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Absolute differential and total (integrated) cross sections for the SLi(p,’He)*He reaction at proton energies
between ~0.14 and 3 MeV are presented, and compared with previous measurements. The results comprise
a consistent set of data over much of the energy range of interest to a number of applications.
Thermonuclear reaction rate parameters and astrophysical S factors are calculated. The measured angular
distributions are compared to predictions of a preliminary R-matrix analysis based on the nuclear properties

of energy levels in the mass-7 system.

NUCLEAR REACTIONS °Li(p, *He)*He, E, =0.14-3 MeV; enriched target; mea-~
sured 0 (E,,0), o (E,); calculated {ov) , astrophysical S factor.

I. INTRODUCTION

As part of a continuing program'+® to measure
absolute reaction cross sections for various light
ions with ®Li at energies below a few MeV, we re-
port here the accurate determination of both total
and differential cross sections for the °Li(p,He)*He
reaction at energies between 0.14 and 3.0 MeV .2
The présent data are relevant to the determination
of the level structure of "Be above 5.5-MeV excita-
tion, and taken together with similar data from the
5Li(n, t)*He process, in which the compound nucle-
us "Li is formed, is applicable to recent*® multi-
level multichannel R-matrix investigations of the
nuclear structure in the mass-T7 system.

At the same time, the significiance of the
SLi(p,°He) reaction to studies of controlled ther-
monuclear reactors based on the use of advanced
fusion fuels has been discussed by a number of
authors.® The feasibility for such an application
will depend in part on the values of the total reac-
tion cross section at energies below a few MeV.
Unfortunately, earlier measurements’ ! are in-
consistent with one another in the range 0.2 to 3
MeV (see Fig. 1). The results reported in the
present report serve to clarify the experimental
situation at these energies.

The experiment is described in Sec. II and the
results including tabulated reaction cross sections
are given in Sec. IIl. Rate parameters, the astro-
physical S factor, and some preliminary calcula-
tions of cross sections are discussed in the final
section. ‘

II. EXPERIMENT

The measurements were performed at the
Argonne 4-MV Dynamitron accelerator. Thg ex-
perimental arrangement and procedures have been
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discussed previously' in some detail. Modifica-
tions required by the current measurements, as
well as a brief review of our techniques, follow

below.

The accelerated proton beam entered a 76-
cmdiam scattering chamber through two defining
apertures. The targets placed at the center of the
chamber were thin films of LiF enriched to 99.3%
in °Li, evaporated on 10 pg/cm? carbon foils. The
beam passing through the thin targets was collected
in a Faraday cup, in which secondary electron loss
was magnetically suppressed, and the total charge
was measured with a current integrator. The op-
eration of the integrator was checked by the use of
batteries and precision resistors, and found to be
accurate to better than 0.5%. For incident proton
energies above 0.5 MeV the H; ion beam from the
Dynamitron was used, while at lower energies the
H; molecular ion was selected to give proton ener-
gies at the target of § of the terminal voltage.

Charged particles in the reaction were detected
by collimated Si surface-barrier detectors thick
enough to completely stop the reaction products;
two were mounted on movable arms within the
chamber, while a third fixed at a back angle,
served as a monitor in the angular distribution
measurements. At energies below 1 MeV, peaks
in the pulse-height spectra that correspond to
elastically scattered protons or to « particles that
arise from the F(p, o) reaction (@=8.1 MeV) are
either too weak or do not interfere at any angle
with detection of the *He and *He particles of inter-
est. At these energies, therefore, the pulses
from the detectors (and associated preamplifiers)
were amplified and digitized with 1024-channel
analog-to-digital converters interfaced to a PDP
11/45 computer. The data were stored as pulse-
height spectra and later transferred to magnetic
tape. A typical pulse-height spectrum of the
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FIG. 1. Previously measured cross sections for the

GLi(p, 3He) reaction at energies below 3 MeV, as given
in Refs. 7, 8, 9, and 10.

charged particles from reactions of protons with
the ®LiF targets is shown in Fig. 2.

