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Radiative decays of the 16.6 and 16.9 Mev states in sBe
and tests of the conservation of the vector current in the A = 8 multiplet
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We measured the He(o. , p) cross section at 0~ = 90' across the 16.6 and 16.9 MeV resonances
in Be and obtained angular distributions on the peaks of both resonances. The decays of the
16 MeV doublet to the 3.0 MeV 2+ final state have an (isovector E2)/(isovector Ml) mixing ratio
of (0.01 +0.03), an (isoscalar E2)/(isovector Ml) mixing ratio of (0.21 + 0.04), and an isovector Ml
width of (2.80 + 0.18) eV. Our result for the isovector E2 strength disagrees markedly with previous
work. We observe ground-state E2 decays of both members of the doublet. We use our results, plus
existing Li and B P-decay data, to test the conservation of the vector current and to constrain the
second-class induced-tensor form factor. Finally, we compare our results to shell-model calculations.

PACS number(s): 24.80.—x, 23.20.3s, 27.20.+n

I. INTRODUCTION

Nuclear physics experiments have established the con-
servation of the vector current (CVC) to a precision of
roughly 6% and the absence of second-class currents to
a level ~gll/g~~ ( 0.7 [1]. Both of these symmetries
would presumably be exact in the limit of good isospin
[2,3] but are broken by quark mass and charge difFer-
ences. It is therefore of considerable interest to test
these symmetries with sufEcient precision to probe the
level of expected isospin-violating effects [4]. Although
the Ademollo-Gatto theorem [5] precludes linear isospin-
breaking corrections to the weak-magnetism form fac-
tor, the u-d quark mass splitting will generate a spurious
second-class induced-tensor current proportional to that
mass difFerence [6—8].

The A=8 isotriplet, shown in Fig. l is well suited
for testing CVC and for detecting a possible second-
class induced-tensor form factor [9]. The CVC test
compares the weak-magnetism (and possibly second-
forbidden) vector form-factors extracted from the P-cr
angular correlations in the 2+ —+ 2+ beta d.ecays of
sLi and sB, to the isovector M1 (and possibly isovector
E2) matrix elements for the isospin-analog p-decays in
Be. This paper reports our study of the p decays of the

1 = 2+ analog state in sBe (actually an isospin-mixed
doublet) using the 4He(n, p) reaction. The experiment
is described in Sec. II. In Sec. III we discuss our exper-
imental results and compare them to previous work. In

'Present address: Department of Radiology, University of
Washington, Seattle, WA 98195.

tPermanent address: Department of Physics, University of
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Secs. IV and V we examine the consequences of our re-
sults for CVC and second. -class current tests in the A=8
multiplet. In Sec. VI we compare the experimental data
to shell-model calculations. Our conclusions are summa-
rized in Sec. VII.

II. DESCRIPTION OF THE EXPERIMENT

A. Experimental strategy

We determined the Ml and E2 widths needed for the
CVC test by measuring the 4He(n, p) cross section as a
function of energy across the 16.6 and 16.9 MeV levels
and obtaining photon angular distributions on the peaks
of both resonances. Accurate measurements of the yields
and angular distributions are made dificult by the pho-
ton and neutron backgrounds generated by the interac-
tion of the beam with the windows of the He target cell.
All previous studies [10—13] used the same procedure to
solve this problem. The helium gas was contained in a
long cell, only the central part of which was seen by the
detector; the extremities containing the entrance and the
exit windows were shielded with lead. This technique ef-
fectively solved the background problem but led to sev-
eral diKculties:

(1) To deduce the absolute cross section, the efFective
length of the gas cell as seen by the photon spectrome-
ter (which difFers significantly from the diameter of the
collimator) must be determined either by a separate mea-
surement or by Monte Carlo computation.

(2) To measure the photon angular distribution, dif-
ferent collimators must be used at each angle, and the
angle-dependent spectrometer acceptance and effective
cell length must be calculated. This potential source of
systematic error is subtle because the different spectrom-
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FIG. 2. Scale drawing of the detector a gand as cell. A heav-

n was 7 m downstreamily shielded beam dump (not shown) wa

from the target.

4He + 4He 88e

h BFIG. 1. Level diagram of the A. = 8 isotriplet. The Be iso-
baric analog of the Li and B ground states is split between
the 16.6 and 16.9 MeV levels. In the CVC and second-class
current tests, the isovector M1 decays of the Be doublet to
the broad 3.0 MeV level are compared to recoil-order eKects

8 ~

in the analogous P decays of Ls and

of 12.5 MHz, which allowed excellent rejection of the
neutron background. It was clearly essential to control
accurately the beam energy during the excitation func-
tion and angular d.istribution measurements. Because the
linac beam did not pass through a conventional magnetic

entanaj. yszs sys em, il t t was necessary to have an independen
monitor of the beam energy.

eter angles probe different regions of the gas cell and
therefore different parts of the excitation function.

