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We report the first observation of the beta decay of °C to the ground state and to two low-lying
excited states of °B. Branching ratios to these states were measured, and a previously reported
branch to a level near 12 MeV was confirmed. The branching ratio to the J"= -;-_ ground state is
60x10 %, and the branching ratios to the narrow %' level at 2.36 MeV and to the broad %‘ level
near 2.9 MeV are 17+6 % and 11+5 %, respectively. Because of the three-body nature of the °B
decay, the °C ions were implanted in the active volume of silicon detectors, and the total decay en-
ergies of the states in °B were directly measured. We compare these results to shell model calcula-
tions, to the analog decay of °Li to °Be, and to the *Be(p,n)°B reaction. The comparison to °Li de-
cay indicates an asymmetry in the beta-decay matrix elements to the %‘ level larger than any such
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asymmetry previously observed.

I. INTRODUCTION

The beta-delayed proton precursors with T,=—3,
A=4n+1 (n=2,3,...,) have been extensively stud-
ied, and delayed proton activity from every member of
this group from °C to ®'Ge has been measured.?> Most
delayed proton spectra from these nuclei show a compli-
cated structure with many peaks, reflecting transitions to
discrete narrow levels. In the case of °C, (see Fig. 1) the
delayed proton spectrum is dominated by a continuum
of proton energies.>* In addition, the data below about
3 MeV of Refs. 3 and 4 were contaminated by electron
pileup.’ This prevented the measurement of most of the
experimental beta decay strength to °B, which is expect-
ed to lie below this experimental cutoff. Furthermore,
the °C beta-delayed proton spectrum is difficult to inter-
pret itself, because unknown fractions of the decay ener-
gy are carried away by the two alpha particles. The de-
cay of the ground state of °B generates a proton with a
kinetic energy of only 0.16 MeV,® and the first negative-
parity excited state (3~ at 2.360 MeV), while it is rela-
tively narrow, decays less than 1% of the time by proton
emission to the ground state of ®Be.” It instead decays
mainly through broad intermediate states leading to a
continuum of proton energies.

The problem of the spread in proton energies becomes
worse for the higher excitation energies. More decay
channels (which can involve excited states in the inter-
mediate fragment) become energetically allowed, and
enough phase space becomes available for many of these
channels to be populated with significant probability. In
this case the proton energy spectrum does not directly
reflect the excitation spectrum in °B, since all paths in-
volve decays to three particles (2a + p). Even for a fixed
excitation in °B, different particle decay channels which
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involve states in ®Be and °Li will generate different pro-
ton spectra that can be quite broad. The breakup of the
B nucleus promptly into three particles is also possible.
Therefore, to measure the branching of °C decay re-
quires a method that detects the population and excita-
tion energies of the °B levels directly, independent of the
decay modes of these states.

In the present experiment, we used the technique of
implantation of the delayed particle precursor, °C,
within a silicon detector. This method was first used by
Chen et al.® to investigate the decay of Li, the mirror
nucleus of °C. In that experiment, the excited states of
9Be decayed to 2a + n, but only the sum of the two «a
particle energies was measured. The delayed neutron en-
ergy spectrum was recorded in a separate experiment.?
The excitation energy spectrum in the Be nucleus could
be inferred from the data only with the use of specific as-
sumptions about the particle decay for each state. The
implantation technique was also used by Barnes and Ni-
chols’ to make a precise measurement of the B-delayed
breakup of the second excited state of 'C into three a
particles. In this case, as in the case of B decay, all the
decay particles are charged, and as long as they are com-
pletely contained in the silicon, the total decay energy of
the nucleus is measured, independently of the decay
mode.

The energy deposited in the detector in which both
the °C nucleus decays and the °B decay fragments stop is
the sum of the excitation energy of the °B nucleus, of the
ground state breakup energy of °B (0.28 MeV), and of a
small contribution from the energy loss of the beta parti-
cle. Because of the low energies of the alpha particles
and the proton, the fraction of the energy loss to nonion-
izing processes in the silicon must be considered, since
these processes will not contribute to the measured ener-
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FIG. 1. Relative mass and excitation energies of known and presumed %“
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and particle decay thresholds of those levels. All energies in (a) are relative to the ground state mass of °B (atomic mass excess
12.4158+0.001 MeV) and those in (b) are relative to the ground state of °Be (11.3477+0.0004). All ground state masses are taken
from Wapstra et al. (Ref. 58). Energies and widths of excited states are all from Ajzenberg-Selove (Ref. 6), except those of the 2.9
and 12.1 MeV levels in °B, which are discussed in the present work.

gy in the silicon. We estimate that this pulse height de-
fect should lie between 2 and 8 keV per particle!®!! (de-
pending on the lab energy of each), and results in only a
slight broadening of the peaks that will not significantly
affect the following analysis. Since the direction of the
particles with respect to the silicon crystal axes cannot
be controlled, large pulse height anomalies are possible
for particles which channel in the silicon lattice. We as-
sume that the probability of emission of a particle in a
direction sufficiently close to any channeling axis is
small.

We have expanded upon this technique by using a
multidetector telescope. This provides a way to subtract
the contribution of the beta particle from the spectrum
and thus allows the use of thicker detectors to contain
the charged particle energy. It also provides a simple
way to check on the containment of charged particles
and a potential method to distinguish different decay
modes.

The delayed proton data of Hardy et al.? and Esterl
et al.* contain peaks at roughly 9 and 12 MeV center-
of-mass energy, based on the proton decay to the ground
state of ®Be. These could originate from the decay of
two different states in °B, or a single state at 12 MeV
which proton decays to both the ground state and first
excited state of ®Be (as suggested by the authors). Since
our technique measures the excitation in the °B nucleus
directly, there can be no ambiguity of this type. The im-
plantation technique also allows the number of nuclei
imbedded in the silicon to be counted, which permits ab-
solute branching ratio measurements.

In the following section, we will describe the experi-
mental procedure of obtaining the beta-delayed
charged-particle spectra for °C decay. In Sec. III we
outline the details of the analysis of the data, and
methods and assumptions used in obtaining the branch-
ing ratios. In Secs. IV and V we discuss previously pub-
lished data on the beta decay of °Li and the 9Be(p,n)"B
reaction, respectively. In Sec. VI, shell model calcula-
tions of beta-decay rates of °C and °Li, the °Be(p,n)’B
relative cross sections, and the beta-delayed particle de-

cay modes in the mass 9 system are presented. We dis-
cuss the connections between all of these data and calcu-
lations in Sec. VII, and conclude with suggestions for
further experiments in Sec. VIIL.

II. EXPERIMENT

A 91 mg/cm? Ni target was bombarded by an
E/A=35 MeV 2C*" beam from the K =500 cyclotron
at the National Superconducting Cyclotron Laboratory.
The Reaction Product Mass Separator (RPMS) (Refs. 12
and 13) was used to separate °C fragments from the oth-
er reaction products emerging at a scattering angle of 3°.

