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Measurements of total cross sections for *He (*He, 2p)!He have been made for center-of-mo-
mentum energies between 80 keV and 1.1 MeV. A continuously recirculating differentially
pumped gas target system was employed to minimize uncertainties in energy loss and strag-
gling. A calorimetric device was used to integrate the beam current within the target gas.
Proton angular distributions were measured at seven energies. The measured cross-section
factor, S(E), was fitted to a linear function of energy for E_,,< 500 keV:

SEem)=So+S¢ Ecm.s

where Sy=(5.0%0:f) MeVb and S =(~1.8+0.5) b. The formula S(Em) =S +S¢ Ecm.+ 354" Edn »
with Sy=5.2 MeVb, Sy =—2.8 b, and S" =2.4 bMeV ™! gives a good representation of S(E) over

the entire range of energies studied here.

I. INTRODUCTION

For solar-model calculations, it is necessary to
have accurate total cross sections for the reaction
3He(*He, 2p)*He at energies well below the Coulomb
barrier.! This reaction completes one branch of
the proton-proton chain of nuclear reactions, the
dominant energy-generation mechanism in certain
main sequence stars such as our sun. The rate of
this reaction is an important factor in determining
the relative importance of the different branches
of the p-p chain in the sun. In particular, the

branch terminated by the sequence "Be(p, y)*B(e*v)-
®Be(a)*He produces neutrinos with energies up to
14.1 MeV, and the detection of these neutrinos
constitutes a direct test of solar models.? Such
a test is quantitative only if the nuclear informa-
tion used in the models is accurate. The cross
section at 20 keV (c.m.) for the reaction *He-
(He, 2p)*He is estimated to be about 3x107*% b
and thus cannot be measured directly in the lab-
oratory. Hence, the cross section or rather the
cross-section factor has to be extrapolated from
measurements at higher energies. The cross-
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section factor S(E) is the total cross section with
the dominant energy dependence factored out

_ZyZ,€e?

S(E)=¢(E)E e2™; 7 ol

with Z,, Z,, v, and E equal to the charge numbers,
the relative velocity, and the center-of-momentum
energy of the interacting particles. S(E) varies
only slowly with energy for nonresonant processes
and so is more suitable for extrapolation than the
rapidly varying o(E).

The total cross section for 3He(®He, 2p)*He was
first measured by Good, Kunz, and Moak® in 1953.
The chief uncertainty in their measurements lies
in the bombarding energy, as they employed a
thick target of *He atoms trapped in an aluminum
foil. The uncertainty in the energy is reflected
as a large uncertainty in S(E) through the expo-
nential term. Bacher and Tombrello? have investi-
gated the reaction in detail for 0.5<E_, <18 MeV.
At energies above the Coulomb barrier, they in-
terpret their results as demonstrating that the
reaction proceeds through the intermediate step,
*Li+p. However, a different mechanism is re-
quired to explain the different shape of the proton
energy spectra at bombarding energies well below
the Coulomb barrier. Thus, the data at higher en-
ergies cannot be extrapolated to the energy regions
of astrophysical interest. Neng-Ming et al.’ have
reported measurements in the energy region 0.25
<E. . <0.85 MeV. Concurrently with the present
work, Bacher and Tombrello® extended their mea-
surements to lower energies by modifying their
gas-cell target system. These results will be
compared in a later section.

The present work describes measurements for
0.08<E, ., <1.1 MeV, and employs a new tech-
nique for rare-gas targets. It has the advantage
of eliminating the entrance window for the primary
beam and at the same time using limited quanti-
ties of the rare gas. Beam integration was car-
ried out inside the gas target by a calorimetric
method. The protons and « particles were identi-
fied by a AE-E counter telescope with a transmis-
sion gas proportional counter as the first element
of the telescope. Preliminary results of this
work were given earlier.”