(3) N trons generated in the entrance window o aeu
edlong gas cell may arrive in time with photons emitte

from the central part of the cell so that the neutron
b k round cannot be completely eliminated by time ofac groun
flight. This prevented previous workers from taking a a
at forward angles, so they could not measure the purely
kinematic forward-backward asymmetry that would have
provided a check on the correctness and consistency of
the angular distributions.

We solved the problems listed above by using an ex-
persmerimental setup (shown in Fig. 2) where a short, high-
pressure cell with no collimation of the windows was bom-
barded by a pulsed a-particle beam. This technique left
open the question of the background from the gas cell
windows. This problem was solved by subtracting from
the He-target results background data taken with H2
gas at a pressure that gave the same energy loss as when
the cell was ulled with helium. This insured that the
beam energy at both the entrance and exit windows was
the same in the 'full target' and. 'background' runs and
gave satisfactory subtractions as can be seen in Figs. 3
and 4.

B. The cr-particle beam

The o.-particle beams were provided by the Univer-
sity of Washington tandem-accelerator/superconducting-
linac facility [14]. The beam had a time structure con-
sisting of pulses of width (1 ns, at a repetition rate
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FIG. 3. Helium-6lled target, hydrogen-filled target, anand
r the eak ofsubtracted p-ray spectra at 0& b ——90, near the p

the 16.9 MeV resonance. The prominent peaks at 12.7 and
15.1 MeV are Doppler-broadened p rays from C(n, n') re-
actions in the gas cell windows, while the 10.8 MeV peak is
presumably due to N(n, n') reactions in the Kapton win-

electronic threshold. The peak in the subtracted spectrum is
from the Be 16.9 -+ 3.0 decay.
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Our gas cell had a cylindrical geometry (4.45 cm di-
ameter, 5.08 cm height) with 1.27 cin diameter holes for
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Our beam-energy monitor consisted of two silicon
counters, placed at (30 6 1) degrees on the left and the
right sides of the beam, that detected the o. 's elastically
scattered by a 250 pg/cm gold foil. The beam energy
monitor was rotated into position and the pulse heights
measured before and after any He and H2 run. The
silicon counters were carefully calibrated even though
we were mainly interested in determining relative en-

ergy shifts. The calibration of these detectors, based on
Am (E = 5.486 MeV) and 2 Cm (E~ = 5.805 MeV)

sources, agreed with the predicted position of the reso-
nance to within 40 keV out of 34 MeV. In anticipation
of possible electronic shifts, low-energy and high-energy
pulser signals were sent to both preampli6ers so that the
origin of a shift (zero shift, gain shift, pulser drift, or
beam-energy change) could be identified and, if spurious,
corrected. Four energy shifts were observed in 120 mea-
surements. Although these appeared to be gain shifts,
the excitation curve data were not compatible with this
hypothesis. The assumption of constant gain, on the
other hand, produced good consistency of the excitation
curve data (see Fig. 5), and this assumption was incor-
porated into the final analysis.

C. The gas cell
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FIG. 5. He(n, p) excitation function at 8~ b = 90' for the
decay to the 3 MeV level. Data were taken with a target
thickness equivalent to AE& b

——350 keV. The vertical ar-
rows indicate the energies at which angular distributions were
obtained. The curve is the best fit of the function given in
Eq. (2) to the combined set of excitation function and angular
distribution data.

the entrance and exit windows. The axis of the cell was
perpendicular to the beam axis and coincided (+2.5 mm)
with the rotation axis of the photon spectrometer. For
our application the most practical window materials were
Kapton and nickel. A short measurement of the p-ray
background in the region of interest showed that Kapton
windows were three times better than nickel, so we used
the thinnest commercially available Kapton film (7.6 pm)
as the window material.

Because we wanted to isolate the angular distribu-
tions of two closely spaced resonances (see Sec. IIA)
while maintaining reasonable yields, we used a He tar-
get thickness of 350 keV, corresponding to a helium pres-
sure of = 2 bar. Although this pressure was well below
the 3 bar breaking point of the foils, radiation damage
of the Kapton windows was a severe problem; windows
typically failed after exposures of only 1 mC. For this rea-
son the gas cell was equipped with three sets of windows
equally spaced around the circumference of the cell. The
gas cell was rotated to a new set of foils every 0.5 mC
until all windows had been exposed, and then was re-
placed by a new gas cell. Nevertheless &equent failures
occurred. The gas pressure was measured by a Baratron
gauge and recorded continuously by an ADC. This proce-
dure allowed us to monitor pressure drops, none of which
exceeded 3%.