A thin kapton window separated the vacuum of the
RPMS from the focal plane, which is in air. The focal
plane of the RPMS was equipped with slits to select par-
ticles of a given mass/charge ratio (m /q), a position-
sensitive proportional counter, and a four element silicon
detector telescope. The telescope is schematically illus-
trated in Fig. 2. It consisted of two 400 um thick sur-
face barrier detectors and two lithium drifted silicon
detectors with thicknesses of 1 and 5 mm. These will be
referred to as AE, E1, E2, and E3, respectively. The en-
ergy response of the electronics was measured to 5% ac-
curacy by means of a calibrated pulser.

Approximately 6000 °C ions stopped in E1, and 4000
in E2 in 12 h of data taking with an average beam
current of 60 nA. Ions were identified by their energy
loss in each detector. The identification was verified by
an m /q determination from focal plane position. Other
ions which stopped in the detectors were mostly *B nu-
clei or scattered beam particles (~2000 and ~ 5000
events, respectively). The implanation depth profile of
the °C ions in the silicon was adjusted by means of
aluminum absorbers in front of the defining slits so that
any variation in the containment of high energy protons
could be explored. The range distribution of °C ions cal-
culated from the total energy measurement is also illus-
trated in Fig. 2.

The cyclotron beam was turned off within 40 us of the
arrival of an ion (by means of a fast phase shifter in the
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FIG. 2. A schematic diagram of the silicon detector tele-
scope used at the RPMS focal plane. A °C ion is identified in
the telescope, and comes to rest in E1 or E2. When °C decays,
the B particles, with energies distributed between 0 and 15.5
MeV, usually leave the silicon detector in which the decay
occurs, and sometimes enter other elements. The daughter nu-
cleus, °B, always breaks up into two a particles and a proton.
The implanted °C range distribution is indicated in the bottom
of E1 and E2. The thicknesses of the detectors in mm are indi-
cated under each element.

rf transmitter of one of the three ‘“dees” of the cyclo-
tron), and the gain of the silicon detector preamplifiers
increased by a factor of 10 for a 480 ms period, approxi-
mately four half-lives of °C. The detection of an ion in
the focal plane telescope will be referred to as a ‘“beam-
on” event, and all events during the following 480 ms
period as “beam-off”” events. After the beam was turned
off and the preamplifiers allowed to stabilize (16 ms), a
beam-off event was triggered by signals above a discrimi-
nator level, set near 200 keV, from any one of the last
three silicon detectors. A scaler module that counted
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FIG. 3. The beam-off energy spectra associated with °C and
12C ions recorded in E1. The spectrum associated with '>C has
been normalized to the same number of beam-on events as the
°C spectrum.
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FIG. 4. Time spectra of beam-off events after the arrival of
°C ions in E1 and in E2, in which the signal in that detector
was above or below 2.0 MeV. For each of the four combina-
tions, a histogram of events following the arrival of a '2C is
also included, to illustrate the background rate. The smooth
curves are not direct fits to these data. They are described in
Sec. III.

pulses from a 262 kHz quartz oscillator was cleared by a
beam-on event, and was read but not cleared for the sub-
sequent beam-off events. Thus the time between the
beam-on event and each of the following beam-off events
could be determined. The data were recorded event by
event on magnetic tape. Each beam-on event could be
directly matched with the set of subsequent beam-off
events during off-line analysis.

III. ANALYSIS

The energy spectrum of beam-off events for which a
°C ion stopped in E1 is shown in Fig. 3. The beam-off
spectrum associated with '>C ions, normalized to the
same number of beam-on events, is also included in the
figure. The '>C spectrum was used to define the back-
ground spectrum. Sources of background include resid-
ual beta activity within and near the silicon detectors
and electrical noise.

Time spectra of events in each detector associated
with °C or '2C are shown in Figs. 4(a)-4(d). The events
are further divided into groups of those for which the
beam-off signal in the detector of interest was above and
those for which it was below 2 MeV. The area of the
corresponding regions in the decay spectra in E1 and
E2, associated with °C and '>C, above and below 2 MeV
were used to generate constant-background and
exponential-plus-constant-background curves, and these
results are superimposed on the data in Fig. 4. The area
of the appropriate region from the normalized '*C asso-
ciated energy spectrum, shown in Fig. 3, is used for the
constant background measurement, while the difference
between the areas from the °C and the normalized '2C
spectrum is used to determine the coefficient of the ex-
ponential decay. The previously-measured half-life*% !4
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of 126.5+1.0 ms is used throughout this analysis. As
can be seen in Fig. 4, the agreement is good. This indi-
cates that the background is indeed independent of time,
and that the separate contributions to the energy spectra
from °C and background have been determined correct-
ly.

The efficiency of the system for the detection of the
decay of °C nuclei was 87% in E1 and 94% in E2, after
correction for finite counting time and dead time. The
missing decays are ascribed to the decay of °B in its
ground state, where the total energy released was small,
and near the thresholds of the constant fraction discrim-
inators used in the experiment.

The E2 detector is much thicker than E1, and most of
the °C ions that entered it came to rest close to its front
surface. The beta particles leaving E2 through the front
traversed only a few hundred microns of silicon, while
those leaving the back, a minimum of 800 pum. This
makes the peaks in E2 (not shown) broader than their
counterparts in E1 (Fig. 3) by shifting half of the events
higher in energy by about 300 keV on average. If our
description of the threshold problem is correct, about
half of the counts in E2 associated with the decay to the
ground state should then lie well above the threshold
level of the constant fraction discriminator, in a region
where the efficiency problem should not occur. This
would make the number of undetected decays in E2
roughly half of that in E1, which conforms with the
measured efficiencies, and supports the conclusion that
the missing counts are associated with the ground state
branch.

Shell model calculations (discussed in Sec. VI) indicate
that the decay of °C should most often populate the
three lowest negative parity states in °B (including the
ground state) with roughly equal Gamow-Teller
strength. (See Table 1.) However, of these three levels,

only the ground state and one excited state branch are
evident in Fig. 3. While the ground state'> and first 3~
level’ in °B are narrow, it is reasonable to believe that
the first 1~ level in °B is broad. As discussed in Sec. V,
there is evidence for this broad state near 2.7 MeV in the
9Be(p,n)°B spectrum. In the mirror nucleus °Be, the lev-
el near 2.9 MeV has a width of roughly 1.0 MeV. (See
Table II for both nuclei.) The decay of °C to a level in
B with a width of 1.5 MeV would be obscured in our
spectrum by the beta energy loss associated with the
nearby 3~ state. Two techniques described below were
developed to reduce this effect in order to search for this
broad level.

A simulation of the beta energy-loss spectrum was
generated by a Monte Carlo routine based on the rela-
tion®

Eose Esk
P(EBSE= | g2 ©2%0 (1)

09 E<E09

where Eq=D(dE /dX)g, and D is the distance from
each implanted ion to the face of the silicon detector
from which the beta particle will emerge, as calculated
from the beam-on energy of the implanted ion. An
effective (dE /dX)g of 0.5 MeV/mm in Si was found to
fit the energy loss in E1 and E2 from decays in E1. This
value is about 30% larger than that for a minimum ion-
izing particle in Si, but, as determined by Barnes and Ni-
chols,” a larger value is expected due to multiple
Coulomb scattering in the finite thickness of the detec-
tor. The distribution was further broadened to take into
account the variability in the pulse height defect associ-
ated with the distribution of energies of the three parti-
cles, an intrinsic 100 keV resolution of the silicon detec-

TABLE 1. Measured and predicted Gamow-Teller beta decay strengths to the lowest %_, %’, and %‘ states in mass 9. (BR)

denotes branching ratio.

