
PHYSICAL REVIE% C VOLUME 26, NUMBER 3

Decay scheme of "Be

SEPTEMBER 1982

D. J. Millener, D. E. Alburger, and E. K. Warburton
Brookhaven National Laboratory, Upton, New York 11973

D. H. Wilkinson
Brookhaven National Laboratory, Upton, New York 11973

and Uniuersity ofSussex, Falmer, Brighton, England

(Received 3 May 1982j

In a reinvestigation of the P decay of "Be, formed in the Be(t,p ) "Bereaction at E,=3.0
MeV, the unique first-forbidden P-ray transition to the 4445 keV, J =— state of "Bhas

been found with a branching intensity of 0.054+0.004% and \ogf~t =10.93+0.03. The

previously unobserved 692-keV y-ray branch in the 7978~7286~0 cascade following the

P feeding of the "B 7978-keV state has also been measured as 0.85% and limits were

placed on other y branches from the 7978-keV level. Revised values are given for various

other P- and y-ray branching ratios. Shell model calculations are made using the full 1%co

basis for the positive-parity states and Ofico+2Aco for the negative-parity states. The calcu-

lated electromagnetic decays of positive-parity states in "Bare compared with experiment.

The first-forbidden P-decay matrix elements involved in the decay of "Be to the lowest

four states of "B are calculated and the resultant decay rates are compared with experi-
1+ 1—

ment. The question of meson exchange corrections to the —~— P decay is considered.

RADIOACTIVITY "Be [from 9Be(t,p)]: measured Er, I„, y —y coin-

cidence; Ge(Li) and NaI(T1) detectors: deduced P- and y-ray branches,

logft values; compared with theory.

I. INTRODUCTION

The one-body operators which enter in first-
forbidden P decay depend on the coordinate r or
momentum p of a single nucleon. The matrix ele-

ments of such operators between low-lying nuclear
states are generally strongly hindered with respect
to single-particle estimates and are thus difficult to
calculate reliably. Tests of techniques for calculat-

ing such matrix elements are important given the
current interest in meson exchange current contri-
butions to the timelike component of the axial vec-

tor current and to parity mixing in light nuclei.
The two-body operators entering these processes are
closely related and there are strong indications that
a major part of their effect is that of an effective
one-body operator (o . p) and that the ratio of the
two-body to the one-body matrix elements is re-

markably insensitive to nuclear structure. '

Particular interest has centered on 0+~0 p
transitions since only the matrix elements of y5 and
0. ~ r enter and it is to the y5 matrix element that

large pion exchange current contributions are ex-

pected. However, rather more examples of
J+~J, J+0 transitions have been measured in

light (A & 30) nuclei and it is found that the matrix
elements of the rank zero operators usually dom-

inate in such transitions. Thus, an omnibus com-

parison of experiment and theory for these transi-

tions will provide an important test of our ability to
calculate the rank 0 matrix elements. Crucial to
this test is the calculation of rank 1 matrix elements

in Jt~~ decays, for this will provide us with a test

of our ability to separate out the rank 1 contribu-

tions to J;=Jf decays.
Since "Be has a non-normal parity ground state

(J = —, ) (Ref. 6) the P transitions with the highest

energy release in the decay of "Be, to the low-lying

negative parity levels of "B, are first forbidden in

character. Also the high-energy release (Qo ——11.51
MeV) means that it is possible to observe several

first-forbidden branches in the same nucleus. With
the present observation of the unique first-forbidden

branch to the 4445-keV level of "B, four first-
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forbidden branches are now known, including the
two largest branches to the J = —, ground state
(5S%) and the —, first-excited state (31%). Thus,
"Be decay is a rich arena for testing techniques for
calculating the matrix elements under discussion.

As a further test of matrix elements connecting
states of different parity, we consider the y decays
between normal and non-normal parity states in "B
in some detail.