II. EXPERIMENTAL APPARATUS

Singly charged ®He ions were obtained from the
California Institute of Technology 3-MV and 500-
kV Van de Graaff electrostatic generators. The
energy calibrations of the magnetic analyzers
for the accelerated beam were checked by ob-
serving well-known (p,y) and (p, ay) resonances
with both protons and the molecular ions, HH*

and HHH*. The energy of the beam from the ac-
celerator was thus known to within +1 keV.

The differentially pumped gas target apparatus
is shown in Figs. 1 and 2. The beam entered
the target region through three canals. The main
pressure drop occurred across canal A (see Figs.
1 and 2) which was 3 mm in diameter and 2 cm
long. This canal connected the target chamber to
a large-volume chamber A, which was pumped by
a set of three Roots blowers in cascade. The out-
put of the third Roots blower developed a suffi-
ciently high pressure to allow recirculation of
the gas. However, the gas coming out of the
pumps was contaminated both by traces of oil
vapor from the pumps and by air leaking into the
system through small real or virtual leaks. The
gas was cleaned of impurities by passing it
through a zeolite adsorption trap at liquid-nitro-
gen temperature. The chilled gas coming out of
the trap was allowed to exchange heat with the in-
coming gas before the gas was fed back to the
target chamber, typically at a pressure of 20 Torr.
The adsorber was very efficient in removing all
gases and vapors except helium. The number of
impurity atoms was found to be less than 1% of the
number of helium atoms by observing the elastic
scattering of protons from the gas target.

The pressure in chamber A was typically 0.1
Torr. This chamber was connected to another
large volume, chamber B, by canal B which was
3.5 mm in diameter and 10 cm long. Chamber B
was pumped by a 10-cm oil diffusion pump with
its backing line connected to chamber A. This
allowed the recovery of most of the gas stream-
ing through canal B. Since the pressure in cham-
ber B was typically 2x10~° Torr, the beam pipe
from the accelerator could be connected directly
to this chamber through a third impedance, canal
C. The gas leaking through canal C was about 1%
of the total charge per hour and was not recovered.
The total recirculating gas charge was approxi-
mately 500 cm® STP for a target pressure of 20
Torr.

The beam energy loss up to the point of entering
canal A was negligibly small. In order to mini-
mize the subsequent energy loss of the beam,
canal A was positioned as close as possible to the
target region. The tip of canal A was 7 mm from
the center of the target chamber, thus permitting
a target thickness of up to 1 cm to be used. The
energy loss of the beam at the target center was
about 15 keV and the uncertainty in this was only
3 keV under the most adverse conditions. An
aperture, slightly smaller than the bore of canal
A, was placed at the entrance of the canal; the
canal therefore also served as an antiscattering
baffle. The fraction of degraded beam was mea-
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FIG. 1. A horizontal section of the differentially pumped gas target apparatus with counter telescope positioned at 45°
to beam direction.

sured to be less than 0.5% for 1-MeV protons.
The temperature and pressure of the gas were
continuously monitored. Gas pressure could be
measured accurately to +0.1 Torr on an aneroid
gauge, the accuracy of which was previously
ascertained by an absolute gauge of the McLeod
type. As the gas is continuously flowing out of the
target region, the temperature here is estimated
to be only 1 to 3°C higher than the gas tempera-
ture at the wall of the target chamber where the
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temperature was monitored. Reduction of gas
pressure in the target region due to space-charge
repulsion and hard collisions is not important at
the target pressures and beam currents employed.
This has been verified experimentally by employ-
ing beam currents differing by a factor of about 4.
The gas pressure in the target region is essential-
ly unmodified by the gas flow through the canal as
the center of the target is situated several canal
radii away from the end of the canal. There is
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FIG. 2. A vertical section of the differentially pumped gas target apparatus with counter telescope positioned at 90° to
beam direction. Only the upper part of the figure is drawn to scale.
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thus an uncertainty of about 2-3% in the target
density which is included in the quoted errors.