3~ (ground state)

ol
N —

Reference BR (%) B(GT)? BR (%) B(GT)? BR (%) B(GT)?
°C experimental
This work 6010 0.033+0.006 17+6 0.020+0.007 11£5 0.016%0.007
A=9 shell model calculations
(6—16) 2BME (Ref. 35) 0.035 0.030 0.016
Millener (Ref. 36) 0.046 0.028 0.020
Kumar (Ref. 37) 0.014 0.066 0.010
(8-16) POT (Ref. 35) 0.086 0.039 0.080
°Li experimental
Nefkens et al. (Ref. 57) 60+10 0.036+0.006
Macefield et al.>c (Ref. 21) 33+5 0.051+0.008 175 0.032+0.009
Chen et al.® (Ref. 8) 65.0%%] 0.039+0.002 32.0%%] 0.049+3:3% 3.0%3] 0.006+3:98;
Bjornstad et al. (Ref. 26) 50+4 0.030+0.002
Langevin et al.® (Ref. 27) 50.5+5 0.030£0.002 34+4 0.052+0.006 10+2 0.019+0.004

?B(GT) values are calculated from Eqgs. (3) and (4) of Sec. III.

5See T?ble II for the assumed particle decay branches of these states used by each author to extract a measured branching ratio.
“The listed branching ratios have been adjusted from the published values for a ground state branch of 50% as described in the
text. The B(GT) values are calculated (see footnote a) based on the adjusted branching ratio.
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tor and associated electronics, and the width of the par-
ticular state.

The solid line in Fig. 5 shows the simulation of the
peak shapes for the branches to the ground state and 3~
level, with about 2450 and 900 decays, respectively, in
El. The difference between the °C decay data (after
background subtraction) and the simulation is shown in
the inset. While the subtraction leaves almost O counts
in the vicinity of the ground state decay, a broad residu-
al yield near 3 MeV is clearly evident. This gives a ratio
of strengths between the decay to the %_ state, and of
the decay to the energy range of 2.0 and 4.4 MeV in the
subtracted spectrum (not including the 3~ state) of 1.9.
This broad distribution probably represents the popula-
tion of the 1~ level in °B discussed above.

To confirm the presence of the broad level, and to
better separate the strength from that of the 3~ level, a
corrected energy spectrum of °C decay in E1 was gen-
erated. This was accomplished by modifying the off-line
analysis code to require the beta particle to pass from E1
through E2 and into E3. In this case the effective ener-
gy loss of each beta in a detector with a thickness of 1
mm was measured for each event by the signal in E2.
The contribution of the beta to be subtracted from the
E1 signal for each event is scaled from the energy loss in
E2 for that event by

AE1,= (4001—mI::n e)E2 ’ )

The corrected E1 spectrum is histogrammed, and is
shown in Fig. 6 after background subtraction (the back-
ground was generated by applying the same process to
the '>C data). Here the broad state clearly shows up.
The lack of a similar structure above the ground state
rules out any anomalous beta energy loss tail as the
source of the broad distribution. These data suggest that
the 3~ level is populated 1.1 times as frequently as the
%‘ level. In order to determine this ratio, we have as-
sumed that the two peak channels near 2.5 MeV in Fig.
6 contain all of the %' strength, and that the contribu-
tion to these two channels from the decay of the 1~ lev-
el is equal to the sum of the two channels immediately
above and below the two peak channels. Combining this
with the previous value, we estimate that the true ratio
of 37 to 4~ branching is 1.5+0.5. The error bars are
not statistical in origin, but were chosen to be consistent
with both measurements, reflecting the uncertainty in
the methods used to separate the strength to the 1~
from that of the $~.

In order to obtain the actual branching ratio for the
%’ level, the number of counts used in the simulation of
Fig. 6 are multiplied by a factor of 1.16 to correct for
finite counting time and dead time, and then divided by
6116, the number of implanted °C ions. We have es-
timated the error in the resulting branching ratio based
upon uncertainties in the subtraction of the simulated
beta energy-loss spectrum. The branching ratio to the

TABLE II. Observed excitation energies, widths, and nucleon decay branching ratios to the ground state of ®Be for the first

three negative parity levels in °Be and °B.

Fraction of decays

E, r to *Be, . + nucleon
JT Nucleus (MeV) (keV) (%) Reference
3- °Be 0.00 stable
3 B 0.00 0.5+0.02 Teranishi and Furubayashi (Ref. 15)
3 Be 2.43 0.7710.15 Ajzenberg-Selove (Ref. 6)
3" ’Be <10 Bodanski et al. (Ref. 59)
3- Be 13+3.0 Méosner et al. (Ref. 22)
3 Be 7.5£1.5 Christensen and Cocke (Ref. 60)
3 Be 6.410.12 Chen et al. (Ref. 8)
3- °B 2.36 81+5 Ajzenberg-Selove (Ref. 6)
3 °B <10 Wilkinson et al. (Ref. 7)
1 °Be 3.0£0.1 1000200 (100)* Macefield et al. (Ref. 21)
1- °Be 2.78+0.12 1100120 (100)* Chen ef al. (Ref. 8)
3 °Be 2.9+0.25 1000+250 272 Adloff ez al. (Ref. 54)
- °Be =30 Langevin et al. (Ref. 27)
1 °B 2.6+0.1 1650+100 Fazely et al. (Ref. 32)
1- °B 2.75+0.3 3130+200 Pugh (Ref. 33)

®These values have not been measured. They are assumptions used in each of these references for the analysis of the beta-delayed

neutron spectra. See Sec. IV.
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FIG. 5. The °C decay data recorded in E1 is shown in the
figure as a histogram, and a simulated line shape for the
ground state and narrow %‘ level is illustrated by the squares
and solid line. Squares have been omitted from regions where
the simulation is smooth. The simulation is subtracted from
the data, and the difference is shown in the inset, where two

channel averages are given.

1+~ level is found by scaling the branching ratio of the
3~ by a factor of 1/(1.5£0.5). The ground state branch
is obtained in a similar manner to that of the 3~ level,
except that an additional 14% is added to the resulting
branching ratio to account for the less-than-unity
efficiency of the constant fraction discriminator for the
lowest amplitude pulses detected. The results are given
in Table I. The beta-decay B(GT) values given in Table
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FIG. 6. The decay energy in E1 corrected for the B energy
loss as described in the text. The data above 2.0 MeV have
been multiplied by a factor of 2.

I are calculated using the following expressions:

(Qp—E, )t
ft= f QB 172 (3)

branching ratio

and

6177 s
fr

The statistical rate function f(Qg—E,) is calculated us-
ing the method of Wilkinson and Macefield.!® No ad-
justments have been made for the widths of the states;
the -~ was treated as a narrow state at 2.9 MeV.