D. The NaI d,etector
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FIG. 4. Subtracted p-ray spectra near the peak of the 16.9
MeV resonance. Top: 0~ b

——45; middle: 8~ b = 90; bot-
tom: 0& b

——140'. The 16.9 ~ 0.0 transition is clearly visible
in the 45 and 140 spectra. The smooth curves show the
best fit to the 2+ ~ 2+ transitions using the R-matrix f-
ina-state distribution which gave Mie/Ms~ = 1.6. The curves
are plotted in the spectral region that was fitted.

Gamma rays were detected with the University of
Washington large NaI spectrometer, consisting of a 25 cm
by 38 cm central NaI scintillator enclosed successively in
a LiH shield, a 10-cm-thick plastic-scintillator antico-
incidence counter, and a 10-cm-thick lead shield with a
15 cm cylindrical opening. The Font face of the lead
shield was 49.3 cm &om the beam axis. This gave a
flight path to the front face of the NaI crystal of approx-
imately 80 cm, permitting good time-of-flight separation
of neutrons and gammas over the entire angular range
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45' —140 used in this work. The plastic anticoincidence
threshold was set at a high level in order to maximize the
detector eKciency without compromising the cosmic-ray
rejection; with this arrangement the detector resolution
was 6% at 15.1 MeV. The Nal gain was stabilized using
a light-emitting-diode feedback system. The detector en-
ergy calibration was based on the positions of the 12.7
and 15.1 MeV C(n, n') gamma rays produced in the
Kapton foils. A 14.5 cm x 17 cm BaF2 detector with
a time resolution of (1 nsec continuously monitored the
time structure of the beam. We used this detector to cor-
rect for small "satellite peaks" that were separated from
the main peak by multiples of the 6.7 ns period of the
linac RF. On average, this correction was 10%.

III. EXPERIMENTAL RESULTS
A. Expected form of the cross section

The Be analog of the SLi and SB ground states is split
into two levels by admixing with a nearby T = 0 level so

that the physical 16.6 and 16.9 MeV states, la) and lb&,

respectively, are related to the pure isospin states l0) and
11) by

la& = ~11) + bio&, lt& = Pl» —~I0& .

The excitation energies and center-of-mass widths of the
resonances, E = 16.626 MeV, I = 108.1 keV, Eb ——

16.922 MeV, and I' = 74.0 keV, are well determined
from He + He scattering [15]. The magnitudes of the
isospin-mixing parameters, n = 0.64 and P = —0.77, are
given by n2/P2 = I'b /I', while the relative sign is fixed
by the observed interference of the two resonances in the

B(d, n) reaction [16].
A theoretical description of the He(o. , p) yield across

the isospin-mixed 16.6 and 16.9 MeV resonances has been
worked out by Barker [17], who finds

Y(E,0) = 2 07l A Q gdO 2 2 T' ' l(Eb —E') [1+(P/~)e]f-"(0) —(E- —E') [1 —(~/&) e]fb' (0) i' dE'

(E EI)2(E El)2 + (iI' )2(o2E + P2E EI)2 (2)

where Y(E,0) is the center-of-mass yield at a mean
excitation energy E and center-of-mass p-ray angle 0.
S = 1.37 x 10 eVcm /atom is the stopping power
of the beam in He gas, A = 2h /(m E ), E is the
laboratory energy of the beam in the center of the tar-
get, A is the energy loss of the beam in the target, Q
and Z are the integrated charge and ionic state of the
beam, and gdO/4vr is the combined intrinsic and geomet-
rical efBciency of the photon detector. I' = I' + I'
and I'~& is the isovector Ml width in the center-of-
mass frame. The jsoscalar to isovector Ml ratio is

(I'Mi /I'Mi ) . The p-ray widths are implic-
itly energy dependent; I'Mi oc (E~/13.82 MeV)s where
13.82 MeV is the mean E~ of the isovector Ml gamma
ray (see below).

It is worth noticing in Eq. (2) the implicit presence
of a factor of 2 that accounts for the symmetrization in
the incident channel but was omitted in previous works
[10—13].

