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Measurement of the nuclear reaction7Li „3He,p0…
9Be at low energies
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The nuclear reaction7Li( 3He,p0)9Be was measured at effective center-of-mass energies ofE5106.3 and
E5112.8 keV with the 180-kV Cockcroft-Walton accelerator at the Colorado School of Mines. As this reaction
is a possible contributor to inhomogeneous big bang nucleosynthesis, all published data were compiled and
used, together with our measurement, in a calculation of the thermonuclear reaction rate for temperatures up to
109 K.
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Recent precision measurements in cosmology, i.e.,
COBE, BOOMERANG, or MAXIMA-1 experiments@1–5#,
determined parameters relevant to the birth of our unive
with a level of precision comparable to the accuracy of
predictions derived from big bang nucleosynthesis. Howe
a comparison reveals discrepancies, the most striking
being the derived baryon densityVB . Here the standard
model of big bang nucleosynthesis@6# uses an upper limit of
VB50.02, while the BOOMERANG data suggest anVB of
0.05 and MAXIMA-1 a value of 0.07. Inhomogeneous mo
els of big bang nucleosynthesis, however, do allow hig
values ofVB , up to 0.10, that would include the above me
surements@6–8#. One difference between the standard mo
and inhomogeneous models is that the latter consider a w
reaction network, which can increase the production of7Li
as well as the abundances of heavier nuclei. A puzzle piec
this reaction network, the nuclear reaction7Li( 3He,p0)9Be
processes some7Li to 9Be, thus bridging the mass-8 gap.
this reaction only the proton emission to the ground st
leads to9Be production as all the excited states in9Be are
unbound to 2a1n decay.

The most recent experimental determination
7Li( 3He,p0)9Be dates back to 1990, where Rathet al. @9#
published a measurement ranging in energy fromEc.m.50.5
to 2.0 MeV. Yamamoto, Kajino, and Kubo used their resu
@10# in a theoretical description to extrapolate into t
Gamow energy region for big bang nucleosynthesis aro
Ec.m.5400 keV, and to extract reaction parameters for a
scription of the competing reaction7Li( t,n)9Be, which ac-
cording to present estimates of big bang nucleosynth
dominates9Be production. In order to check the extrapol
tion, we performed a new measurement of t
7Li( 3He,p0)9Be cross section at energies below the cente
the Gamow peak.

The measurements were carried out using the low ene
high current accelerator at the Colorado School of Min
The targets consisted of thick foils of analytically pu
lithium metal of natural isotopic abundances (7Li593.5%).
In order to minimize oxidation of the target surfaces, t
lithium was stored in mineral oil then polished in an A
atmosphere, and transferred under vacuum to a small sca
ing chamber. Reaction products were detected with a s
dard two-detector silicon surface barrier detector telesco
Reaction product energies from each detector were store
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an event by event basis allowing anex-post-factoconstruc-
tion of a two-dimension~2D! plot of total energy vs energy
loss in the front detector. Both detectors had a surface are
300 mm2. The frontDE detector had a thickness of 150mm
and the backE8 detector had a thickness of 500mm. Because
of the expected small yields, the solid angle of the telesc
was optimized by placing the detectors as close as poss
to the target. The center of the front of theDE detector was
27 mm from the center of the target and at an angle of 1
from the forward beam direction. The projectiles were p
duced out of 99.8% enriched3He gas, resulting in a magnet
cally analyzed3He1 with a very small fraction~;1027 as
determined by observation of proton and deuteron indu
reactions! of singly ionized molecular (1H-2H)1 which re-
sulted from previous uses of hydrogen and deuterium be
and which had virtually the same magnetic rigidity as t
3He1. This small component of protons and deuterons
produce significant yields of spurious reaction products fr
the 6Li( p,a)3He, 7Li( p,a,)4He, 7Li( d,a)5He, and
3He(d,p)4He reactions~where the target3He in this last re-
action results from the impacted beam ions in the Li targ!.

FIG. 1. TheDE-E spectrum measured at a3He bombarding
energy of 170 keV.
©2002 The American Physical Society01-1
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All of these reaction products could be distinguished fro
the proton groups from the7Li( 3He,p)9Be reaction by use o
the 2DDE vs E plot. An example of a 2D plot measured
a 3He laboratory bombarding energy of 170 keV is shown
Fig. 1. The groupsA, B, andC correspond to the reaction
7Li( 3He,p0)9Be, 7Li( 3He,p1)9Be, and 7Li( 3He,p2)9Be.
Group D is due to the reaction7Li( 3He,d1)8Be. There was
no evidence for the (3He,d) reaction to the 8 Be ground
state. Also missing is any evidence of the react
3He(3He,2p)a which, being a three-body final-state rea
tion, will produce a continuum of proton energies up to 10
MeV and would be manifest as a continuous distribution
points between groupsA, B, andC. The broad collection of
protons at groupE results from the 14.9 MeV protons from
the 3He(d,p)4He reaction. These protons do not stop in t
back detector and lose about 6.5 MeV in the combined tw
detector telescope.

The proton energy spectrum generated by projecting
the counts between the two dashed lines in Fig. 1 is show
Fig. 2. The yield of a given reaction product can either
derived from the peak in Fig. 2 or the corresponding group
Fig. 1. Since the targets were thick compared to the rang
the 3He beam ions, the yields represent an integrated yiel
the beam ions slow down in the target. The methodology
used to extract theS factors effective energies was identic
to that which we used in our recent study of deuteron

TABLE I. Results from measurements of7Li( 3He,p0)9Be
reaction.