A peak near 12 MeV excitation in °B is evident in the
spectra from both E1 (Fig. 3) and E2 (not shown). In
contrast to the results of the delayed proton data,>* no
peak is observed near 9 MeV. The peak near 12 MeV in
the present data is best described as a branch to a level
with E, =12.1+0.6 MeV with a width of 4001100 keV
after broadening due to beta energy loss and resolution
has been taken into account. The area under the peak
within 800 keV of E, represents 2.310.5 % of the decay
strength. The actual branch to this state may be larger,
because additional strength to this state may be found
far below the peak (i.e., up to ~25 FWHM units) in the
present spectrum. This can be the result of two separate
effects: one experimental—the escape of the highest-
energy protons from the silicon; and one physical—a
long low energy tail of the peak which can be under-
stood as the effect of the Fermi statistical rate function
on the low energy part of the Breit-Wigner distribution
used to describe the state.'”!® These effects depend
greatly on the particle decay modes of the state, and will
be dealt with in a forthcoming paper.!® Thus, the above
estimate of the fraction of the decay strength is only an
experimental lower limit.

B(GT)= (4)

IV. THE BETA DECAY
OF THE MIRROR NUCLEUS °Li

The beta decay branching ratios of °Li have been in-
vestigated by many groups, but the determination of the
excitation spectrum in °Be following the beta decay of
°Li has been complicated by uncertainties in the decay
modes of the excited states in Be. The particle decay of
excited states of Be always involves both charged and
uncharged particles (2a + neutron). These require very
different equipment for detection. Experiments have ei-
ther measured energy spectra of single alpha particles,
alpha-alpha coincidences, or neutron time-of-flight spec-
tra. To extract structure and branching ratio informa-
tion, the measured spectra were fit with calculated func-
tions based on some model for the particle decay. Previ-
ously determined beta-decay branching ratios of °Li have
been summarized in Table I. We have calculated the
corresponding B(GT) values from these branching ratios
in the same way as for °C decay (see Sec. III). A value
of 0.177 s is used for the half-life of *Li.?®

Both Chen et al.® and Macefield et al.?' have studied
the beta-delayed neutron time-of-flight spectrum to
determine the beta decay branching ratios of °Li. Each
group clearly identified three peaks in this spectrum.
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They agree on the origin of each peak. The peak
representing the highest energy neutrons was identified
as the neutron decay of the broad |~ state in Be to the
ground state of *Be. The intermediate energy peak was
attributed to the small neutron-decay branch of the 3~
state to the ground state of *Be. The lowest energy peak
was thought to result from the majority of the decays of
the ~ through broad intermediate states. This last par-
ticle decay branch, which resulted in neutrons with
lower energy than the 8Beg_s_ + n channel, could be attri-
buted to any one or combination of the following decay
channels:

IRa* 5 5 .
Be; ,_—a+ He,, He,, —»a+n;
IR ¥ SRa* SRa* .
Bes/2~—> Be2++n, Bez+-—>a+a ;

9Be;‘/z_ —a+a+n directly .

Mosner et al.?? have pointed out that the calculated
phase-space population of the two alpha particles is
quite similar in these three channels. It is possible that
some insight could be gained into the structure and
breakup dynamics of this level (and other levels in mass
9) through the use of three-body nuclear models. Based
on the Born-Oppenheimer model of the H3 molecule,
three-body a+a + n calculations reproduce the level
structure in *Be.?»?* The beta-decay half-life of *He and
the breakup of ®Li* through sequential decay channels
have been predicted with a three-body a + N + N calcu-
lation based on separable two-body potentials.?’

In order to determine the absolute branching ratios,
Chen et al.® and Macefield et al.?' assume that all of the
beta decay strength of °Li is to the first 37, 3=, and L~
levels. Further, they assume that the highest energy
neutron group comes only from the decay of the 1~ lev-
el to the ground state of ®Be, and that the %‘ level can
decay only in this manner. They also assume that the
decay of the 3~ level to the ground state of *Be is the
sole source of counts in the intermediate energy neutron
group.

While the authors assume that the two highest energy
neutron groups result from the decay of the 3~ and 1~
levels to the ground state of ®Be only, they have used
different values for the ground state beta decay branch,
and different values for the fraction of the neutron de-
cays of the ™ state that lead to *Be,,. Chen et al.}
have determined the °Li ground state beta decay branch-
ing ratio to be 65% from a separate experiment, in
which the beta-delayed 2a energy spectrum of °Li ions
implanted in silicon was recorded. Macefield et al.?!
used a previously determined value of 75% from the
beta-particle energy spectrum from °Li decay. Since
Macefield et al. have not determined the ground-state
branch themselves, but have relied on other measure-
ments, we have adjusted their values to accommodate
the more recent measurements for the ground state
branching ratio of 50% by Bjornstad et al.2® and

Langevin et al.?’ 1t is these adjusted values that are in-
cluded in Table I.

Langevin et al.?’ determined the branching ratios of
%Li to the excited states of °Be levels listed in Table I
from the beta-delayed alpha-particle spectrum only.
They allowed more freedom in the choice of the various
particle decay branching ratios in their fit. Their beta-
decay branching ratio measurements are also included in
Table I, and their particle decay branching ratios are in-
cluded in Table II.

All measurements of the fraction of the decays of the
3~ state in °Be that populate the ground state of *Be are
in fairly good agreement, as shown in Table II. In a
pure p-shell independent particle model this decay is ex-
plicitly forbidden, since it must proceed through nucleon
decay with /=2. The description of this state must
therefore include some admixture of higher orbitals.
This issue has been addressed by Spencer et al.?® and
Henley and Kunz.”’ While Spencer et al.?® only con-
clude that this fraction must be small, Henley and
Kunz? predict that this value should lie between 5%
and 20%, in agreement with the data. In the mirror sys-
tem, the proton decay of the $~ state in °B to the
ground state of ¥Be has not been observed, and Wilkin-
son et al.” have set an upper limit on the branching ra-
tio of 1% for this decay. This large asymmetry in the
observed branching ratios does not necessarily imply a
difference in the nuclear structure aspect of the decay.
The data on the decay of the state in *Be suggest a par-
tial width for the decay to the ground state of *Be of less
than a tenth of a keV. Since the 3~ level in B has a
width of roughly 80 keV (more than 100 times larger
than the total width in °Be), it appears that there is more
phase space available for decays that do not lead to the
ground state of *Be. Nyman et al.'” have confirmed the
narrowness of this level produced in the beta decay of
°Li, and in an elegant experiment, measured the
broadening of the delayed neutron peak due to the recoil
of the excited °Be after beta decay.