An alternative approach to separating the rank
zero and rank one contributions to the decay rates
involves a measurement of the electron-neutrino an-

gular correlation. Such a measurement for the "Be
demy to the "B—, state is described in the follow-

ing paper (hereafter referred to as II). The
electron-neutrino correlation is also sensitive to the
particular combination of rank one matrix elements

making up the rank one contribution to the demy
rate and some information on this question is also
obtained in II.

II. EXPERIMENTAL METHODS AND RESULTS

Previous experimental investigations of the P de-

cay of "Be to y-ray emitting states of "B,first us-

ing the "B(n,p)"Be reaction to form the activity,
and later " the Be(t,p) "Be reaction, were limited
by the necessity of hand carrying the activated sam-
ples from the target room of the 3.5-MV Van de
Graaff to the counting area. Thus, attempts to
detect certain weak P-ray branches, particularly the
unique first-forbidden branch to the 4445-keV
J = —, state of "B, did not succeed, partly be-
cause of insufficient statistical accuracy. Several
years ago a general purpose "rabbit" target-transfer
system, similar to two such systems' at the
Brookhaven MP tandem Van de Graaff facility,
was installed at the 3.5-MV Van de Graaff, and a
timer-programmer' was made available for au-
tomatic control. Aside from the much longer runs
that are possible with this system, the prospects for
better y-ray data were also improved by (1) even
larger volume and better resolution Ge(Li) detectors
than before, (2) overall analyzing systems of greater
gain stability, and (3) more refined techniques and
better reference sources for establishing the efficien-
cy versus y-ray energy for Ge(Li) detectors. All of
these factors made a convincing case for reinvesti-
gating the P decay of "Be in order to search for
several interesting P and y-ray transitions in the
demy scheme.

The "Be activity was produced in the
Be(t,p) "Be reaction by bombarding a 4.63-mg/cm

Be foil with 3.0-MeV tritons from the 3.5-MV Van
de Graaff. The rabbit system transported the ac-
tivated foil into the control room for counting. For
singles y-ray measurements a large volume Ge(Li)
detector was placed on one side of the rabbit line,
with 6 mm of Pb and 6 mm of brass interposed to
absorb /3 rays and low-energy y rays. y-y coin-
cidences were studied by placing a 12.5-cm diameter
by 15-cm thick NaI(T1) detector on the other side of
the rabbit line, with a 6-mm thick brass absorber in-
terposed to exclude P rays. Beta spectra and P-y
coincidences were recorded using a Pilot B scintilla-
tion crystal 7.1 cm in diameter by 5.8 cm long ce-
mented with epoxy onto an RCA 4524 photomulti-
plier tube.

The cycle of operations consisted of 6 sec of tar-
get irradiation, a pause of 8 sec followed by transfer
of the rabbit, counting for 14 sec, and return of the
rabbit for another irradiation. The 8-sec pause al-
lowed for the demy of 0.8-sec Li, produced in the
Be(t,a)sLi reaction, an activity that emits high-

energy P rays and produces a background of brems-
strahlung radiation.

Gamma-ray singles data were accumulated for a
total elapsed time of 28 hours using an irradiating
beam current of 0.65 pA. A portion of the y-ray
spectrum is given in Fig. 1 which clearly shows the
presence of the 4445-keV full-energy peak due to
ground-state y rays following the unique first-
forbidden P-ray branch to that state of "B. The
corresponding single- and double-escape peaks were
also observed.

Another y-ray transition that had not been ob-
served previously in the "Be singles spectrum had
an energy of 692 keV. In order to demonstrate its
suspected assignment to the 7978~7286—+0 cas-
cade, the y-y coincidence arrangement was used.
When a bias of ~ 2.3 MeV was placed on the output
of the NaI(T1) detector the lines occurring in the
Ge(Li) coincidence y-ray spectrum taken in a 15-h
run were those of the 692-, 1771-, and 2124-keV
transitions, as shown in Fig. 2, plus the 511-keV an-
nihilation y rays. Upon moving the NaI(T1) y-ray
bias up to ~ 6.3 MeV a coincidence run of 7 h dura-
tion showed only the 692- and 511-keV peaks, the
former with the intensity expected at the higher bias
on the NaI(T1) detector output. It was clear from
the coincidence data and the y-ray sums that the
692-keV y ray belongs to the 7978~7286~0 cas-
cade. These data confirmed as well the previous as-
signment of the 1771-keV y ray to the
6792~5020~0 casmde.

