation and it is also much smaller than that of some other Li
burning reactions.

PACS number(s): 25.40.—h, 97.10.Cv

For the past several years there has been an intensi-
fying interest in the production and use of radioactive
nuclear beams (RNB) for the study of exotic nuclear re-
actions. An important application of cross section mea-
surements resulting from RNB is in tests of models of
primordial nucleosynthesis of light nuclides [1]. Since
an important avenue to heavier elements in the inhomo-
geneous models of primordial nucleosynthesis [2] is iiB
production, primarily in the reaction sLi(a, n)iiB, it is
important to investigate all modes of sLi burning. In
these models the low density regions are characterized by
a neutron excess and a corresponding excess of neutron
rich isotopes such as sLi, and the high density regions
are characterized by proton excesses. One would there-
fore expect the sLi(p, n)sBe reaction to be of importance
only in regions near the density boundaries, except when
abundances are rapidly changing during the homogeniza-
tion phase [3].

Measurement of the sLi(p, n)sBe(g. s.) cross section
provides us with some rather unique challenges. Not only
is the residual nucleus, Be(g.s.), unstable (tip' 6 x
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10 is sec) but the detection of the neutron yield from the
reaction is impossibly bathed in an intense neutron back-
ground from the breakup of the sLi beam used in the cur-
rently measured inverse reaction, p(sLi, sBe)n, and from
other reactions occurring along with the sLi production
reaction. In spite of these problems, the measurement of
the p(sLi, sBe)n reaction can be accomplished since the
sLi beam at the University of Notre Dame RNB facility
is one of the purest low-energy radioactive beams and the
identification of sBe(g.s.) is quite unique in our detection
method.

The University of Notre Dame (UND) radioactive
beam facility at the UND FN-Tandem laboratory can
provide sLi beam particles at a rate of 10 pps by
bombarding a sBe primary target of areal density 2.3
mg/cmz with 17 MeV TLi ions from the FN-Tandem
accelerator [4]. The sLi particles produced in the
sBe(7Li,sLi)sBe reaction are focused onto a secondary
target by use of a superconducting solenoid [5] equipped
with an axial beam stop, such that it accepts reaction
products in the laboratory angular range of 5' to ll'.
At the appropriate magnetic field setting the Li parti-
cles form a beam spot with diameter of approximately
5 mm and with an angular divergence of +3'. A sec-
ondary target of CHq was used to study the reaction of
interest and a natural carbon target was used to deter-
mine the background.

The Be detector consists of two 1 cm x 5 cm x 3000
pm thick, position-sensitive, silicon detectors operated
in coincidence. They are mounted symmetrically above
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and below the horizontal reaction plane, with their 5 cm
position-sensitive directions parallel and separated by 3.6
mm. The pair is located approximately 10 cm from the
secondary target. Prior to an experiment each detector
segment is calibrated in energy and position by use of
a sTh radioactive source which gives six well-defined
alpha-particle energies between 5.3 and 8.8 MeV. A grid
of 21 vertical slit apertures, of known width and sepa-
ration in a 0.5 mm thick Ta mask, is placed in front of
each detector segment for the position calibration. Posi-
tion and energy resolutions for alpha-particle detection
are typically 0.7 mm and 100 keV [full width at half
maximum (FWHM)], respectively. The interdependence
of energy and position in the calibration, the energy-
dependent efficiency for sBe detection, and the decay
kinematics for calculating the relative energy between
the decay alpha particles and thereby uniquely identify-
ing the sBe(g.s.), all have been discussed in great detail
elsewhere [6].

The Be(g.s.) production rate in the reaction
p(sLi, sBe)n is expected and observed to be very low,
partly because of the limited intensity of the secondary
beam of sLi particles. Consequently, we found it advan-
tageous to calibrate by use of the prolific yield from the
izC(7Li, sBe) iiB reaction. This was conveniently done
with a relatively intense secondary beam of Li ions by
reducing the solenoid field such as to focus 7Li ions elas-
tically scattered from the primary Be target onto the
secondary target. The 7Li-induced reaction allowed us
to verify the unambiguous identification of detected sBe
particles, and also to establish corrections for beam angle
and beam energy for the relatively poorly defined sec-
ondary sLi beam.