Both Nyman et al.!” and Langevin et al.?’ have
found evidence for the population of at least one state
near 12 MeV in °Be following the beta decay of °Li. In
both of these experiments and in the present °C decay
data (see Sec. III), modeling of the particle decay modes
plays a strong role in the extraction of a value for the
B(GT) for this state. Because of this complication, we
defer quantitative comparison between these measure-
ments to a future work. "

Langevin et al.?’ have fit the high-energy portion of
the beta-delayed alpha particle spectrum from the decay
of °Li with a calculation of the statistical three-body
breakup of a previously reported level at 11.28 MeV.
The choice of this excitation energy was somewhat arbi-
trary, in that this value was not determined from the
data. Instead, it was chosen from a list of known states
in °Be.® In their analysis, sequential decay through ex-
cited states in ®Be and the ground and excited states of
SLi were ignored, and the strength at lower excitation
energies due to the distortion of the line shape by the
roughly (Qg—E,)® dependence of the statistical rate
function was not included.'”!®
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Once a fit was made to the calculated a particle spec-
trum of Langevin et al.,?’ based upon the statistical
three-body decay of an undistorted level at 11.28 MeV,
which was fitted to the recorded spectrum for the
highest energy alpha particles and subtracted from the
data, a small residual component remained. They have
assigned these remaining counts to the beta decay of °Li
to an additional, previously reported level in °Be, fol-
lowed by an unspecified decay mode. They have as-
signed a branching ratio of 1.5+0.5 % to a level at 7.94
MeV.

Following an analysis of the high-energy beta-delayed
alpha particles from °Li, Nyman et al.'” propose that
two levels in °Be near 12 MeV (those listed in
Ajzenberg-Selove®) are both populated, and that these
levels decay through the SHeg‘s‘ +a channel. The effects
of the penetrability of the alpha particle and the beta-
decay phase-space factor are explicitly included in the
fit. However, channels involving excited states of SHe or
8Be, or direct three-body breakup, are ignored.

V. THE Be(p,n)°’B REACTION

Recently, there has been much effort to understand to
what extent the (p,n) reaction cross section at small an-
gles and high incident proton energies (> 100 MeV) is
proportional to Gamow-Teller strength. Reviews of this
relationship can be found by Goodman et al.’® and Tad-
deucci et al.’! The Gamow-Teller component of the
%Be(p,n)’B reaction can populate the same levels in °B as
the beta decay of °C. Since the initial state is now *Be
instead of °C, and there is no B*v phase-space weight-
ing, the observed intensities will be very different than
for the case of °C decay.

Fazely et al.*? and Pugh® report cross sections for
the °Be(p,n)’B reaction, and Pugh describes a detailed
analysis of the data. Cross sections for those levels
which peak at 0° are listed in Table III, and the reported
parameters which describe the broad 1~ level are in-
cluded in Table II. While this work represents the

clearest indication of the broad 1~ level in B besides
the present °C decay data, there still remains a large un-
certainty in the nature of this level. Fazely et al.* show
a fit to the neutron spectrum at a small angle using a
level at 2.6 MeV with a width of 1.65 MeV. However,
the more complete analysis of the data by Pugh3? indi-
cates a larger width of about 3 MeV for this 2.6 MeV
state. The increase may be related to the introduction of
a narrow 3% level at 2.71 MeV in the fit. It is not clear
if more levels are contributing to the spectrum. Since
beta decay involves only Gamow-Teller transitions, it
populates fewer states. Therefore, widths extracted from
these experiments are likely to be more reliable than
from the *Be(p,n)°B reaction.

We have estimated B(GT) values from the *Be(p,n)’B
reaction cross sections, and include the results in Table
III. These estimates are based on three simple assump-
tions: (1) the cross section at 0° is directly proportional
to B(GT) (except between analog states where there is an
additional Fermi component), (2) the B(GT) value for the
ground-state to ground-state transition is 1.00 (a value
close to the four theoretical values—see the following
section), and (3) 15% of the cross section of the ground-
state to ground-state analog transition is due to the Fer-
mi component [based on the distorted wave impulse ap-
proximation (DWIA) calculations presented in Ref. 33].
We have chosen the ground-state transition B(GT) as the
best reference for normalization. These assumptions
give a proportionality constant such that for all nonana-
log transitions,

B(GT)=0.1210(0°) , ()]

where o is in units of mb/sr. This value is in agreement
with the more thorough treatment of this relationship by
Goodman et al.’® and Taddeucci et al.’!

V1. SHELL MODEL CALCULATIONS

We have calculated the level schemes of the 4 =9 sys-
tem within the full p-shell model space using the shell-

TABLE III. Excitation energies, widths, and cross sections of those levels reported by Pugh (Ref. 33) whose cross section peaks

at 0° in the °Be(p,n)°B reaction. The B(GT) values are from Eq. (5).

E, (MeV) FWHM (MeV) o at 0.0° (mb/sr) o at 3.4° (mb/sr), Deduced B(GT)
0.00 a 9.52 +0.04 7.56 £0.06 (1.000)°
2.36 a 2.09 £0.04 1.68 £0.06 0.253
2.71+0.1 0.71£0.1 2.83 £0.36 2.10 +£0.34 (0.342)°
2.75+0.3 3.13+0.2 9.73 £0.29 8.24 +0.26 1.177
4.3 +0.2 1.6 0.2 2.41 £0.06 2.15 £0.06 0.292
12.23%0.1 0.5 £0.1 0.230+0.014 0.188+0.017 0.028
13.96+0.1 d 0.066+0.002 0.049+0.005 0.008
14.60+0.1 0.6 0.1 0.213+0.025 0.173+0.040 0.026

“The experimental widths of these peaks are used to define the experimental resolution ( =~0.4 MeV FWHM).
®This value was fixed in order to find the proportionality constant in Eq. (5).
“The identity of this state is uncertain, but if it represents strength to a level separate from the broad 1~ at 2.75, it is not a J "= %*,

3 —

5 ,o0r %‘ level, according to shell model predictions. This being the case, it would not be populated through the Gamow-Teller
channel as discussed in the text, and thus a value for B(GT) would not be appropriate.
9The intrinsic width of the state could not be determined beyond the conclusion that it is small compared to the experimental reso-

lution.
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TABLE 1V. (Continued).

Total width

+a

*
172~

SLi

1727 ta

*Be . +p *Be}, +p *Li, ,— +a *Li,,,_+a SLi

°Be(p,n)°B

B-decay

E,
(MeV)

(keV)

0l

B(GT)

B(GT)

Jﬂ’
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640
180
670
160

70
310

0.020 (51)
0.0089 (23)

0.029 (74)
0.0048 (12)

0.0037 (20)
0.012 (64)

A~~~ o~~~

0.010 (100

0.028 (490)
0.0037 (65)
0.019 (330)
0.0058 (100)

0.0004 (7)

0.006 (110)

0.0005 (11)
0.0014 (30)

0.024
0.000
0.046
0.000
0.000
0.002

0.019

2.32
2.48
1.89
2.66

63
1.00

11.61
9.80

10.13
10.87

12.18
13.03%
13.34°

12.04

53
850

0.0030 (52) 4.0[E-5] (0.4) 5.0[E-5] (0.3)
0.024 (240) 0.038 (200)

3.3[E-5] (0.7)
0.0039 (82)

1.19

1.42

0.019 (330)

0.017

*Below this state the Millener (Ref. 36) interaction also predicts states at 11.98 MeV ( %*) and 12.40 MeV (%‘ ).

®Below this state the Kumar (Ref. 37) interaction also predicts states at 11.36 MeV (

).