The angular distribution factors, f (0) and fb(0), of
the 16.6 and 16.9 MeV levels, are functions of the p-ray
multipolarities. The 2+ —+ 2+ transitions have the form

and 8 b is the (E2/Ml) amplitude mixing ratio of the p
ray originating from level a, b. The mixing ratios of the
16.6 and 16.9 MeV levels are related to the "isovyctor"
and isoscalar mixing ratios, Si ——(I &2 /I Mi ) and

(I T=P/I &=i) b

bi + SpP/n
1+ eP/n

bi —hpn/P
1 —en/P

The laboratory angular distributions are related to those
in the center-of-mass frame by

Y, (E,0, ) = ' ' Y(E,0),(1-n.' .)
c.rn COS lab

with the center-of-mass velocity P, 0.067. It should
be pointed out that this center-of-mass to laboratory
transformation was done incorrectly in the previous mea-
surement [12] of these angular distributions; the square
in the denominator of Eq. (6) was omitted. The corre-
sponding angle transformation is

f l, (0) = ap' + a2' P2(cos0) + a4' P4(cos0),
cos 0lab Pc.rn.coso =

1 —Pc ~ COS 0la, b
(7)

where

a,b 2ao' = 1+b a2' ——0.5 —1.464b b
—0.153b B. Experimental yields

a ' = —0.491b (4)
Figure 4 shows typical He(n, p) spectra from which

we extracted the p-ray yields. The yields are heavily
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where y2/v = 1.7 is the chi-squared per degree of free-
dom computed assuming that counting statistics was the
only source of error.

We disagree strongly with Bowles and Garvey [12],who
found e = —0.04 6 0.02, b~

——+0.19 + 0.03, and bp

+0.22+ 0.03. The discrepancy in bi persists even when
the data of Ref. [12] are reanalyzed using Eq. (6), yielding

—0.02 + 0.02, bi ——0.14 + 0.03, and bp ——0.26 +
0.04. A reanalysis of the excitation function of Bowles
and Garvey (see below), using our values of 8i and bo,
yields e = 0.00 + 0.03. Note that although the extracted
value of e is very sensitive to the assumed isospin-mixing
amplitudes, the quantity of primary interest for the CVC
test, I M=i, is not; a 2% change in o. would change our
value for e by 80%, while I'M=i would change by only
0.3%.
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8(deg)

FIG. 6. Laboratory angular distributions of p-ray transi-
tions to the 3.0 MeV level. Top panel: near the peak of the
16.9 MeV resonance at E = 34.1 MeV. Bottom panel: near
the peak of the 16.6 MeV resonance at E = 33.6 MeV. The
curves are described in the caption of Fig. 5.

dominated by the Ml/E2 transition to the broad 3 MeV
2+ level of Be. The 0] b

——90 excitation function for
the 2+ ~ 2+ transition is shown in Fig. 5, and the an-
gular distributions measured near the peaks of the 16.6
and 16.9 MeV resonances are shown in Fig. 6. The en-
ergy scales were calibrated using the Doppler-broadened
12.71 and 15.11 MeV i2C(n, n') lines in the 90' hydrogen
spectra. The data points in Figs. 5 and 6 were obtained
by summing counts in a window that extended fromE'™= E'~ —5.08 M V to E'. . = E' —1.82 M V.

CX

Our absolute decay widths are based on a detector ef-
ficiency calibration obtained in a subsequent measure-
ment of the well-known [18] i2C(p, p) N(T = 3/2) res-
onance yield in the same geometry. Our empirical line
shape, shown in Fig. 7, was constructed by appending the
tail from a iB(p, p) spectrum to the 15.1 MeV photo-
peak obtained from the on-resonance C(p, p) spectrum.
The corresponding detection efficiency was @AD/4' =
(3.42 + 0.10) x 10 . Based on previous experience, we
made the good approximation that the line shape de-
pends only on the ratio Ed/E~, where Ed is the detected
energy and E& is the p-ray energy. A Monte Carlo calcu-
lation showed the efficiency to be Oat in the 10—17 MeV
range relevant to the present problem.

Because the Be final state is very broad, it was neces-
sary to account for its width in the data analysis. Studies
[19,20] of sl.i and B P decays have shown that three
J = 2+ Be levels must be included to account for

C. Analysis of the yields

Four unknown parameters can be determined from our
data: I'~z, e, bp, and bq. The shapes of the angular dis-
tribution are determined by bp and b», the shape of the
excitation function (for fixed 8o and hi) is determined by
e, and the absolute scale of the yields is determined by
I'~z . We fitted the combined data set —excitation func-
tion plus angular distributions, using Eqs. (2)—(7) with
Ave free parameters: I'M=&, e, bp, and by, plus AE, a
constant that was added to E to account for the uncer-
tainty in the absolute energy scale. The best fit, shown as
the solid curves in Pigs. 5 and 6, yields e = +0.04 + 0.02,
Si ——+0.01 6 0.03 and 8O

——+0.21 + 0.04. (The ex-
traction of I'Mi is discussed in Sec. III D below. ) The
error bars in Figs. 5 and 6 reBect only the contribution
from counting statistics. Additional Buctuating errors
arose, for example, from small variations in the beam
energy and from background subtraction uncertainties
arising from time-dependent variation in the thicknesses
of the Kapton foils. We accounted for these additional
errors by inffating our uncertainties by a factor gy2/v,