Accurate values of the secondary beam energy and an-
gle were determined through the use of three-body final
state kinematics. In these reactions, two of the final state
particles are the alpha particles whose energies and po-
sitions are measured in the Be detector. With these
vector momenta determined, the third particle momen-
tum is calculated event by event, and then the three-body
Q-value spectrum can be calculated [6]. This measured
Q-value spectrum for the i C( Li,sBe(g.s.)) reactions,
which is shown in Fig. 1, is the result of a run time
of approximately 30 minutes on a carbon target of areal
density 940 pg/cm . The data of Fig. 1 represent an
angular range of detected sBe events of approximately
10' to 33' in the laboratory. The nominal angle of the
detector center is adjusted, in the data reduction, until
the calculated Q-values are independent of reaction an-
gle. This procedure results in a correction to the nominal
angle setting of —1.6'. Similarly, in the data reduction,
the secondary beam energy is adjusted until the events
in a two-dimensional scatter plot of sBe energy vs sBe
reaction angle follow the calculated two-body kinemat-
ics result. This procedure resulted in a correction to the
nominal beam energy of -100 keV to the final value of 14.2
MeV. These corrections are small, but the angular correc-
tion in particular is very important for the p(sLi, sBe)n
reaction where the inverse two-body kinematic effects are
extreme.

The sBe(g.s.) events are initially identified in a two-
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FIG. 1. Q-value spectrum for the reaction
C( Li, Be(g.s.)) B, using a secondary beam of Li par-
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FIG. 2. Relative energy between the coincidence detected
alpha particles identified as Be events. The Be(g.s.) decay
energy is 92 kev. Since only the in-plane separation of alpha
particles is measured, the larger energy range of detected Be
particles in case (b) increases the energy spread with which
the Be decay energy is identified.

dimensional plot of the energies of the two alpha particles
detected in coincidence. The identification is confirmed
by calculating [6] the relative energy between the two
alpha particles for each selected coincidence event. A
relative energy spectrum for the events in the ground-
state q-value peak of Fig. 1 is shown in Fig. 2(a). The
measured decay energy is observed to be very close to
the known value of 92 keV. The relative energy spectra
of Fig. 2 demonstrate clearly that there is no significant
contribution to our final cross section values from excited
SBe events, since those events would produce relative en-
ergies of 1 to 5 MeV. The small corrections to reaction
angle and bombarding energy, discussed above, have al-
ready been made for the data shown in both Figs. 1 and
2. The observed energy resolution in Fig. 1 is primarily
the net effect of beam divergence, spot size, and energy
spreading due to the effects of target thickness and the
finite angular opening of the solenoid. The energy reso-
lution in Fig. 2 is dependent primarily on detector posi-
tion and energy resolutions and the fact that we measure
only the in-plane momenta of the alpha particles, but
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FIG. 3. Scatter plot of Be energy versus laboratory reaction angle. Events within the parallelogram are accepted for
(a) the reaction of interest, and for (b) determining background. The crosses indicate the kinematic calculations for the
p( Li, Be(g.s.))n reaction.

it is nearly independent of all other resolution-degrading
effects including the parameters of the sLi beam.

The data for the p(sLi, sBe)n experiment were gathered
from a 39 h Li bombardment of a CH~ target having
areal density 720 pg/cm . Identification of the reaction
of interest by forming a Q-value spectrum as was done
for the i2C(~Li, sBe)iiB reaction, Fig. 1, is not possi-
ble, since kinematic effects produce an energy resolution
of 3 MeV and the events from the carbon content in
the target form a nonseparated background. The detec-
tion of sBe(g.s.) events is still clearly identified [as seen
in Fig. 2(b)], and as long as we are dealing with high
positive Q-value reactions they are separated from the
bothersome continuum caused by a very intense neutron-
induced background. The separation of Be events from
the proton and carbon components of the target is ac-
complished simply by forming the scatter plot of sBe
energy versus the calculated laboratory reaction angle,
drawing a liberal two-dimensional gate around the ap-
propriate kinematic region, which also shows a clear pre-
ponderance of events, and subtracting the appropriately
normalized number of events within the same gate from a
45 h bombardment of the 940 pg/cm carbon target (see
Fig. 3). The total number of events within the gate was
254 for the CHg target and 83 for the carbon target. The
spectrum of relative energy between alpha particles for
the gated events of Fig. 3(a) is shown in Fig. 2(b), again
clearly identifying the events as sBe(g.s.) particles. The
background-subtracted data are binned in 3' segments
in laboratory angle, the approximate angular resolution
of the incident secondary beam. The yields are then con-
verted to differential cross sections. The absolute cross
section was determined by use of Li Rutherford scatter-
ing from a Au target and employing a monitor detector
in the production chamber to normalize the rate of in-
cident sLi particles. The final cross section results for
Be(g.s.) formation are shown in Fig. 4.