3-
2

), and 12.24 MeV (

3-
2

), 12.04 MeV (

5—
2

model code OXBASH.** Four interactions were con-
sidered, two of the original interactions of Cohen and
Kurath,” i.e., the (6—16) 2BME and the (8-16) POT in-
teractions, as well as the more recent interactions of Mil-
lener’® and Kumar.’” All of these are based upon a
least-squares fit of the interaction parameters to some
subset of the p-shell binding energies and energy levels.

Predicted excitation energies of 1+, 27, and £~ levels
in °B and °Be, and B(GT) values for the population of
these levels from the beta decay of °C and °Li, and from
the °Be(p,n)’B reaction are summarized in Tables IV and
III, respectively. These theoretical B(GT) values are
defined in Ref. 38 and include the (g, /gy)* factor.
They have also been multiplied by a factor of 0.6 to take
into account the empirical quenching observed for this
operator.’® Since binding energy and isospin mixing
corrections have not been considered, the predicted exci-
tation energies and beta-decay B(GT) values apply to
both members of the mirror system.

Table IV contains calculated spectroscopic factors for
all available two-body decay channels using each of the
four p-shell interactions. Channels for which there can
be no strength from a pure p-shell model have blank en-
tries. The a-particle spectroscopic amplitudes were cal-
culated using an SU(3) cluster for the a particle as de-
scribed in Ref. 39, and were cross-checked against simi-
lar calculations provided by Millener.”® We have calcu-
lated the partial widths based on the decay of these lev-
els in B. The resulting widths in keV are listed in
parentheses to the right of the corresponding spectro-
scopic factors in Table IV. The widths are given by*' —%

I, =26}y?P,(E,—Q), (6)

where 67 is the spectroscopic factor, P; is the penetrabil-
ity, E, is the excitation energy of the °B nucleus, and 2
is the Wigner single particle reduced width given by

@)

Here p is the reduced mass. The penetrabilities were
calculated from the Coulomb wave functions using the
method of Steed as described by Barnett.*’

The channel radius R, was set to 4.0 fm for the
8Be + p channels, and 4.5 fm for the °Li + a channels.
The penetrabilities for the first three levels are calculated
using the excitation energies of 0.00, 2.36, and 2.9 MeV,
for the 27, 27, and 1~, levels, respectively. For the
next two levels, the theoretical excitation energies for
each prediction are used. All of the penetrabilities for
the last four levels predicted to lie above 8 MeV are cal-
culated, assuming the state is at an excitation energy of
12.1 MeV. Where calculated, the penetrabilities for the
*Be, . + P, 8Bf:;Jr +p, °Liy; +a, and 5Li;‘/r+a chan-
nels are calculated, assuming Q = —0.19, 2.7, 1.69, and
8.69 MeV, respectively. The last three values represent
arbitrary effective centroids for the broad intermediate
states in ®Be and °Li.

For states above the Coulomb plus centrifugal barrier,

which lies a few MeV above threshold for p and a emis-
sion from light nuclei, the penetrability represents
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roughly the available phase space (e.g., k’dk ~k dE
~V EdE, where k and E are the center-of-mass momen-
tum and energy for the decay). Thus for a given spec-
troscopic factor, the widths of the states are only slowly
varying functions of the actual binding energy of the
state. Therefore, once above the Coulomb barrier, the
widths for the mirror decays to ®Be + p or n should be
similar to each other, as should those for a + °Li or *He.
Given the uncertainty in the calculated spectroscopic
factors, it is not important at the moment to include the
small differences between these unbound levels in mirror
nuclei. Thus, the widths given for states above 4 MeV in
B can be treated as estimates of the widths of the same
levels in °Be.

The major uncertainties in these width calculations
are related to the approximations used in Eq. (6), and to
the fact that the small spectroscopic factors will be sensi-
tive to admixtures from configurations outside the p-
shell model space. We believe that the former is respon-
sible for the “factor of 4” discrepancy discussed in the
following section. Equation (6) could be replaced with
more complete models;*® however, this treatment would
be beyond the scope of the present work.

VII. DISCUSSION

The states in Table IV can be divided into three
groups: (a) the lowest three states below 4 MeV which
have small beta-decay B(GT) values but which dominate
in the beta decay of °C and °Li because of the large Q
value for the decay; (b) the next two states lying between
4 and 8 MeV which also have small beta-decay B(GT)
values; and (c) the next few states above 8 MeV which
have large beta-decay B(GT) values. We will use this
division to organize our discussion.

A. Group (a): States below 4 MeV

The states in group (a) have small B(GT) values for
beta decay; that is, small compared to the sum-rule value
of 0.6(g 4 /gy )*3(Z —N)=8.5. For these states, the orig-
inal (6-16) 2BME interaction of Cohen and Kurath®
appears to give the best overall agreement with experi-
ment for both energy levels and beta decay B(GT)
values. Indeed, these B(GT) values are in remarkably
good agreement given the smallness of the values (see
Table I). The states in group (a) have large spectroscop-
ic factors for the allowed nucleon decays to the ground
state and 2% states of ®Be, and allowed a decays to the
ground state of °Li (see Table IV). The calculated B(GT)
values for the *Be(p,n)’B reaction of Table IV also agree
well with the experimental values of Table III.

While the two most recent measurements of the
branching ratio for the °Li—°Be ground state beta de-
cay yield B(GT) which agree favorably with the value for
°C decay (see Table I), agreement between measurements
for decays to the other two low-lying states is not as
good. In the case of the L~ level, the values for the oLi
decay span a range of a factor of 5, with our value from
°C decay close to the middle. In the case of the branch

to the £~ level, the three B(GT) values for °Li decay are
all very close, while our value for the decay of °C is
lower than these values by more than a factor of 2. If
isospin is conserved, the wave functions for mirror lev-
els, and thus the B(GT) values for mirror beta decays,
should be identical. Deviations from mirror symmetry
have been extensively investigated, and examples of
asymmetry in beta decay have been identified.*”*3
We define an asymmetry parameter,

A=vB(GT)_—VvB(GT), , (8)

as a way to express the absolute difference in the beta
decay matrix elements. Previously the two largest abso-
lute asymmetries observed in the p shell were found in
the decays of ’B and N to the ground state of '2C
(A=0.043), and the decays of "B and O in the
ground states of C and N, respectively
(A=0.076).°=%2 As given, the data in Table I suggest a

value A=0.09%0.03 for the decay to the 3~ level.

Towner> has demonstrated that most of the measured
asymmetries can be fairly well accounted for by small
differences in the radial wave functions of the mirror
states. This difference is due to the Coulomb interac-
tion, which introduces an asymmetry in the binding en-
ergies of the mirror nuclei. However, for the decay to
the %_ level in mass 9, Towner predicts a value for A of
only 0.008, an order of magnitude smaller than observed.

Inconsistencies between the various measurements of
B(GT) values for °Li beta decay shown in Table I and
particle decay branching ratios in Table II cast doubt on
the branching ratio measurements for the decay of °Li to
the 37 level in °Be. Each relies on some particular par-
ticle decay characteristic of the 3~ level that is not yet
determined with suitable reliability. As an example, let
us develop a possible explanation for the observed asym-
metry between the B(GT) for the population of the 3~
level from °Li and °C decay, based on a misinterpreta-
tion of the beta-delayed particle spectra for °Li.

