VoLUME 50, NUMBER 6

PHYSICAL REVIEW LETTERS

7 FEBRUARY 1983

vy rays, and is therefore much less certain in the
low-frequency region. These spectra are shown
in Fig. 2 for the different systems considered,
together with values deduced using the centroid
method. Much of the detailed structure of the
F.(? spectrum is lost in the § .Y spectrum.
The increase at low frequencies is due both to the
Coriolis antipairing and to the first backbend.
The values deduced from the centroid method
are systematically higher by 5 to 10%. Part of
this can be accounted for by systematic effects
in this method due to the narrowing of the differ-
ence spectra with increasing spin. It might also
be partly associated with temperature effects,
since the centroid method always involves the
very first transitions emitted, and therefore
states at higher temperatures.

The determination of dynamic effective mo-
ments of inertia to much higher frequencies pro-
vides some new insights into nuclear behavior at
very high spins. The observed values at high
spins are very large, approaching twice the rigid-
sphere value. The evidence suggests that these
are due largely to alignment of proton orbitals,
probably i,;,, and 2y,,. The observed features
would be consistent with increasing triaxiality at
these spins (50%~557) although other possibilities
certainly exist.
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Measurement of the "Be(p, y)sB Reaction Cross Section at Low Energies
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The absolute total cross section for the reaction 7Be({),'y)BB has been measured for
Ec¢.m, =117-1230 keV by detecting the delayed « particles following the 8B 8 decay.
Two independent methods have been used to determine the areal density of the "Be tar-
get. The inferred zero-energy S factor from the present experiment is S;7(0) =0.0216
+£0.0025 keV b. This value reduces the predicted 3'C1 solar-neutrino capture rate by

~25%.
PACS numbers: 25.40.Lw, 27.20.+n

In the solar interior ®B is thought to be pro-
duced via the reaction "‘Be(p,y)®B. The subse-
quent 8 decay of this ®°B gives a spectrum of neu-
trinos with £, =0-14 MeV. These neutrinos are
expected to provide ~75% of the events in the

Brookhaven National Laboratory 3’Cl solar-neu-
trino experiment.! The discrepancy between the
calculation of the solar-neutrino flux®'? and the
experiment persists (the so-called solar-neutrino
problem). It has been noted recently?® that a sig-
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nificant portion (or perhaps all) of this discrep-
ancy may be due to a lack of accurate experimen-
tal input to the calculations. A key part of this
input is the measured cross sections for the nu-
clear reactions involved in the proton-proton
chain,

Of the previous measurements? 8 of the "Be(p,
7)®B cross section at low energies, only two®¢
have been used in the most recent evaluation® of
the cross-section factor,

S(E c.m.)zoE c.m.exP(EG/E c.m.)1/2’ (1)

where E ¢ is the Gamow energy [E¢=(21aZ,Z,)?
Xue?/2; u is the reduced mass of the incident
channel, « is the fine-structure constant]. Fur-
thermore, there are inconsistencies in the value
of the "Li(d,p)8Li cross section which is used for
normalization of all but one® of the previous ex-
periments. Two recent measurements®'° of this
cross section, while in agreement with each oth-
er, are 10-30% lower than most previously pub-
lished experimental values.!!

In this Letter we report new measurements of
the "Be(p,y)®B cross section and the resulting S
factors down to E . ;;, =117 keV, with emphasis
on numerous consistency checks to reduce pos-
sible systematic errors. The cross section was
measured by detecting the delayed a particles
from the sequence "Be(p,y)’B—%Be*—~2a. The
experiment was performed at the Argonne Nation-
al Laboratory Dynamitron accelerator with es-
sentially the same apparatus as was used in Ref.
10. Briefly, the target was mounted on a rotating
arm which was transferred in vacuum from a
bombardment chamber to a counting chamber
where the a particles from the °B decay (¢,/,
=0.77 sec) were detected. A silicon surface-
barrier detector with a 300-mm? active area and
a 23-um depletion depth was installed to detect
the a particles. A thin detector is necessary to
reduce the background from the high flux of 478-
keV v rays from the "Be decay (~3x10%y/sec).
In addition, large-area cold traps were employed
to provide a chamber pressure < 5%10°7 Torr
and to help reduce carbon buildup on the target.