Beam integration was carried out inside the gas
target by measuring the heat dissipated by the
beam in a low-mass, high-conductivity metal cup
called the calorimeter. The calorimeter was me-
chanically supported from a large flange, acting
as an infinite heat sink, by means of a soldered
thin stainless-steel tube constituting a well-defined
heat leak. Some heat was also carried away from
the calorimeter by the target gas. The heat pro-
duced by the beam in the calorimeter was mea-
sured by determining the amount of electrical en-
ergy put into a dummy of similar construction to
maintain the calorimeter and the dummy at the
same temperature during beam integration. The
electrical energy supplied to the dummy did not
exactly equal the energy put into the calorimeter
by the beam because of a small departure from
symmetry in the construction of the two heat leaks;
however, the proportionality constant between the
calorimeter and dummy was determined by supply-
ing a measured amount of electrical energy to the
calorimeter. This proportionality constant is
called the calibration constant K. The number of
incident particles N, is given by

KW,

N8=fa’

c

where K is the calibration constant, W, is the
electric energy supplied to dummy, and E, is the
beam energy at the calorimeter. The energy loss
of the beam in the gas, before hitting the calorim-
eter, is important in this method of beam integra-
tion. Energy losses were calculated from ta-
bles.®*® The errors introduced into N, and E, the
energy at the center of the target, by uncertainties
in the specific energy loss contribute to errors

in S(E) in opposite directions. Therefore, sys-
tematic errors in the specific energy-loss data
are partially compensated in S(E).

The accuracy of the calorimetric beam-integra-
tion device was checked by measuring the known'®
differential cross section for *°A(p, p)*°A at 135°
in the laboratory with proton energies below 1.8
MeV (pure Rutherford scattering). For a beam
power range from 30 mW to 3 W and varying con-
ditions of beam stability, the uncertainty in N,
was found to be less than +5% for runs of 4 min
or longer. A more detailed description of this
beam-integration device is given elsewhere.!! 12

The reaction particle spectra were measured
with a AE-E counter telescope in order to sepa-
rate the protons from the a particles, both of
which have continuous energy spectra from zero
to the three-body end point. The transmission
(AE) counter limits the observation of particle

spectra to energies not stopped inside it; for this
reason it is desirable to use as thin a AE detector
as possible. A gas proportional counter with a
0.6-mg/cm? Ni foil entrance window was used in
the present experiment and the window was chosen
so that it was sufficiently thick to stop the strong
flux of elastically scattered 3He’s. Continuously
flowing argon +5% CO, at a pressure of about 70
Torr was used as the proportional-counter gas and
the gas multiplication factor was between 100 and
1000. The resolution of the proportional counter
was adequate to separate completely protons and
a particles of the same energy. The E’=(E - AE)
counter was a 1500-y silicon surface-barrier
detector. Proton energies greater than 600 keV
and «a energies greater than 2 MeV could be mea-
sured with this telescope. The low-energy detec-
tion limit of the telescope was checked with 600-
keV protons elastically scattered from argon.

The counter telescope could be rotated about the
center of the target chamber and the most back-
ward angle accessible was 140°. At angles smal-
ler than 45° the proportional-counter body eclipsed
the beam path to the integrator. Absolute differ-
ential cross-section measurements were, there-
fore, restricted to the range of angles 45-140°.
For measurements at more forward angles, a
monitor counter fixed at 90° to the beam and cov-
ered with a foil to stop elastically scattered parti-
cles, was used to provide a measure of the beam
intensity.

The solid angle subtended by the detector and
the effective thickness of the target were defined
by two apertures. The first aperture was circu-
lar with radius ¢~ 5.5 mm and was placed direct-
ly in front of the surface-barrier detector at a
distance D~ 80.5 mm from the center of the target.
The second aperture was rectangular with width
=2W and height much larger than its width, and
was placed at a distance d~ 67.5 mm from the
circular aperture along the line joining the center
of the circular aperture and the target center.