The shell model calculations shown in Table IV indi-
cate that the 1~ level in °Be and °B has a large spectro-
scopic factor for the decay into both the ground state
and first excited state of ®Be. If the high-energy tail of
this broad level neutron decays through the low energy
tail of 8Be;+, these events could contaminate the inter-

mediate energy peak in the delayed neutron spectrum
discussed in Sec. IV, and as a result cause the branching
ratio to the the 3~ level to be overestimated.

In order to be more quantitative, let us assume that
the beta decay branching ratios of °Li to the 3~ and -
levels of °Be are both 15%. We will use 7% as the frac-
tion of the decays of the narrow 3~ level to the ground
state of ®Be (consistent with previous experiments; see
Table II). If 5% of the decays of the 1~ state populate
the first 2% state of ®Be instead of the ground state, and
these lower energy neutrons are mistaken as neutrons
from the decay of the 37 level to the ground state of
8Be, the inferred branching ratio to the 1~ level will be
reduced slightly to about 14%. However, since the
strength of the intermediate energy neutron group must
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be multiplied by 1/0.07=14.3 in order to obtain the
branching ratio to the 3~ level, the inferred branching

ratio to this state will be
14.3X[(15% %X 0.07)+(15% < 0.05)]=26% 9)

instead of 15%. Here, the first term represents the real
branch to the $~ level, and the second term represents
the branch to the 1~ level that would be mistaken as ad-
ditional population of the 3~ level.

While only an instructive example, this scenario is
consistent with the known data. Adloff et al.** have
given only an upper limit of 28% to the fraction of the
decays of the ;™ level that do not decay to the ground
state of ®Be. (Langevin et al.?’ suggest a value for this
fraction of 70%. However, this value is based in part on
the branching ratio to the 1~ level of Chen et al.,® itself
a factor of 5 lower than that of Macefield et al.?') The
results listed in Table IV indicate a large spectroscopic
factor for the decay of the 1~ level to the first excited
state of ®Be, and so one must expect some fraction of the
decays of the high-energy part of the broad |~ level to
decay through this channel, despite the Coulomb plus
I=1 centrifugal barrier.

A possible candidate for a fourth level belonging to
group (a) has been reported by Esterl et al.* They ob-
served a delayed proton group from the decay of °C that
would correspond to a state in °B at 3.25+0.25 MeV
with a width of 0.21+0.1 MeV, decaying by proton emis-
sion to the ground state of ®Be. The narrow width of
this peak precludes the assignment to the first 1~ level
discussed above. Based on the nonobservation of the
population of this narrow state in our data, we put an
upper limit on the value of the °C beta decay B(GT)
value of 0.004 [or a log(f?)26.2]. It is difficult to tell
whether or not the peak of Esterl et al. is consistent
with this strength. The shell model calculations (see
Table IV) do not leave room for any narrow §, %_, or
37 levels between the first 3~ level at 2.36 and the lev-
els of group (c) predicted to lie above 9 MeV. This peak
cannot be attributed to the nucleon decay of a level near
6 MeV to the first 2% state of ®Be, since this state in ®Be
has a width of about 1.5 MeV, and the experimental
peak has a width of only a fraction of an MeV. Thus, if
this peak represents a state in °B, it most likely
represents a first-forbidden transition to a level near 3.25
MeV with a width of 0.2+0.1 MeV.

B. Group (b): States between 4 and 8 MeV

We cannot identify any of the states in group (b) in
the present experiment. This again is consistent with the
shell-model calculations, which predict a small B(GT)
value for the population of these states from beta decay.
Both states in this group have strong spectroscopic fac-
tors for decay through the 8Be;‘+ + nucleon channel.
While the 3~ level is predicted to decay nearly ex-

clusively through this channel, the 2~ level is predicted

to have some strength to the 8Beg_s_ + nucleon and mass
5 + a channels.

Pugh®® has identified a state in °B at 4.3+0.2 MeV
with a width of 1.6+0.2 MeV, populated in the
9Be(p,n)QB reaction. The cross section for this level
peaks at 0°, and implies a value for B(GT) of about 0.29
(see Table III and Sec. V). This represents an excellent
match for the 3~ state of group (b) predicted to lie near
5 MeV. The predicted widths of the 3~ and ;~ levels of
group (a) are both about a factor of 4 greater than ob-
served in °B (compare values for these widths given in
Tables II and IV). If the predicted width of the ~ level
of group (b) is similarly reduced by a factor of 4, the
agreement between the calculated position and width of
this level and the level described by Pugh®? is nearly per-
fect. Esterl et al.* have identified a peak in the delayed
proton spectrum that could represent the proton decay
of a level in °B at 4.0+0.3 MeV with a width of 1.0£0.2
MeV to the ground state of Be. From the calculated
partial widths listed in Table IV, we estimate that the
3~ level of group (b) will decay through this channel
roughly 10% of the time. It is then reasonable to
suspect that beta decay to this 3~ level followed by pro-
ton decay to the ground state of Be may be the source
of the proton peak described by Esterl et al.*

The population of this 2~ level from the decay of °C
would be difficult to observe in our present data, due to
its large width. However, if present, it would manifest
itself as a broad peak to the higher energy side of the
peak due to the 1~ level in Fig. 5. The lack of observa-
tion of such a structure in the present data sets an upper
limit for the B(GT) of 0.007 [log(ft)=5.9] for the beta
decay strength to the state reported by Pugh.’® This is
consistent with the small predicted B(GT) values for the
3~ state of group (b) listed in Table IV.

The 3~ level near 7 MeV is predicted to decay almost
exclusively through the sBe;+ + nucleon. If we assume

that the width is overpredicted by the same factor of 4
as discussed above, the width of this state is expected to
be near 1 MeV. This level has small B(GT) values for
population through both beta decay and the Be(p,n) re-
action. There is no evidence for such a level in the
analysis of Pugh.>®> The same delayed proton peak of
Esterl et al.* that we have associated with the 3~ level
of group (b) (see above) cannot be attributed to the decay
of the 3 level to the first 27 state of *Be. This level is
expected to have a width of at least 1 MeV, and the 2
state in Be has a width of about 1.5 MeV. These two
factors suggest that a delayed proton peak from this lev-
el should have a width in the lab of 2 MeV or more, in
contrast to the observed width of 1.0 MeV observed by
Esterl et al.*

Langevin et al.?’ observe a beta-decay branch of °Li
to a broad level near 8 MeV. They have associated this
strength with a reported level at 7.94 MeV in °Be (see
Sec. IV). While this assignment is somewhat uncertain,
their measured branching ratio of 1.5+0.5 % implies a
B(GT) of 0.06+0.02 [log(ft)~5.0£0.1] at this energy.
This value is consistent with the predicted B(GT) for the
3~ level of group (b).
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C. Group (c): States above 8 MeV

All of the states in group (c) have large B(GT) values
for population by beta decay, and small B(GT) for the
Be(p,n) reaction. They all have very small spectroscop-
ic factors for all of the decay channels considered in
Table IV. Because of their small predicted widths, they
are all candidates for the sharp state we observe near 12
MeV. For all of the interactions the predicted excitation
energies are too low by 2—-3 MeV. However, this is not
an uncommon problem with shell model calculations.
We note that all of the calculations also underpredict the
excitation energy of the lowest %‘ Tz% state, which
lies experimentally at 14.7 MeV, by amounts of 1.39,
2.26, 2.41, and 1.05 MeV, for the (6-16) 2BME,* Mil-
lener,3® Kumar,?” and (8-16) POT (Ref. 35) interactions,
respectively (this is the same ordering as in Tables I and
IV).