The target consisted of 81.2+6.0 mCi of ‘Be
[produced via the "Li(p,n)"Be reaction at the
Argonne Dynamitron] electrodeposited on a 0.25-
mm-thick Pt disk in a (4.95+ 0.13)-mm-diam
circle. Following the deposition the Pt disk was
flamed red hot in air for several minutes to give
the final target of beryllium oxide. Details of the
target preparation will be published elsewhere,'?

For the determination of the cross section the

product of "Be areal density and detector solid
angle is required and in the present experiment
this quantity was determined by two independent
methods. In the first, the product was determined
directly by monitoring the buildup of “Li which is
produced in the decay of the unstable target nu-
cleus 'Be (t,,=53.3 d, ¢~ capture decay with a
10.35% branch to the 478-keV excited state in
“Li). This was accomplished by measuring the
a-particle yield from the reaction sequence
"Li(d,p)®Li~ ®Be — 2« at the 0.77-MeV resonance
in °Be as a function of time; i.e., as the "Be de-
cays, "Li is built up and the yield of ®Li in the
d,p) reaction increases. These measurements
were performed before, during, and after the
"Be(p,y)®B experiment. This procedure yielded
a product of initial ‘Be areal density and solid-
angle fraction (2/4n) of (2.24+0.19)X10% atoms/
cm?, with use of a value of 157+ 13 mb for the
"Li(d,p)®Li peak cross section which was de-
termined from an analysis of all the previous
data.’® In the second method a NalI(T1) detector
in conjunction with 10-cm-thick Pb collimators
of 0.5 and 1.3 mm diam were used to scan the
y-ray activity of the target. From these scans
the uncertainty in the areal density due to non-
uniformities in the target was found to be +5%.
This technique yielded an effective target diam-
eter which, when combined with activity meas-
urements using standard calibrated y-ray sourc-
es, allowed the determination of the "Be areal
density. The solid angle of the a detector was
determined to be (23.1+1.5)% of 4r. The product
of the separately determined "Be areal density
and solid-angle fraction was (2,40 0.27)x10%
atoms/cm?, in good agreement with the value
extracted by using the (d,p) cross section dis-
cussed above. An average of these two independ-
ent measurements was used to obtain the final
"Be(p,v)®B cross sections.

Integration of the beam and control of the tim-
ing cycle are described in Ref. 10. A series of
collimators provided a beam spot of 3.2 mm diam.
The Dynamitron energy scale was calibrated by
use of resonances in the reaction F(p,ay)*0 at
224.4, 340.46, and 872.11-keV bombarding ener-
gy. Energy loss of the beam from carbon buildup
on the target (~3 keV) and through the target it-
self (~15 keV) was determined from periodic
measurements of the shape of the "Li(p,y)®Be
resonance at 441.1 keV, taken during the course
of the "Be(p,y)®B experiment.

The spectrum of a particles is shown in Fig. 1
for E ., =117 and 632 keV. The background due
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FIG. 1. Delayed a-particle spectra from the reaction
sequence "Be(p,v)®B—®Be*—2a. The data have been
compressed by a factor of 4 by summing adjacent chan-
nels. The shape of each spectrum is influenced by ex-
perimental factors such as detector thickness, target-
detector geometry, 5B recoil energy, and total acquisi-
tion time (which affects the background level).

to the 478-keV v rays from "Be decay can be seen
at low energy; the cutoff at channel 5 is an in-
strumental effect. Of the various possible back-
grounds contributing to the a-particle yields
(beam-on, beam-off, and deuteron contamination
of the proton beam), that associated with cosmic
rays and natural radioactivity in the detector and
the chamber was by far the largest. This back-
ground ranged from < 1% of the integrated yield
at the high energies to 15% of the yield at the
lowest energy.