1.0

M
~ ~ 0.8

0.6
0

0.4—
Q

M
0.8

0.0
10 15

FIG. 7. The best-64 final-state distribution function for
16.9 ~ 3.0 dipole p decay is shown as a dot-dashed line.
The solid line shows the distribution function folded with the
detector line shape. The line shape is displayed in the inset.
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the observed shape of the final-state distribution. We
parametrized the final-state shape using the R-matrix
formalism as detailed, for example, in Ref. [19] and dis-
cussed further in Sec. IV below. We adopted a three-level
description with states at E 3 MeV, 16.6 MeV,
and 16.9 MeV with M1 matrix elements Mi, M2,
and Ma respectively. The B-matrix level energies and
widths, shown in Table I, were fixed by other data. The
values for the second and third levels were chosen to re-
produce the known [15] physical energies and widths of
the 16 MeV doublet, while the energy and width of the
3 MeV level were determined by fitting the n spectra [20]
following Li and B P decays. Because our p-ray spectra
were not very sensitive to the details of the 16 MeV dou-
blet, we made the simplifying assumption that a single
AT = 1 matrix element, M&&, governed the transitions
to the two 16 MeV levels. Therefore the shape of the
p-decay final-state function was determined by a single
free parameter, R~ = Mz~z/Mz~, where Mz~ is the matrix
element for the transition to the 3 MeV level.

This single-parameter final-state distribution was
folded with the detector lineshape as shown in Fig. 7
and fitted to the 45, 90, and 140 spectra shown in
Fig. 4. The fit to these three spectra yielded M&
10.13 6 0.32 and R~ = 1.6 + 1.8 with y /v = 1.31.
(The large uncertainty in R~ confirms that our data
have little sensitivity to contributions from the 16 MeV
doublet. ) These parameters imply a total Ml width of
I'TMii ——(2.80+:0.18) eV, which is integrated over all final-
state energies and quoted for an effective T = 1 initial-
state excitation energy of E = n E +P Es=16.80 MeV
corresponding to a mean p-ray energy of 13.82 MeV. This
width is dominated by decays to the 3 MeV level; decays
to the 16 MeV level(s) make a very small contribution to
the width because of the phase-space weighting factor.
The 6.3'%%uo error quoted on I'TMi includes uncertainties
from statistics (+3%%up), absolute eKciency (+3%%), line-
shape/eKciency extrapolation (+2%%up), stopping power
(+2%%), gas cell length due to foil bulge (+3%%uo), and beam
integration (+2%).

We compare our result to previous work by reanalyzing

the excitation functions of Refs. [12] and [13], using the
equations given in this work and our values of b and b~.
We extract I TMi ——(4.1 + 0.6) eV from the data of Paul et
aL [13] which is considerably larger than our value. The
same procedure applied to the Bowles and Garvey data
[12] gives I Mi

——(3.6 + 0.3) eV, which is again larger
than our value. In cases such as this, where some results
may suffer from systematic error, it is not reasonable to
try to extract a "best value" for I'~z from the different
experiments.

E. The E2 ground-state transition

As is evident in Fig. 5, the ground-state decay of the
16.9 MeV level is clearly observed at 45 and 140 and
is not seen at 90, as expected for a 2+ —+ 0+ E2 tran-
sition. The angular distribution of counts in a narrow
window centered on the photopeak is shown in the top
panel of Fig. 8. The fitted curves shown in this fig-
ure have the form expected for a 2+ ~ 0+ transition:
Y'(9) = Ap[1 + 0.714P2(cos 0) —1.714P4(cos 0)]. For the
16.9 MeV resonance, the fit yields I @~

——(84 + 14) meV
with y /v = 2.5. The ground-state transition from the
16.6 MeV resonance is seen clearly only at 45; at this
resonance, the fit is not as good (y2/v = 3.5), and yields
I &z

——(70 + 25) meV, where the quoted errors again
contain the factor Qy2/v to account for sources of er-
ror other than counting statistics. (The relatively poor
fi.t presumably arises because because Kapton foil thick-
ness variations had a larger effect on the extraction of
the yields such very weak transitions. ) These widths
correspond to reduced strengths B(E2)i, = (0.075 6
0.013) e fm and B(E2) = (0.068+0.024) e fm . These
reduced strengths can be decomposed into isoscalar and
isovector components. Because the phases of the E2 ma-
trix elements are unknown, there is a two fold ambiguity;
either B(E2)iv = (0.00 + 0.03) e fm and B(E2)is
(0.14 + 0.03) e fm, or B(E2)iv = (0.14 + 0.03) e2fm4

and B(E2)is = (0.00+0.03) e fm . Our results, together
with I'M=& values from other work, are shown in Table II.