At energies above 1 MeV, because of interference
(at many angles) with both elastically scattered
protons and the °F-reaction a particles, a coinci-
dence method was used. The *He and *He particle
signals from the ®Li(p,°He)*He reaction at any
forward angle were required to be in time coinci-

80
4
He
72000 720 Ep=0.688MeV
19,
F o
=145
64000+ 640 9
56000} 560
48000 4801
(24
=
Z 40000+ 400+ e
3
320000  %|  =3e0-
24000 240
16000 160
L
8000F 80
0 T T ~T —2—% T
0 50 100 150 200 250 300 350

CHANNEL NUMBER

FIG. 2. A typical pulse-height spectrum of charged
particles from reactions of protons with LiF on C
backings. The peaks labeled 3He and ‘He are from the
SLi , 3He)4He reaction, while the others represent elas-
tically scattered protons.

dence with the corresponding particle pulses at the
kinematically correct backward angle. Pulse-
height data from each detector, after passing
through spectroscopy amplifiers, were stored both
as.two-dimensional arrays (256 X256 channels)
and as separate singles spectra in the computer,
and were later output onto magnetic tape. The
forward-angle detector subtended a solid angle of
0.21 msr, defining an angular acceptance of some-
what more than 1°. The solid angle of the backward
detector was chosen so that both *He and *He par-
ticles coincident with those detected at forward
angles could be counted. Singles and coincidence
spectra were compared at angles at which the
peaks of interest were well separated from the in-
terfering particles mentioned above, and the num-
ber of counts always agreed to better than 1%.
Angular distributions were measured at labora-
tory angles between 35° and 155° at energies up to
1 MeV, and from 20° (or 25° in some cases) to 90°
in the higher energy region. By determining the
yields of both the *He and *He particles at each
angle, and converting the *He values to those for
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FIG. 3. Angular distributions of the %He particles for
the 6Li(p, 3He) reaction at the average proton energies
indicated. The smooth curves at each energy represent
the results of the Legendre polynomial fit. The points
denoted by an X were obtained from the ‘He yield by
use of appropriate kinematic relationships, while the
solid circles were obtained from the 3He yields. The
error bars represent relative errors.
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%He by use of appropriate kinematic relationships,
the yield of *He particles at from 10 to 14 labora-
tory angles was obtained, These yields were mea-
sured relative to those in the fixed monitor detec-
tor and both were corrected for small dead-time
effects. Absolute differential cross sections were
determined by normalization to a separately mea-
sured absolute excitation function obtained at 50°

where there was no necessity to use the coincidence

technique described above. In these latter mea-
surements corrections had to be made for effective
charge collection since the amount of collected
charge changes with the energy of the projectile,

8 (p,3He)a

\
48l
58
1.68l
:2 1.780
i/i/
14 ¥
|2° T [P S PO SRS N
0 30° 60 9%’ 120° 150° 180

c.m.
FIG. 4. Same caption as for Fig. 3.

especially at low energies (below 1 MeV). The
magnitude of this correction was determined as
described in Ref. 1.

The thickness of the ®LiF targets was measured
both by Rutherford scattering of a particles by the
F in the target, and by backscattering of both «
particles and protons from targets in which two
thin layers of Au were sandwiched around the °LiF
deposit, as discussed in Ref, 1. Thicknesses de-
termined by both methods agreed to better than 5%.
For the angular distribution measurements below
1 MeV, the LiF targets were ~25 yg/cm?® deposits,
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while for the higher energy measurements thick-
nesses of 70-80 ;g/cm® were used. The proton
energies quoted in this report represent average
values which differ from the incident energy be-
cause of (small) energy loss in the °LiF targets.
Although the dissociation!! in the target of the in-
cident molecular ion H;, which was used at ener-
gies below 0.5 MeV, introduced an additional
spread in the proton energy (~7 keV for 1-MeV
H}), the average proton energy was not changed
(to within a few eV). ~

The beam line and target chamber system were
pumped by liquid-nitrogen trapped turbomolecular
pumps and a liquid-nitrogen cooled sorption trap
to typical chamber pressures of less than 1078
Torr. In addition, the beam entering the chamber
passed through an inline liquid-nitrogen cold finger.
Because of this, and since beam currents were
less than 50 nA, carbon contaminant buildup on the
SLiF targets was kept to a minimum. Even so,
targets were replaced frequently during the experi-
ment particularly for runs at low incident energies
where the cross section varies rapidly.
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III. RESULTS

The differential cross sections in the center-of-
mass system are shown in Figs, 3-5 at each aver-
age incident-proton energy. The error bars repre-
sent the relative uncertainties which vary from
about 10% at a few angles at the lowest energies to
about 2% at some higher energies, and are typical-
ly 3-5%. The solid curves result from fitting the
differential cross sections to a series of Legendre
polynomials at each energy. The coefficients B,
in the Legendre polynomial expansion are listed in
Table I. The errors associated with them are gen-
erated in the fitting program. The ratios of the co-
efficients are compared with previous measure-