Pugh?®® has reported three states that are candidates
for these four predicted levels. All of the predicted and
experimental B(GT) values for the °Be(p,n)’B reaction
are so small that their uncertainties allow for no unambi-
guous assignments of any one of the predicted levels to
any one measured level.

Hardy et al.> and Esterl et al.* report peaks in the
delayed proton spectrum near 9 MeV and 12 MeV in the
center of mass. There are at least three different ex-
planations for these peaks; that the decay of °C popu-
lates

(1) two levels in °B, the first level near 9 MeV with a
width of 1.5 MeV, and the second is near 12 MeV with a
width of 0.5 MeV —both levels at least occasionally pro-
ton decay to the ground state of ®Be;

(2) two levels in °B near 12 MeV populated in the ra-
tio of 1.5:1, the first level decaying to the 2% excited
state of ®Be, and the second level to the ground state;

(3) a single level in B near 12 MeV, which proton de-
cays to the broad 2+ level in ®Be at 3 MeV and to the
ground state in the ratio of 1.5:1.

In all cases, the large continuum rising to the lower en-
ergy side of the two peaks can still be explained as the
dominant decay of one (or both) level(s) through the
5Lig,s. +a channel, generating protons with energies
lower than those from the 3Be channels. This is the only
decay mode observed by Nyman et al.!” of one or more
levels near 12 MeV in °Be populated from the beta decay
of °Li.

In the present experiment, we observe only a narrow
peak near 12 MeV and do not observe the broad 9 MeV
peak. We therefore can rule out (1). In order for (2) to
be consistent with the single narrow peak in our data,
the two levels should have nearly identical excitation en-
ergies or very different beta-decay branching ratios. Ex-
planation (3) seems the simplest way to explain the two
sets of data, and we will adopt this.

In Sec. III we determined the single standard devia-
tion lower limit of the branching ratio to the narrow lev-
el at 12.110.6 MeV as 1.8%. This value represents a
value for the B(GT) of 0.6. The largest contribution to
the uncertainty (and thus contributing to the smallness

of the lower limit) results from the uncertainty in the
measured excitation energy of the state in our experi-
ment. If the state can be assigned the same excitation as
that of Esterl et al.,* at 12.11+0.10 MeV, then the one
standard deviation lower limit for the B(GT) becomes
1.1. Corrections for efficiency will further increase these
lower limits for the B(GT).

Of the predicted levels in group (c), only the 3~, 37,
and second 1~ levels have predicted beta decay B(GT)
values large enough to be consistent with the measured

B(GT). If we assume that there is only one level near 12
MeV that is strongly populated by beta decay, and that
it is responsible for both peaks in the delayed proton
data, then we must rule out the predicted $~ level, since
it should have no significant branch to the ground state
of ®Be. This leaves us with only the 3~ and second 1~
levels of group (c) as candidates for the level populated
by beta decay. If the underprediction of the excitation
energies of these levels (as discussed in the beginning of
this section) is taken into account, the agreement be-
tween the 5~ and the observed level at 12 MeV is com-
plete, and the second ;~ level is too high by 2-3 MeV.
While we cannot associate with certainty the 12.2+0.1
MeV level observed by Pugh®® with the level observed in
beta decay, the observed strength in the *Be(p,n)’B reac-
tion is consistent with the predicted value for the 3~
level.

The level populated strongly near 12 MeV is clearly a
part of the giant Gamow-Teller resonance. If indeed it
turns out to be a 2~ level, this level might be described
as the “antianalog” state. This term describes the level
(or group of nearby levels) which have structure similar
to that of the analog state itself, but have the isospin of
the ground state. This strong transition can be com-
pared to the strong beta decay of '*N and ’B to the 12.7
MeV J7=1% T=0 level in ?C, with a B(GT) of about
2.0 [log(ft)~3.5].%>% This level lies 2.4 MeV below the
JT™=1%, T=1 analog state in ')C. Assuming that our
narrow state has a J"=2", T =1 assignment, and that
it is the level seen by Esterl et al.* at 12.1 MeV, the sep-
aration between this level and the analog J"=3", T =13
level at 14.7 MeV in °B is 2.6 MeV. This is nearly the
same separation as that between the T=0 and T=1
J™=1% levels in 2C.°

VIII. SUMMARY

We have observed the population of the ground state
and two low lying excited states in °B from the beta de-
cay of °C, by implanting the radioactive ions in solid
state detectors. A technique was developed to remove
the beta energy loss contamination of the spectrum, al-
lowing for the use of much thicker detectors than has
been previously possible. The branching ratios to these
levels have been determined, and the results compared to
several measurements of the decay of the mirror nucleus
°Li. We have also compared the beta decay data for
both nuclei and the 9Be(p,n)"’B cross sections to shell
model predictions. The population of a state near 12
MeV from the decay of °C is confirmed, while a previ-
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ously reported peak at 9 MeV in the delayed proton data
is not seen. This supports the previous suggestion that
the 9 MeV peak was generated by a state at 12 MeV de-
caying through the first excited state of ®Be.*

Overall, the agreement between the present data, the
mirror decay of °Li, the *Be(p,n)’B reaction, and shell
model calculations is quite good. The most striking
disagreement is between the mirror B(GT) values for °C
and ’Li decay to the lowest 3~ level in °B and ’Be, re-
spectively. The three measurements for the °Li decay are
all very close to each other, yet more than a factor of 2
greater than the value we observe for °C decay. We
have suggested a possible systematic misinterpretation of
the °Li decay data that might explain this observed
asymmetry. The absolute difference between the ob-
served matrix elements is ten times greater than predict-
ed by Towner,’® who is able to account for the asym-
metries observed in other systems, and may be the larg-
est observed to date.

There are many ambiguities that must be resolved be-
fore the level assignment and B(GT) strengths can be un-
derstood in mass 9. We feel that a new measurement of
the beta decay of °Li is called for. The beta-delayed neu-

tron spectrum of °Li should be remeasured with the dz-
cay of the °Li nuclei occurring within a silicon detector
or between a pair of silicon detectors. This would pro-
vide a highly efficient coincident detection of the delayed
2a energy. The complementary pair of excitation energy
spectra in *Be and °B from the decay of °Li and °C will
allow for a more complete characterization of the beta
decay strengths in this system.

The reactions °Li(°Li,’H) and °Li(°Li,’He) may also be
used to study the region near 12 MeV of excitation in °B
and °Be. These reactions have small calculated spectro-
scopic factors for the levels at low excitation, and large
spectroscopic factors for states between 8 and 15 MeV of
excitation in these nuclei.
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