TABLE I. B-matrix parameters used in the analysis of Be
p decays and Li and B P decays.

IV. A TEST OF CVC

Quantity
Radius (fm)

BI.
Ei (MeV)

pi (MeV)'~
M~

1

E2 (MeV)
p2 (MeV)'~

Eg (MeV)
pg (MeV)'~

R~
Rp

Value
4.5

Si, (Ei)
3.20
1.240
10.13

0.1765
16.626
0.104
16.922
0.0864

1.6
—14.88

We now use our results to test CVC in the A = 8
isotriplet. The laboratory-frame p-n correlations in sLi
and B decays have the general form

~(~p- Ep E*) = P(»Ep)I pEp(Ep —E- —Ep)'
x[1+ai(Ep)cosop + a2(Ep) cos Op ],

(8)

where E is the usual Fermi function, Eo is the energy
release for decays to the Be ground state, and E is the
excitation energy in Be. The difference

This is the average of the Li and B values, which are 0.1818
and 0.1712, respectively.

b,„(Ep) = a2(Ep, Li) —a2(Ep, B) (9)

is related to the weak form factors defined in Ref. [21] by
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M
~ (E~)E

f b(E ) —d (E )
—3/~iaaf(E ) —g3/28g(E )

'
M

' c(E )(E E— E—~) dE

f c (E ) (Ep —E —Ep) dE (10)

b(E ) = M 6 I'~='(E )/(n Es),

and predicts relations between f, g, and the isovector
E2/Ml mixing ratio,

g = —V'2/3 f, f/b = V 10/3bq . (12)

As our value bq(E ) = 0.01 + 0.03 is consistent with zero

where M is the nuclear mass, 6 is the weak-magnetism
form factor, c is the Gamow-Teller form factor extracted
from the sLi and 8 lifetimes and P-delayed alpha spec-
tra [19], dII is a possible second-class form factor, and f
and g are twice-forbidden vector form factors [22]. We
account for the Anal-state distribution by allowing the
form factors to be functions of E and integrating over
E . Note that Eq. (10) assumes isospin symmetry of the
Q values and matrix elements.

CVC relates the weak-magnetism form factor b to the
isovector M1 width,

[23] we neglect it in this analysis and obtain the CVC
prediction,

f b(E~)c(E~)(Ep E~—Ep—)'dE~
Ep f c2(E )(Ep E —Ep)—2dE

where we have assumed that the second-class form factor
is negligible. If only a single level were involved in the
final state, 6 and c would be the same functions of E and
this functional dependence would cancel in Eq. (13) so
that b&vcM/Ep would be independent of Ep. However,
it has been observed in this work and in Refs. [10,12] that
the shape of the final state in Li and B decays difI'ers

from that in the analogous p decay of Be indicating
that c and b have different dependences on E . Prior to
our work, there was no satisfactory explanation for this
difIer ence.

We employ a self-consistent analysis by parametrizing
both b(E ) and c(E ) using a three-level R-matrix for-
malism with

b (E ) or c (E ) = P2(E ) ,
' »,M, /(E, —E.)I

Ii —(~~( *) — 2+ P2(E*)k(E,'=i &,'/(E' —E*)) ' (i4)

I I I I I I I I I I I I I I

16.9 MeV level100—

50

()
I I I I I I I I I I I I I ICD

02

I I I I I I I I I I I I I I

100— 16.6 MeV level

50

I I I I I I I I I I I I I I

50 100 150
8(deg)

FIG. 8. Laboratory p-ray angular distributions for decays
to the ground state. Upper panel: 16.9 MeV resonance.
Lower panel: 16.6 MeV resonance. The curves are fitted func-
tions of the form expected for 2+ —+ 0+ decay.

TABLE II. Gamma decays of the 16 MeV 2+ doublet in
Be. Entries are from this work, except where noted.

Final state
2+ (3.0 MeV)

2+ (3.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)
0+ (0.0 MeV)
0+ (0.0 MeV)

Observable
pT=1

Mx

bg

bo

I'a2(16.6 + 0.0)
r~, (16.0 ~ o.o)

Value
2.80 + 0.18 eV
3.6 + 0.3 eV '
4.1 + 0.6 eV '
+0.04 + 0.02
+0.01 + 0.03
+0.21 + 0.04
70+ 25 meV
84 + 14 rneV

Quoted for E, = E = 16.80 MeV, the mean energy of the
2+, T = 1 strength, corresponding to R~ = 13.82 MeV.
b From Bowles and Garvey [12] adjusted for our values of 8z
and bp.
'From Paul et al. [13], adjusted for our values of 6q and 80.