The two apertures were placed perpendicular to
this line. The rectangular slit was placed with
its long axis perpendicular to the reaction plane.
The effective product of solid angle and target
thickness, for the telescope set at an angle 3 to
the beam direction, is given by

@, = "‘gzw csey [1 + 0(32—2” )

III. EXPERIMENTAL PROCEDURE
AND ANALYSIS

The reaction particle spectra were measured
using the counter telescope described above and
a Nuclear Data two-dimensional pulse-height ana-
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lyzer operating in a 64 x64 channel configuration.
Pulses from the AE and E’detectors were fed to
the x and y analog-to-digital converters of the
analyzer after amplification. A gating signal from
a low-level discriminator on the E’ counter pulses
was required for the two-dimensional storage of

a count. Particle spectra appeared on the cathode-
ray-tube display of the analyzer as two nearly
rectangular hyperbolas, well separated from each
other and from background. The raw particle
spectra were obtained by summing all the counts
in the various AE channels corresponding to a
given E’ channel about the locus of the selected
hyperbola. The raw particle spectra are distorted
because of the energy loss AE, before reaching
the surface-barrier counter. The true energy
spectrum N(E)dE was computed from the mea-
sured spectrum N(E')dE’ by using the relation

’
)i,
.

N(E)dE = (N(E')x%%

where (dE’/dE)|, is the slope calculated from a
graph of E’, the energy at the surface-barrier
detector, against E, the energy at the target cen-
ter. Corrected proton-energy spectra at 90° for
E3;.=1.99and 0.19 MeV are shown in Figs. 3 and
4. The arrow at a proton energy of ~600 keV
shows the lower limit of proton energies observed
by the counter telescope. Counting statistics are
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FIG. 3. Proton-energy spectrum, corrected for ener-
gy loss in the proportional-counter entrance foil, at E3y,

=1.99 MeV and $=90°, Arrow at E,=0.6 MeV indicates
the low-energy detection limit of the telescope.

shown for a few representative points. The dashed
curve in Fig. 4 is the spectrum calculated by as-
suming a statistical distribution and isotropic
angular distribution in the center-of-momentum
system. The peak in the proton spectrum near
the three-body end point, in Fig. 3, corresponds
to protons from the two-body breakup: S5Li+p.
The relatively flat part of the spectrum corre-
sponds to the breakup of 5Li in flight and to con-
tributions from other mechanisms. At Es, =0.19
MeV, the proton spectrum shows a much smaller
effect of the final-state interaction in the *He+p
system.

Total proton yields were obtained by summing
all the counts in the observed spectrum. A cor-
rection for the unobserved low-energy part of the
spectrum was made by assuming that the spectral
shape in this narrow interval is given correctly
by phase-space considerations. Though this as-
sumption is not valid for the higher bombarding
energies, it gives a rough estimate of the correc-
tion, which is itself small (~5%). The error in
the total number of protons counted, introduced
by this assumption is less than +2%. The differ-
ential cross section was calculated from the total
proton yield Y(E, y) at true bombarding energy E
and angle i, by using the relation

do | __Y(E, Y
aQ |5, 2Ngn 0D, "’

where 7, is the number density of the target nuclei
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FIG. 4. Proton-energy spectrum at E3y, =0.19 MeV
and »=90°. The dashed curve shows the spectrum calcu-
lated by assuming a statistical spectral distribution and
isotropic angular distribution in the center-of-momentum
system.
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at the target region and all other quantities are as
defined earlier. The factor } appears in the cross
section because two protons are released in each
reaction.

Proton angular distributions were obtained at
seven energies over the range of angles 20-140°
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FIG. 6. Proton angular distribution in the laboratory
for E3y,=0.3 MeV. The larger error bar indicates the
absolute error in the measured differential cross sec-
tions and the smaller error bar indicates the relative
error between measurements at different angles. Solid
curve has the same meaning as in Fig. 5.
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using the monitor counter and, where possible,
the beam integrator. Figures 5 and 6 show proton
angular distributions at Es;,=2.0 and 0.3 MeV.
The solid curve shows angular distributions in the
laboratory system, calculated under the assump-
tion of statistical spectral distribution and iso-
tropic angular distributions in the center of mo-
mentum. Figure 6 shows two sets of error bars
at a few points. The larger bars denote the un-
certainty in the absolute differential cross section
while the smaller error bars give the relative
errors.