TABLE II. Reaction rate parameters {(ov) and react-

ivity parameters {(ov)Q (@ = 4.02 MeV) for the °Li
(p,aHe)4He reaction.

kT {ov) ©0ov)Q
(MeV) (ecm®sec™) (em® MeVsec™)
0.001 8.826 E—29° 3.548 E —28
0.002 1.183 E—-25 4.754 E-25
0.003 3.740 E - 24 1.503 E — 23
0.004 3.244 E-23 1.304 E—22
0.005 1.504 E =22 6.045 E — 22
0.006 4.913 E—22 1.975 E =21
0.007 1.290 E-21 5.186 E — 21
0.008 2.889 E — 21 1.162 E—20
0.009 5.692 E — 21 2.288 E — 20
0.01 1.008 E —20 4.053 E—20
0.02 1.802 E—19 7.245 E—19
0.03 7.116 E—19 2.861 E—18
0.04 1.753 E—18 7.048 E—18
0.05 3.280 E—18 1.319 E—17
0.06 5.201 E—18 2.091 E—17
0.07 7.421 E—18 2.983 E—17
0.08 9.865 E—18 3.966 E—17
0.09 1.247 E—-17 5.014 E—17
0.1 1.520 E — 17 6.109 E—17
0.2 4.454 E-17 1.791 E- 16
0.3 7.475 E - 17 3.005 E—16
0.4 1.040 E-16 4.179 E—-16
0.5 1.304 E~16 5.240 E—16 -
0.6 1.532 E—16 6.159 E—16
0.7 1.726 E—16 6.938 E—16
0.8 1.888 E—16 7.588 E—16
0.9 2.022 E—16 8.127 E—16
1 2.132 E—16 8.572 E—16
2 2.557 £~ 16 1.028 E—15
3 2.588 E-—-16 1.040 E—15
4 2.579 E~16 1.036 E—15
5 2.587 E—16 1.039 E—15
6 2.614 E—16 1.051 E—15
7 2.658 E—16 1.063 E—15
8 2.713 E~16 1.091 E-15
9 2.776 E~16 1.116 E-15
10 2.844 E~16 1.143 E—15

2 Read as 8.826 %1072,
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FIG. 9. Reaction rate parameters {(ocv) as a function
of 2T based on the present measurements, as discussed
in the text, compared to results from Ref. 18.

ments®:2 in Fig. 6. .
Integrated (reaction) cross sections (o, =4nB,)
are shown in the last column of Table I and plotted

as a function of E, in Fig. 7. Absolute uncertain-
ties are about 9%; the largest contribution to this
value arises from the estimated error in the de-
termination of the target thickness. The present
measurements are in reasonably good agreement
with the earlier measurements of Refs. 9 and 10
and the more recent results of Ref. 8 in the regions
of overlap. The present results appear to be sys-
tematically lower than those of Gould et ¢l.'® in the
energy region near and above 3 MeV, although ap-
parently in agreement within the estimated abso-
lute uncertainties. ‘
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FIG. 10. Experimental astrophysical S factors based
on the present measurements (open circles) and data of
Ref. 9 (x’s) for proton energies up to the Coulomb bar-
rier (~1.2 MeV for a radius R=3.66 fm). The solid
curve is the result of a least-squares fit to Eq. (2) in the
text.
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TABLE III. Summary of fits to S factor expansion coefficients [see Eq. (2) in textl].

5(0) §'(0)/5(0)  %S”(0)/5(0)

c.m. energy range

(MeVb) (MeVT? (MeV™2) (MeV) Reference and remarks
3.14 -0.79 0.32 0.04 - 1.0 Present and Ref, 9
3.145 -0.70 0.06 0.001-0.5 Present, Ref. 9, and extrapolation
(see Fig. 8 and Sec. IV A)
2.4 -0.8 0.42 0.02 —1.0 Ref. 23
3.352 —-0.522 -0.191 107° 1.0 Ref. 24

IV. DISCUSSION
A. Thermonuclear reaction rates

There have been a number of proposals® for ad-
vanced fusion fuels that involve the ®Li(p,*He)*He
reaction either by itself or, perhaps more promis-
ing, in a completely “catalyzed” mode. In this lat-
ter situation the *He formed in the primary ®Li+p
process reacts in one branch with the SLi fuel it-
self through the °Li(*He, p)2*He reaction to regen-
erate the proton which may then interact again with

the °Li; the whole cycle (including any other branch

processes) operates in a manner similar to a chain
reaction.® The feasibility of these proposals de-
pends in part on the reaction rates for the various
processes taking part in the chain.