where the level parameters are listed in Table I, and
S2, P2, and B2 are the usual L = 2 R-matrix shift
function, penetrability, and boundary condition, respec-
tively. We assume that M2 —o.Rp ~Mug and M3 '

PRp zM&&, where the factors n and P are the isospin
mixing amplitudes of the 16 MeV doublet. The Gamow-
Teller matrix elements were extracted by 6tting the high-
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s work. Our B

T
d B. Unles o

)2
h o d-

A, gV
2+ ~ 0+ transition o e

Final state
2 (3.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)
0+ (0.0 MeV)
0+ (0.0 MeV)
2+ (3.0 MeV)
2+ (3.0 MeV)

aObservable
B(M1,IV)
B(M1, IS)

B(GT)
B(E2, IV)
B(E2,IS)
B(E2,IV)
B(E2,IS)

bi
b0

f

R~(T = 1 —+ T = 0
R (T= 1 mT=1
R~(T=0 —+T=

CKI
0.18

(5.4) 10
—0.054
0.035

(3.1)10
0.19
0.071
0.034

+0.015
+0.12
—10.3
—6.2
—1.8
—2.0

CKumar
0.17

(2.1)10
—0.035
0.044

(5.4) 10
0.069
0.046
0.000

—0.021
+0.074
—7.8
—5.5
—1.9
—2.1

CKPOT
0.37

(12)10
—0.058
0.105

(2.7)10
0.60
0.094
0.047

+0.010
+0.15
—6 ~ 2
—4.6
—1.3
—1.3

evan Bees
0.52

(18)10
—0.059
0.143

(2.3)10
0.85
0.144
0.060

+0.008
+0.15
—5.0
—3.6

—l.lxx
—1.1

Expt.
0.091 + 0.006
(2 + 2)10
+0.06 + 0.02

0.031
(1 + 6)10
0.30 + 0.12
0.03 or 0.14+ 0.030.00 +

0.14+ 0.03 or 0.
+0.01 + 0.03
+0.22 + 0.04
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+1.6 + 1.8
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18 t I I I [I I

10—
I I I 'I I I I I I I I I I I I I I I
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I

I I I I I I I I I I I I I I I I I

= 0.0 + 0.3 + 0.3
Ac

= —0.5 + 0.2 + 0.3 ,Ac
(19)

with y /v = 1.62. The errors are computed as for the
CVC tests discussed above.

with y /v = 0.96, while the data of Ref. [25] yield the
limit

I I I I I I I I I I I I I I I I I I

~ ~

I I I I I I I I I I I I I I I I I I

5 7.5 iO 12.5 15

EIr (MeV)

FIG. 11. The Li- B p-n asymmetry factor (M/Eri)b ver-
sus Ep. The smooth curves are our CVC prediction, with
the +10. error bands from our experimental uncertainties in
I'~~, bq, and R~. The data points in the upper panel are
measured values fram Ref. [24]; those in the lower panel are
from Ref. [25].