The total reaction cross section was obtained
by numerical integration of the measured angular
distributions at energies where such measure-
ments were made. The total cross section (o) is
greater than 47 times the differential cross sec-
tion at 90° [475(90°)] by 8% at Es,, =2.0 MeV, and
by only 1% at Es;, =0.3 MeV. The ratio ¢/410(90°)
varies smoothly and slowly with energy. At ener-
gies where no angular distributions were mea-
sured, the total cross sections were obtained from
470(90°) and the interpolated (or extrapolated)
value of the ratio ¢/470(90°). The variation of ¢
with center-of -momentum energy is shown in Fig.
7. The cross-section factor S(E,,, ) was calcu-

10° T T T T T - ] T

102 -

TOTAL CROSS SECTION (MICROBARNS)

2+ B

L 1 L " 1 1 i L " 1 L
"0 TI00 200 300 400 500 600 700 800 900 1000 1100
CENTER-OF-MASS ENERGY (keV)
FIG. 7. *He(*He, 2p)*He total cross sections as a func-

tion of the center-of-momentum energy. The solid line
is a guide to the eye.
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lated from o(E,,, ) using the defining formula'?

4.860
S(Ec.m.) =0(Ec.m.) XE;, % exp(_ET/'Z—) 3

c, m

E

om, in MeV.

Figure 8 shows the measured cross-section fac-
tors as a function of the c.m. energy. Total er-
rors, including both counting statistics and esti-
mated systematic errors, are shown at a few
points. The figure also shows the cross-section
factors as calculated from the measurements of
Good, Kunz, and Moak,® of Bacher and Tombrel-
lo,* % and of Neng-Ming et al.® The cross-section
factors of the present experiment were fitted to
the function

S(Ec.m.) = SO +SO’Ec.m.

by a standard least-squares routine over different
ranges of energies. For E, <500 keV, S,
=(5.0*3:5) MeV b and S’ =(-1.8+0.5) b. The er-
rors indicated in S, and S’ include both statistical
and systematic errors in the measured total cross
section, as well as uncertainties in the bombarding
energy. These errors have been discussed in Ref.
11. The data of Bacher and Tombrello® give S,
=5.41+0.5 MeV b and S,’=-1.8+0.5 b, and thus
agree within the quoted errors.

All the cross-section factors measured in this
work (0.08 <E_, ~<1.1 MeV) are well represented
by the formula

6.0

3.0~ -

S(E): CROSS—SECTION FACTOR (MeV barn}

0 Good, Kunz,and Moak (1953)
20 o a 4 Neng-ming et al. (1966) —
® Bacher and Tombrelio
a O Present Work
(Average of several measurements)
oo x  Present Work
1.0 (Single measurements) -
—— S(E)=55-3.IE +1,4E MeV barn
1 1 1 1 I 1 -l 1 1 1 1 1 s
0o ol 0.2 03 04 05 06 07 08 09 LO LI 12 13 14

E,CENTER-OF-MASS ENERGY (MeV)

FIG. 8. °He(*He,2p)'He cross-section factors as a
function of center-of-momentum energy. Error bars
indicated are typical, include statistical and estimated
systematic errors in both measured total cross sections
and center-of-momentum energy. Solid line is the curve
S(Eem) =5.5—3.1E., +1.4E%  which gives the best qua-
dratic representation of the data of the present work and
the data of Bacher and Tombrello.

|

S(Ec.m.) = SO + SO’Ec.m. + % SonE2

cem. ?

with S;=5.2 MeV b, S,’=-2.8 b, and S,"=2.4 b
MeV™'. However, the parameters that give a good
fit to the experimental data are not unique (x* has
a shallow minimum in parameter space) because
the variation in S(E) is not very large compared
with the errors in the measured S(E). The com-
bined data of the present work and of Bacher and
Tombrello can be represented by the parameter
values S,=5.5 MeVb, S,’=-3.1b, and S,”"=2.8D
MeV™. The S(E) as given by this latter set of
parameters is shown as a solid line in Fig. 8.