Elab ~keV!a Charge~C! Ec.m. ~keV!b Eeff/c.m. ~keV!c S ~MeV b!

160 1.285 111.9 106.3 6.060.8
170 0.578 118.9 112.8 6.561.0

a3He laboratory bombarding energy.
bTotal energy of the3He and7Li in the center of mass.
cTotal effective reaction energy of the3He and7Li in the center of
mass.

FIG. 2. The proton energy spectrum projected out of the reg
in Fig. 1 between the dashed lines.
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duced reactions on9Be, 10B, and 11B @15# and will not be
reproduced here. In addition we assumed isotropic ang
distributions for a solid angle coverage of 0.36 sr. The
sults, together with the accumulated charge at each meas
ment, at the two laboratory bombarding energies of 160
170 keV are given in Table I.

This experiment provided two data points as shown
Table I. Since the results are approximately 40% lower th
the published extrapolation of Rathet al. @9# and Yamamoto,
Kajino, and Kubo@10#, we decided to provide a newS-factor
description. Specifically, our data hinted at a significan

TABLE II. Compiled astrophysicalS-factor information of
7Li( 3He,p0)9Be.

Ec.m. ~MeV! S(Ec.m.) ~MeV b!

0.1063a 6.060.8
0.1128a 6.561.0
0.416b 16.261.7
0.489b 19.962.1
0.511b 23.262.8
0.519b 24.562.9
0.550b 29.963.3
0.590b 42.064.5
0.627b 41.563.5
0.677b 39.164.0
0.698b 38.763.9
0.746b 34.663.1
0.782b 29.962.4
0.853b 28.562.8
0.890b 25.562.2
0.948b 21.361.2
0.991b 19.061.3
1.028b 17.960.9
1.065b 15.861.2
1.088b 15.560.9
1.153b 13.161.0
1.205b 13.460.7
1.25b 12.860.7
1.315b 12.860.7
1.336b 11.460.6
1.371b 11.360.7
1.446b 9.160.4
1.552b 10.660.5
1.666b 9.160.5
1.737b 8.060.4
1.815b 7.460.4
2.1c 9.661.0
2.24d 9.060.9
3.15d 3.860.5
6.99e 1.160.2

aThis work.
bReference@9#.
cReference@12#.
dReference@13#.
eReference@14#.
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lower direct-process contribution than the previous publi
tions assumed.

We incorporated our data with all other published info
mation to derive anS-factor description, which can be use
for the calculation of thermonuclear reaction rates. Most
the data@9,12–14# were not available in tabulated form, s
we had to read them out of the published figures. We a
had to estimate some of the assigned errors. We pro
Table II to sum up theS-factor information we used. We
employed this and our data in a Breit-Wigner fit using t
known resonances@9,11# and a direct reaction componen
~which we assumed to be constant for simplification p
poses! for a description of theS factor,

FIG. 3. A summary of all measurements of the astrophysicaS
factor of the7Li( 3He,p0)9Be~g.s.!.

TABLE III. Parameters for theS-factor fit.

Resonance Ei ~MeV! G i ~MeV! Ci ~MeV3 b!

1 0.643 0.34 0.98060.039
2 1.01 0.6 1.00760.043
3 1.61 0.21 0.04160.006
4 2.31 1.0 1.85960.159
~5! direct 1.13760.189a

a@MeV b#.
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S~E!5C1 /@~E2E1!21~G1/2!2#1C2 /@~E2E2!2

1~G2/2!2#1C3 /@~E2E3!21~G3/2!2#

1C4 /@~E2E4!21~G4/2!2#1C5 .

The data, our fit, and the fit from Ref.@9# are depicted in Fig.
3; the fit parameters are given in Table III. Using the follo
ing equation, we then calculated by numerical integration
thermonuclear reaction rate for this reaction:

NA~sv !5~8/pm!1/2NA /~kT!3/2E S~E!

3exp~2E/kT2bE21/2!dE.

The results of this calculation are summarized in Table
where they are compared to the reaction rates calculate
Rath et al. @9#. It should be noted that the present reacti
rates are about 60% of those presented in Ref.@9# at the
lowest temperatures.

The nuclear reaction7Li( 3He,p0)9Be was measured a
very low energies below the center of the Gamow peak
gion in big-bang nucleosynthesis. Using all other availa
information, we derived anS-factor description for the rel-
evant energy range. Because the direct reaction compo
appears to have been overestimated by about a factor of
previous work, the thermonuclear reaction rate calculate
this work is lower than previously published values.

This work was performed under a grant from the U
Department of Energy~Grant No. DE-FG03-93ER40789!.

TABLE IV. Reaction rate,̂ sv&, for 7Li( 3He,p0)9Be.

T9 ~K! ^sv& ~cm3/mol/s!a ^sv& ~cm3/mol/s!b

0.1 4.5131026 7.3931026

0.2 0.010 0.015
0.3 0.48 0.65
0.4 5.86 7.15
0.5 37.0 41.8
0.6 153 164
0.7 474 490
0.8 1174 1192
0.9 2470 2482
1.0 4580 4580

aPresent work.
bReference@9#.
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