The experimental results are shown in Fig. 2.
The cross sections were obtained from the inte-
grated a-particle yields in a manner similar to
that described in Ref. 10. The average energy of
the beam has been calculated from the energy
loss in the front carbon layer and in the target.
The lowest-energy point (117 keV) was obtained
with an H,* beam, Calculations'® indicated that
effects due to breakup of the molecular ion (Cou-
lomb explosion) were less than 1%. A potentially
much larger correction to the a-particle yield is

the background due to deuteron (D*) contamination

of the H," beam. However, because of the low
beam energy, this background was found to be
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FIG. 2. Total cross section for the reaction “Be(p,
¥)®B as a function of the center-of-mass energy. The
solid curve is the cross section calculated from the
theoretical S factors of Ref. 14 normalized to the data.
If not shown the error bars (statistical only) are smaller
than the data points.

only ~2% of the yield, as measured with the H,*
beam bombarding a thick “LiF target.

Figure 3 gives the S factors derived from Eq.
(1). The smooth curve represents a best least-
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FIG. 3. "Be(p,v)’B S factor vs center-of-mass ener-
by. The solid curve is a least-squares normalization
of the calculation of Ref. 14 to the off-resonance data.
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TABLE 1. Zero-energy S factor for "Be(p,v)’B ob-
tained by normalizing the calculation of Ref. 14 to the
various experiments. A value of 157 mb (Ref. 13) for
the peak of the "Li(d, p)?Li cross section (Ez=~0.77
MeV) has been used where indicated.

Reference S17(0) (keV b)
42 0.016+0.006
52 0,028+0.003
62 0.0273+0.0024
72 0.0214+0.0022
gb 0.045+0.,011
Present? 0.0221+0.0028¢
Present” 0.0206 +0.0030°

3"Be areal density determined from the "Li(d, p®Li
cross section.

Y"Be areal density determined from y-ray activity.

®These uncertainties are not completely indepen-
dent. This fact is reflected in the total uncertainty
for S47(0) given in the text.

squares normalization of the calculation of Tom-
brello'* to the off-resonance data. This gives an
extrapolated zero-energy S factor S,,(0)=0.0216
+0.0025 keV b (where the error includes both sta-
tistical and systematic uncertainties), 25-35%
lower than the values used in recent solar-model
calculations®®!® which range from 0.029 to 0.033
keV b. It should be emphasized that these S fac-
tors were based only on cross sections normal-
ized to measured “Li(d,p)°Li values. The pres-
ent value, as discussed above, utilized two
methods for the determination of the "Be areal
density, one of which is independent of the value
of the "Li(d,p)®Li peak cross section. In this con-
nection we note that the results of the two meth-
ods are in excellent agreement with one another
when the "Li(d,p)3Li cross sections of Refs. 9 and
10 are utilized. Reasonable agreement between
the two techniques is also obtained for all pre-
viously measured “Li(d,p)?Li cross sections ex-
cept those of Refs. 5 and 16. A summary of the
experimental values for S,,(0) are shown in Table
I. The measurements which rely on the "Li(d,
p)ELi cross section have been normalized to a
cross section of 157 mb for comparison. Aside
from the high value of Ref. 8 there is fair agree-
ment between the data. A detailed discussion of
these values and a more complete report of the
present experiment is currently in preparation.
On the basis of the calculation of the dependence
of the solar-neutrino capture rate on S,, dis-
cussed in Ref. 10, the present value for S,,(0)
leads to a predicted *'Cl neutrino capture rate of

5.3 SNU (1 SNU=10"%p captures per target atom
per second), a reduction of ~2 SNU from recent
predictions of 7-8 SNU.?"®* A weighted average of
the values of Table I [§17(0)= 0.0238+0.0023 keV
b] gives a 3’Cl capture rate of 5.6 SNU. Since the
latest value of the measured capture rate is 2.1
+0.3 SNU,' the present results provide at least
a partial solution to the solar-neutrino problem.
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