IV. DISCUSSION

The results of Good, Kunz, and Moak?® are in
serious disagreement with the present work.
Their cross-section factor decreases rapidly
from a value of 2.4 MeVb at E,,, =300 keV to
1.2 MeVb at E, =150 keV. Below this energy
the cross-section factor increases sharply. This
discrepancy is attributed to incomplete informa-
tion on the distribution of 3He in their target. The
measurements of Neng-Ming et al.® are in general
agreement with the measurements reported here.
The values of the cross-section factors agree
within the combined errors of the two measure-
ments, their S(E,,, ) being systematically lower.
They quote much larger errors in their energy
determination than in the present work. This er-
ror is reflected in the values for S(E,, ).

Bacher and Tombrello® have extended their mea-
surements with a gas cell to E,;, =152 keV. They
minimized the uncertainty in the bombarding en-
ergy by experimentally measuring the energy loss
at precisely the experimental energies. Their
results are in very good agreement with the re-
sults given here. The absolute values of S(Ec_m.)
agree within the limits of the combined errors,

S (E) FOR >He (He, 2p) *He

0.03 ®

0026 — 092 =8 5o —0m0—— - — 5 g —— — ——% — o
ooz|- 8

e Bocher and Tombrello

o Present Work

[oXe]] o (Average of Several Measurements) —

x Present Work
(Single Measurements)

S(E) (MeV”? barn)

G 01 02 03 04 05 06 07 08 09 1.0 Il 12 13 14
E, CENTER-OF-MASS ENERGY (MeV)

FIG. 9. £(E), defined in text, as a function of the cen-
ter-of-momentum energy. The dashed line denotes the
average value of = for the present work.
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their values being systematically higher by about
8%. The agreement in the energy variation of the
cross-section factor is particularly impressive.
The small systematic difference in the absolute
values of S(E, ) is not serious considering that
the results have been obtained by two very differ-
ent techniques.

Bacher and Tombrello® observed that the reac-
tion mechanism is not entirely sequential at en-
ergies below the Coulomb barrier, in contrast to
its behavior at higher energies. The proton spec-
tra exhibit less and less of the effects of the final-
state interaction in the (*He +p) system at lower
energies; a different reaction mechanism appears
to dominate at low energies. May and Clayton'*
proposed a model in which a neutron from one of
the 3He nuclei “tunnels” to the other 3He nucleus
even when the two nuclei are outside the range of
nuclear interaction. At low energies this mecha-
nism might be expected to dominate over the other
mechanisms which require a greater overlap of
the 3He nuclei, and may thus explain the change in
shape of the proton spectra. May and Clayton
calculated S(E) for this reaction by considering a
final-state interaction in the (2p) system rather
than in the (“*He +p) system. They obtained a nega-
tive value for S,’ as observed experimentally,
but the calculated absolute value of S, was too
small to fit the data.

Since the astrophysical cross section requires
an extrapolation to energies below those at which
measurements have been made, it is of interest
to see whether the observed negative slope of
S(E) at low energies could be the result of factor-
ing out a zero-radius s-wave penetration factor
(27me~2™) from the total cross section. We de-
fine a quantity, %(E), which should be independent
of energy and is somewhat analogous to S(E), by
replacing the zero-radius s-wave penetration fac-
tor by finite-radius penetration factors according
to the following expression for the cross section:

O(E)=1_+TGLL%E—)- (ZI: w, J;wP,(r)T,(’V)')’Zd’V> ’

where the first term on the right is chosen so as
to give unity for reactions between identical parti-
cles. The 1/VE is the usual flux term and the
density of final states is taken as independent of
energy over the range of the present investigation,
since the reaction has a large positive @ value.
w, is the statistical weight for the relative motion
of the interacting particles with angular momentum
I. P,(») is the probability per unit volume of find-
ing the interacting particles at a separation » and
T,(») is the probability that the reaction occurs at
a separation » in the /th partial wave.

