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Measurement of the nuclear reaction’Li (*He,p,)°Be at low energies
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The nuclear reactiofLi( *He,p,)°Be was measured at effective center-of-mass energi&-=06.3 and
E=112.8 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
10° K.
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Recent precision measurements in cosmology, i.e., than event by event basis allowing ar-post-factaconstruc-
COBE, BOOMERANG, or MAXIMA-1 experimentgl—5],  tion of a two-dimensior(2D) plot of total energy vs energy
determined parameters relevant to the birth of our universéss in the front detector. Both detectors had a surface area of
with a level of precision comparable to the accuracy of the300 mnf. The frontAE detector had a thickness of 1%@n
predictions derived from big bang nucleosynthesis. Howeverand the bacle’ detector had a thickness of 5@fn. Because
a comparison reveals discrepancies, the most striking onef the expected small yields, the solid angle of the telescope
being the derived baryon densif)g. Here the standard was optimized by placing the detectors as close as possible
model of big bang nucleosynthe$®)| uses an upper limit of to the target. The center of the front of tAd detector was
0z=0.02, while the BOOMERANG data suggest &3 of 27 mm from the center of the target and at an angle of 105°
0.05 and MAXIMA-1 a value of 0.07. Inhomogeneous mod- from the forward beam direction. The projectiles were pro-
els of big bang nucleosynthesis, however, do allow higheduced out of 99.8% enrichetHe gas, resulting in a magneti-
values ofQ0g, up to 0.10, that would include the above mea-cally analyzed®He" with a very small fraction(~10 7 as
surement$6—8]. One difference between the standard modeldetermined by observation of proton and deuteron induced
and inhomogeneous models is that the latter consider a wideeaction$ of singly ionized molecular{H-2H)* which re-
reaction network, which can increase the productioflof  sulted from previous uses of hydrogen and deuterium beams
as well as the abundances of heavier nuclei. A puzzle piece iand which had virtually the same magnetic rigidity as the
this reaction network, the nuclear reactiéld(*He,py)°Be  3He™. This small component of protons and deuterons did
processes somé.i to °Be, thus bridging the mass-8 gap. In produce significant yields of spurious reaction products from
this reaction only the proton emission to the ground statehe °Li(p,«)3He, ‘Li(p,a,)*He, ‘Li(d,a)°He, and
leads to®Be production as all the excited states’®e are  *He(d,p)*He reactiongwhere the targetHe in this last re-

unbound to 2+ n decay. action results from the impacted beam ions in the Li tgrget
The most recent experimental determination of
"Li(®He,p,)°Be dates back to 1990, where Rathal. [9] 0 , . ,

published a measurement ranging in energy fi&gm,=0.5
to 2.0 MeV. Yamamoto, Kajino, and Kubo used their results .
[10] in a theoretical description to extrapolate into the  35f '. 1
Gamow energy region for big bang nucleosynthesis arounc ’ ) '
E. =400 keV, and to extract reaction parameters for a de-
scription of the competing reactiofii(t,n)°Be, which ac-
cording to present estimates of big bang nucleosynthesis
dominates®Be production. In order to check the extrapola- 3 55
tion, we performed a new measurement of the
"Li(3He,p,) °Be cross section at energies below the center of
the Gamow peak. 20 [P BRRN
The measurements were carried out using the low energy
high current accelerator at the Colorado School of Mines.
The targets consisted of thick foils of analytically pure
lithium metal of natural isotopic abundanced.i(=93.5%).
In order to minimize oxidation of the target surfaces, the gL . . "%, -
lithium was stored in mineral oil then polished in an Ar 6 7 8 9 10 11
atmosphere, and transferred under vacuum to a small scatte Total Energy (E + AE) (VEV)
ing chamber. Reaction products were detected with a stan-
dard two-detector silicon surface barrier detector telescope. FIG. 1. TheAE-E spectrum measured at 3le bombarding
Reaction product energies from each detector were stored amergy of 170 keV.
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T T ] T TABLE II. Compiled astrophysicalSfactor information of
ur 1 Li(®He,po)°Be.
2r | Ecm. (MeV) S(Ecm) (MeVb)
4 0.106% 6.0+0.8
3 0.1128 6.5-1.0
= 1 0.416 16.2£1.7
£ 0.489 19.9+2.1
3 0.517F 23.2+2.8
0.519 24.5-2.9
| 0.55¢ 29.9+3.3
0.59¢ 42.0+4.5
0.627 41.5+35
0.677 39.1+4.0
10 0.69¢ 38.7+3.9
0.748 34.6+3.1
0.782 29.9+2.4
FIG. 2. The proton energy spectrum projected out of the region 0.85% 28.5+2.8
in Fig. 1 between the dashed lines. 0.89¢ 25.5+2.2
0.948 21.3+1.2
All of these reaction products could be distinguished from 0.99P 19.0+1.3
the proton groups from thé.i( *He,p) °Be reaction by use of 1.028 17.9+0.9
the 2D AE vs E plot. An example of a 2D plot measured at 1.06% 15.8+1.2
a ®He laboratory bombarding energy of 170 keV is shown in 1.089 15.5+0.9
Fig. 1. The group#, B, and C correspond to the reactions 1.152 13.1+1.0
'Li(°*He,po)°Be, 'Li(°He,p;)°Be, and Li(°He,p,)°Be. 1.208 13.4+0.7
GroupD is due to the reactiodLi(*He,d,)®Be. There was 1.08 12.8+0.7
no evidence for the3He,d) reaction to the 8 Be ground 1.31% 12.8+0.7
state. Also missing is any evidence of the reaction 1.33@ 11.4+0.6
3He(®*He,2) @ which, being a three-body final-state reac- 137P 11.3+0.7
tion, will produce a continuum of proton energies up to 10.4 1.448 9.1+04
MeV and would be manifest as a continuous distribution of 1559 10.6-05
points between group&, B, andC. The broad collection of 1668 91405
protons at groufk results from the 14.9 MeV protons from 1'737) 8.0:0.4
the *He(d, p)*He reaction. These protons do not stop in the ' % en
back detector and lose about 6.5 MeV in the combined two- 1'8C1 1404
detector telescope. 2.1 9.6+1.0
The proton energy spectrum generated by projecting out 2.24 9.020.9
the counts between the two dashed lines in Fig. 1 is shown in 3.18 3.8+0.5
Fig. 2. The yield of a given reaction product can either be 6.99 11x02