b, = 1.00 + 0.04 + 0.05,
~cvc

with y /v = 0.96, while the data of McKeown, Gagliardi,
and Garvey yield

b,„ = 0.93 6 0.03 + 0.05,
~cvc

V. LIMITS ON SECOND-CLASS CURRENTS

If we assume the validity of CVC, our experiment to-
gether with the P-n correlation results from Refs. [24] or
[25] can be used to limit the second-class induced-tensor
form factor in the A = 8 isotriplet. In the impulse ap-
proximation dye involves the same operator as c, so that
dii/c is independent of E . Then Eq. (10) becomes

~~~p(ErI) = ~cvc(EP) + Ep drr
(17)

where we have set M = Amiv. Using the P-n correlation
data of Ref. [24] plus the results of Eq. (17) we obtain a
limit

with g2/v = 1.64. In both cases the first error rejects
the quality of the fit and is inflated by gy2/v, while the
second error reflects the 3% scale-factor uncertainty in b

from the error in I'M=i, and the 3%%uo shape uncertainty
in 6 arising from the errors in b~ and R~.

VI. COMPARISON TO SHELL-MODEL
PREDICTIONS

Although our CVC and second-class current tests are
independent of any specific nuclear models, the p and
p-decay data do provide useful constraints on structure
calculations. In this section we compare the data to sev-
eral shell model calculations.

The dominant configurations of the ground state, the
3.0 MeV level, and the 16 MeV doublet (along with the
sLi and sB ground states) are [4] S, [4] D, and [31] P,
respectively. Therefore decays of the 16 MeV levels (and
of sLi and sB) to the low-lying states of sBe are expected
to be suppressed. E2 decays are suppressed because
the E2 operator cannot change S, GT P decay to the
3 MeV level is suppressed because the operator cannot
change the spatial symmetry, and M1 decay to the 3 MeV
level is inhibited because only the lv term in the oper-
ator can contribute (the o and or terms cannot change
the spatial symmetry and the I term cannot change L).
These expectations are qualitatively consistent with the
experimental reduced Ml, E2, and GT strengths for
2+ + 2& transitions. All of these are significantly re-
tarded: B(Ml)iv = 0.05 W.u. , B(E2)is = 0.3 W.u. , and
B(GT) = 0.031 [26]. In contrast, the P and p decays to
the 16 MeV levels are expected to be strong, in qualita-
tive accord with the data.

Table III shows the reduced p- and P-decay transition
strengths and mixing ratios calculated using the 1p-shell
wave functions of Cohen and Kurath [27], Kumar [28]
and van Hees [29]. The signs of e and bo are normally
arbitrary in shell model calculations, because the T = 0
and T = 1 components of the unmixed doublet are inde-
pendent eigenstates. We calculated the signs of e and bo

by computing isospin-mixing amplitudes for the doublet
and comparing the signs of these amplitudes to the em-
pirical values of n and P. The relative signs of the p-(or
P decay) amplitudes feeding the 3 MeV and 16 MeV fi-
nal states were predicted by calculating both the p-decay
(or P-decay) matrix elements and the n-formation (or n-
decay) matrix elements using the same wave functions
so that the arbitrary signs entered twice and therefore
cancelled.

The best calculations (CKI and Kumar) of the rel-
atively weak 2+ ~ 2z M1 isovector strength over-
predict the experimental value by a factor of 2. The
2+ i 2+ (isoscalar Ml)/(isovector Ml) matrix-element
ratio e is small both experimentally and theoretically;
however the measured and calculated signs disagree. The
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[31]

B(E2; 2+ -+ 2+) 10= —= 1.43 . 20
B(E2; 2+ -+ 0+) 7

These predictions are in accord with the other experi-
mentally allowed solution, which yields

B(E2; 2+ ~ 2+) = 2.1 + 1.0 .
B(E2; 2+ + 0+)

The shell-model calculations deviate from the Alaga rule
because of SU(3) symmetry breaking for these weak E2
transitions.

Overall, our experimental results are in reasonable
agreement with the range of values predicted by the
calculations. In particular, the much smaller value for
B(E2,IV, 16 -+ 3) obtained in this work compared to the

(21)

CKI and Kumar calculations predict a GT strength to
the 2~ level that is slightly larger than than the observed
value.

On the other hand, the Ml and GT transitions to the
tails of 16 MeV levels are predicted to have substantial
reduced strengths, with B(GT)'s and B(M1)'s values
ranging from about 3 to about 7. All calculations give
the correct sign for Ap, and the CKI interaction shows
reasonable agreement with the magnitude. The situation
for B~ is less satisfactory; all calculations overpredict this
quantity.

All calculations correctly predict that the 2+ ~ 2+ E2
transition is predominantly isoscalar; i.e. , that bq is much
smaller than bo, and also give the correct sign for bo. In
contrast, the 2+ + 0+ E2 decays are predicted to be pre-
dominantly isovector, which agrees with one of the two
possible solutions for the experimental decomposition of
this strength, as shown in Table III. It di6'ers, however,
from the predictions of the Alaga rule [30] which requires
the 2+ + 2+ and 2+ ~ 0+ transitions to have the same
isospin character, and their intensities to be in the ratio

previous experiment brings this quantity into agreement
with theoretical expectations. Furthermore, our expla-
nation of the differences in the final-state distributions
given in our discussion of the CVC and. SCC tests above
is also in qualitative accord with the best shell-model
calulations.

VII. CONCLUSIONS

Our results alter substantially the details of the CVC
and second-class current tests in the A = 8 isotriplet.
Both our isovector E2/Ml mixing ratio 6i and our isovec-
tor Ml radiative width I ~& are significantly smaller
than the values found previously. Our smaller isovector
E2 strength is now in accord with shell-model expecta-
tions, while the previous large value was hard to explain.
The smaller E2 strength will make it quite diKcult to use
the A = 8 nuclei for a precise test of CVC in quadrupole
order as had been proposed previously [1]. The changes
in I'+~& and bq tend to compensate in the dipole-order
CVC test so that we find no evidence for CVC violation,
a conclusion that is consistent with previous work but for
rather diA'erent reasons.

We are now preparing a new experiment to measure the
He(n, p) excitation function and p-ray spectrum shape.

In addition we are measuring the P-n correlations in Li
and B decays. These results should lead to CVC and
second-class current tests with improved sensitivities.
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