A correct evaluation of the integral requires a

knowledge of the wave functions and is thus fairly
complicated. As a simplification, we parame-
trize the integral as

1
F2(kR,) + G,*(kR,)’

j:P, (NT,()72dr=P,(R,) =

where F, and G, are the regular and irregular
Coulomb wave functions and the effective reaction
radii R, are adjustable parameters. Choosing
different radius parameters for the different par-
tial waves presumably takes into account the dif-
ferences in the different 7',(»). If we retain only
the s-wave interaction and choose R,=0, we obtain

o(E)= E\/(EE) 2rme 2™

2
=[\/7 1ZyZ, (;;c)(ucz)‘/zz)(E)] El e2m,
The quantity in square brackets is readily recog-
nized as S(E). It may be noted that, when com-
paring S(E) for isobaric analog reactions, the
S(E) should be normalized by the factor 1/Z,2,
before a comparison of the S(E) values is made.
For the *He(*He, 2p)*He reaction we assume that
only s waves and p waves are important at the low
energies of these measurements and write

o(E)= 27(};:1 [Po(Ry) +9P,(R))],

or

Z(E)=0(E)VE [Po(R,) + 9P, (R,)]*.
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FIG. 10. Z(F) as a function of the center-of-momentum
energy for the T+ T and ®He + T reactions. The nearly
constant value of = for the 3He CHe, 2p)%He reaction of
Fig. 9 is indicated on the ordinate.
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The two free parameters R, and R, were adjusted
to make X (E) independent of energy. The best
set of parameters to do this was R,=3.8 fm and
R,=3.0 fm. The resulting Z(E_, ) is shown in
Fig. 9 as a function of E_ . The average value
of  is 0.026 MeV'/2b. Figure 9 also shows

Z(E, ,,.) calculated from the data of Bacher and
Tombrello.

The same radius parameters were used to fit
the data of Govorov et al.,'® on the mirror reac-
tion *H(°H, 2r)*He. The resulting Z(E_, ) is ap-
proximately independent of energy (see Fig. 10)
and the average value of = for this reaction is
about 0.03 MeV*/2b, which is very close to the
value obtained for *He(®*He, 2p)*He. The same pre-
scription was also applied to the data of Youn
et al.'® on the analog reaction *He +3H. In this
reaction, the interacting particles are not identi-
cal and so we can have both singlet and triplet
spin states for a given [. The statistical weights
are therefore different and we have for *He +°H,
assuming that the T',’s are independent of spin,

Z(E)

O'(E) = % _E—_[4P0(Ro) + 12P1(R1)] ’

or
S(E)=0(E)VE [2P4(R,) + 6P, (R,)]™*.

‘The existence of a bound state in the (np) system
complicates this reaction further. For this rea-

son the cross-section data for *He(*H,zp)*He and
the total reaction cross section for 3He +*H were
fitted separately, with the same radius parame-
ters as found for *He +3He. These are also shown
in Fig. 10.

The resulting »(E) is nearly independent of en-
ergy in each of these cases and the values of =
agree to within +25%. By way of comparison, the
experimentally determined value of S, for the re-
action 3He(*He, 2p)*He is about 30 times the S,
value for the mirror reaction *H(®H, 2z)*He. The
S factors, normalized for the change in Z,Z, dif-
fer by a factor of about 7, which appears to be a
result of using zero-radius penetrabilities.

The present study of the reaction *He(®He, 2p)*He
yields a value of S, which is about 4.5 times larger
than the value of S;=1.1 MeVb adopted by Parker,
Bahcall, and Fowler.! The effect of this change in
S, is to reduce the originally predicted ®B solar
neutrino flux by a factor of about 2.
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