derived from the peak in Fig. 2 or the corresponding group i”‘This work.
Fig. 1. Since the targets were thick compared to the range leferencdg]_

the ®He beam ions, the yields represent an integrated yield aReferencd 12].
the beam ions slow down in the target. The methodology WeReferencd 13].
used to extract th& factors effective energies was identical *Referencd 14].

to that which we used in our recent study of deuteron in-

TABLE I. Results from measurements dLi(3He,p,)®8e  duced reactions ofiBe, 1°B, and B [15] and will not be
reaction. reproduced here. In addition we assumed isotropic angular
distributions for a solid angle coverage of 0.36 sr. The re-
Eiap (keV)* Charge(C) Ecm, (keV)® Eepem. (keV)® S(MeVb)  sults, together with the accumulated charge at each measure-

160 1.285 111.9 106.3 6408 ment, at the two laboratory bombarding energies of 160 and
170 0.578 118.9 1128 6:51.0 170 keV are given in Table I.

This experiment provided two data points as shown in
®He laboratory bombarding energy. Table 1. Since the results are approximately 40% lower than
®Total energy of théHe and’Li in the center of mass. the published extrapolation of Rag¢h al.[9] and Yamamoto,
“Total effective reaction energy of thiéle and’Li in the center of  Kajino, and Kubd 10], we decided to provide a ne@factor
mass. description. Specifically, our data hinted at a significantly
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10 T — ] TABLE IV. Reaction rate{ov), for 'Li(*He,p,)°Be.
o prownt messwemenss ] To (K) (ov) (cm’mol/s? (ov) (cmP/mol/s®
@ Rath
B Sanada . 0.1 4.51x 1076 7.39x10°°
A Werb
v Diron 1 0.2 0.010 0.015
-~ fitbyRath 0.3 0.48 0.65
= 0.4 5.86 7.15
> 05 37.0 41.8
< 10 . 0.6 153 164
8 ] 0.7 474 490
o e NTTTTT 1 0.8 1174 1192
0.9 2470 2482
1.0 4580 4580
3Present work.
bReferencd 9].
10% . T e

" S S(E)=Cy/[(E~E;)?+(T'y/2)2]+ Co/[(E~ E,)?

Center of Mass Energy (MeV) +(I',/2)%]+ C3/[(E— 53)2+ (F3/2)2]
FIG. 3. A summary of all measurements of the astrophysical + C4/[(E—E)?+(T'4/2)?]+Cs.
factor of theLi(3He,po)°Be(g.s).
TABLE IIl. Parameters for th&factor fit. The da_ta, our fit, and the fl_t from RdB] are dep_mted in Fig.
3; the fit parameters are given in Table Ill. Using the follow-
Resonance E, (MeV) T, (MeV) C, (MeV3h) ing equation, we the_n calculated b_y nume_rical integration the
thermonuclear reaction rate for this reaction:
1 0.643 0.34 0.98600.039
2 1.01 0.6 1.00%0.043 Na(ov)= (8/7TM)1/2NA/(|<T)3/2J S(E)
3 1.61 0.21 0.0410.006
4 231 1.0 1.850.159 X exp(—E/kT—bE~"?)dE.
(5) direct 1.1370.18¢"
The results of this calculation are summarized in Table IV
qMeV b].

where they are compared to the reaction rates calculated by
) o ] ~ Rathetal. [9]. It should be noted that the present reaction
lower direct-process contribution than the previous publicayates are about 60% of those presented in R&f.at the
tions assumed. _ _ ~ lowest temperatures.

We incorporated our data with all other published infor-  The nuclear reactiorfLi( 3He,p,)°Be was measured at
mation to derive arg-factor description, which can be used very low energies below the center of the Gamow peak re-
for the calculation of thermonuclear reaction rates. Most Ofgion in big-bang nucleosynthesis. Using all other available
the data[9,12—-14 were not available in tabulated form, so jnformation, we derived aS-factor description for the rel-
we had to read them out of the published figures. We als@yant energy range. Because the direct reaction component
had to estimate some of the assigned errors. We providgnpears to have been overestimated by about a factor of 5 in

Table Il to sum up theSfactor information we used. We  previous work, the thermonuclear reaction rate calculated in
employed this and our data in a Breit-Wigner fit using thethis work is lower than previously published values.
known resonancef9,11] and a direct reaction component

(which we assumed to be constant for simplification pur- This work was performed under a grant from the U.S.

poses for a description of thes factor, Department of EnergyGrant No. DE-FG03-93ER40789
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