We have calculated reaction rate parameters
{ov) for-the ®Li(p,°He) reaction (where o is the re-
action cross section g,, v is the relative velocity
between the interacting nuclei in the incident chan-
nel, and the average is taken over a Maxwell-
Boltzmann distribution of velocities) by the method
discussed by Elwyn et ¢l.’® In this analysis we
used reaction cross section data given by Gemein-
hardt et al.® for energies between 50 and 100 keV,
the values listed in Table I for proton energies be-
tween 0.1 and 3.0 MeV, and those given by Gould
et al.®® for the energy range 3 to 10 MeV. For en-
ergies below 50 keV, cross sections down to 1 eV
were obtained from an extrapolation formula given
by Monahan ef al.'®* The expression [Eq. (2.21) in
Ref. 16] involves two adjustable parameters which
were determined to be =188 and =0 from a
least-squares fit to the data of Gemeinhardt et al.®
below 90 keV. The solid curve in Fig. 8 is the re-
sult of this calculation. Also shown are various
cross section measurements,” 1°:17 taken at low
energies, which were not included in the least-
squares fit.

Values of {(ov) and the reactivity parameter
(ov)Q [where @ =4.02 MeV, the @ value for the
®Li(p,°He) reaction] are listed in Table II, and
{ov) is plotted as a function of £7 in Fig. 9. The
reaction rates are observed to be somewhat larger
(at least for £T > 100 keV ) than those based on the
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FIG. 11. The coefficients B, from the Legendre poly-
nomial analysis of the measured angular distributions
compared to the preliminary calculations (smooth curves),
which include only I =0 and I =1 partial waves, of Dodder
and Hale (Refs. 5 and 26).
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formula given by Fowler et al.'® The results re-
cently published in Ruby and Lung'® are about 25%
greater than the present values for 100 keV < kT

<1 MeV.

B. Astrophysical S factor

Rates for the destruction, or burning, of °Li are
also important in several areas of astrophysics.
In many of these applications it is customary®® to
parameterize the reaction cross section in terms
of the astrophysical S factor defined, for energies
well below the Coulomb barrier, by the expres-
sion?!

0,= % exp(-2m). (1)

Here 2m =212,Z,e%/%v=0.99312,2,M*?/E*/2,
where E is the center-of-mass energy in MeV and
M is the reduced mass. Experimental S factors
based on the present measurements for the
®Li(p,°He) reaction are plotted in Fig. 10 as a
function of (lab) proton energy E, for energies up
to the Coulomb barrier. The solid curve repre-
sents a best fit to the second-order Maclaurin ser-
ies
S(E)=5(0){1+[s'(0)/S(0)]E
+3[8"(0)/S(0)]E?} , )

with the parameters® $(0), $’(0)/S(0), and 3S"(0)/
S(0) given in the first line of Table III, The second
line in this table lists the values obtained when ex-
trapolated cross sections (see Fig. 8) between 1
and 40 keV are included with the present data and
those of Ref. 9. Also shown are the results of
Audouze and Reeves® from an analysis of earlier
measurements, and values obtained recently by
Baker et al.?* from a multichannel R-matrix fit to

data on the "Be compound system. As seen in the
table (as well as in further calculations), the value
of the coefficient of the term quadratic in E is quite
sensitive to the energy range of the cross sections .
used in the analyses.

C. Cross section calculations

The most recent compilation®® of the properties
of light nuclei displays the correspondence between
the energy levels of the mirror pair "Li and "Be up
to an excitation energy of about 10 MeV. Using this
correspondence, Dodder and Hale® have applied
approximate isospin conservation in a multilevel,
multichannel R-matrix analysis of mass-T7 com-
pound 'systems to predict the cross sections for the
®Li(p,°He)*He reaction. Preliminary calculations?®®
which include only =0 and [ =1 partial waves in
the p-°Li channel are shown in Fig. 11, The ex-
perimental points are the Legendre polynomial co-
efficients from Table I. The relatively poor agree-
ment between calculated and experimental B, and
B, coefficients, coupled with small experimental
B, and B, values and the observed excellent repro-
duction of the measured integrated cross sections
(i.e., B, coefficients), suggest that /=2 partial
waves, neglected in this preliminary analysis, are
important primarily through interference with the
major [=0 and [ =1 contributions. More detailed
calculations®” are currently in progress.
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