A cross section determination for formation of
sBe(J~=2+) would be highly desirable and it is expected

to be greater than for sBe(g.s.) formation. The spectrum
of Fig. 2(b) is not expected to show sBe(2+) events since
it is generated for events within the kinematic gate of
Fig. 3(a). Events of Be(2+) production would appear
approximately 3 MeV below the kinematic line for the
ground state events in Fig. 3 and their kinetic energy
would be spread well into the background of events from
the carbon component of the target. The extreme kine-
matic effects coupled with the angular range of the de-
tector, its very small efficiency for sBe(2+) detection and
its lack of vertical position information, the broad width
of the first excited state of sBe, and the background con-
tributions from the carbon component of the target and
neutron events in the detectors, make both the identifi-
cation and the simulation of Be(2+) events extremely
unreliable for the current detector geometry.

Measurements [7] of the rLi(p, n)~Be(g. s.) reaction in
roughly the same energy region show this cross section
to be 10 times larger than that for the sLi(p, n)sBe(g. s.)
reaction. In addition, the 7Li(p, n) ~Be(g.s.) angu-
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FIG. 4. DifFerential cross section for the reaction
Li(p, n) Be(g.s.). Error bars are statistical only. The curve

represents a fit by the function Ap + AqP&(cos II), arith 4mAp
= 21+2 mb and A2/Ap 0.9+0.4.
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TABLE I. Optical model parameters used in Hauser-Feshbach calculations.

Particle pair

Li+ p
Be+ n

He + He
Li+ H
Li+ H

Li+ p
e+ nb

U (MeV)

46.05
41.24

196.60
78.00

145.00

46.45
40.67

RR (fm)

2.50
2.63
3.39
2.01
1.54

2.37
2.80

aR (fm)

0.65
0.66
0.48
0.95
0.70

0.48
0.62

W (MeV)

6.00
8.51
9.2

30.00
1.91

6.34
22.20

Rl (fm)

2.50
2.53
3.39
1.61
3.74

2.37
2.80

aI (fm)

0.47
0.48
0.48
0.85
0.72

0,72
0.90

'Alternate parameter set from Ref. [15].
Alternate parameter set from Ref. [16].

lar distributions are symmetric about 90' c.m. , for en-
ergies not dominated by resonances, suggesting that
this reaction proceeds by the compound nucleus mech-
anism at these low proton energies. To determine if
the sLi(p, n) Be(g.s.) reaction is also dominated by the
compound-nucleus mechanism, Hauser-Feshbach (HF)
cross sections [8] were generated by use of the computer
program HELGA [9]. The calculations include decay chan-
nels leading to five residual pairs. For Li+p interactions
at center-of-mass energies less than 2 MeV, the maximum
energies available to excite the residuals are suKciently
small that all possible decays are to discrete levels. If
there exist extra unknown discrete levels, then this HF
calculation is an overestimate. Excitation energies, spins,
and parities of residual states were taken from standard
compilations [10]. Table I shows the optical-model pa-
rameters from which transmission coeKcients were de-
termined. Since optical potentials determined from elas-
tic scattering experiments are not available for several of
the residual pairs, there is some latitude in the choice of
parameter sets. Systematic potentials were used for the
proton [ll] and neutron [12] channels. Parameter sets
for sLi + a. [13] and sBe + t [14] were employed for the
sHe + n and sLi+t channels, respectively. This calcula-
tion produces a HF total cross section of about 46 mb.
The sensitivity of the calculation to the parameters was
checked by using several alternate parameter sets. It was
most sensitive to the parameters for the proton and neu-
tron channels, where the alternate parameter sets listed

in Table I produced increases in the integrated cross sec-
tion of up to 20%.

The experimental total cross section can be approxi-
mated by assuming a functional form for the angular dis-
tribution which is consistent with the Hauser-Feshbach
calculation, i.e. , o(e) = Ao + AsP2(cos8). The param-
eters of the curve shown in Fig. 4 yield o~ ——4~AO ——

2l+2 mb where the uncertainty is based on statistical
errors in the data only. The absolute uncertainty in the
total cross section is the order of 20%. Obviously it is
questionable to apply the HF technique at such low ener-
gies. The measured value is a factor of 2 less than the HF
calculation. It is also much less than that for the recently
measured Li(p, cr) He reaction [17]. From the gates of
Fig. 3 one can argue that we have missed some Be events
at the maximum angles (0, m 90', Fig. 4), but even by
eliminating this data point, the experimental value of crT
is increased by only 10% while As/Ao is decreased by
20%. One can then infer that at astrophysical energies
((300 keV) the already very small cross section would
be quite insignificant in the absence of strong resonant
effects. We conclude that the sLi(p, n)sBe(g. s.) reaction
is not a dominant I i burning reaction in astrophysical
models for nucleosynthesis.
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