Calibration of the Ge(Li) detector relative effi-
ciency versus y-ray energy was made with sources
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coincidence with 2125-keV y decays. Averaging
this result with the previous determination' of
0.33+0.03 gives 0.355+0.018 for our adopted
value. Combining this result with the y intensities
of Table I, we find a p-branching ratio of
31.4+1.8% to the 2125-keV level. By normalizing
to this branching ratio, the other p branches may be
derived from the y-ray intensity data. The results
are listed in Table III which also gives the logft
values. The logf, r for the branch to the 4445-keV
state follows the definition by Warburton, Garvey,
and Towner. ' The proposed decay scheme of "Be
is given in Fig. 3 and includes previous results" on
the p decay to the 9875-keV a-particle emitting
state of "B.

3000— III. SHELL MODEL CALCULATIONS
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FIG. 1. Portion of the y-ray spectrum from "Be de-

cay showing clear evidence for the 4445-keV y-ray tran-
sition. Gamma-ray energies are in keV. The numbers
in parentheses denote full-energy (0) and one-escape (I)
peaks.

of Co or ' Eu placed next to the rabbit line in

separate runs. The y-ray intensities from these ac-
tivities are known accurately. ' Energies of the y
rays in "Be decay were based in part on a previous

precision measurement' of the 2124.473(27)-keV y
ray.

TaMe I lists the y-ray energies, relative intensi-
ties, and transition assignments in "Bderived from
the present work. This information can be used to
calculate the "8 excitation energies and the y-ray
branching ratios from these states as given in Table
II.

The p branching ratio to the "Bground state was
determined from the p-y coincidence data described
in II using the technique described in a recent inves-

tigation of 'F. ' The absolute y-detection efficiency
needed to interpret this result was provided by the

F(p ) Ne p-y coincidence data obtained at the
same time and also described in II. This measure-

ment gave 0.370+0.025 as the fraction of betas in

We consider first the structure of the low-lying
1 3

energy levels of A =11 with T= —,, —,. Then we

proceed to discuss the electromagnetic decays of the
lowest positive-parity levels and finally the p decay
of "Be with emphasis on the first-forbidden transi-

tions.

A. Negative parity levels: (Hico

The —.. . —.. . —.. . and —,z levels of "B at 0,
2125, 4445, and 5020 keV, respectively, are populat-
ed in first-forbidden p transitions from the decay of
"Be and also in the electromagnetic decays of the
positive-parity states of interest to us. These four
levels have dominant p configurations and we use
the Cohen and Kurath (8—16)2BME interaction'
to provide wave functions in a Otic shell-model cal-
culation. The essential features of these wave func-
tions are given in Table IV. The maximum spatial
symmetry [f]=[43], equivalently (Ap) =(13), dom-

inates in all wave functions. The —, and —, wave

functions have mainly L =1 and L =2, respective-

ly, while the two —, wave functions are basically

orthogonal admixtures of L =1 and L =2. The
(13) component of the —,

~
wave function has a

large overlap with the J-projected SU(3) wave func-
tion with E = —,, consistent with a description in

terms of the Nilsson model; similarly the —,2 wave

function is largely E = —,.

B. Positive parity levels: 1%co

A comprehensive study of the positive parity-
states of "8 calculated in a full lyrico basis has been
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FIG. 2. Portions of the "Be y-ray spectrum in coincidence with a NaI(T1) detector biased at E~&2.3 MeV. When

the bias was raised to & 6.3 MeV the 1771- and 2124-keV components were absent, but the 692-keV peak remained.

made by Teeters and Kurath. Our treatment is
essentially the same except for some minor changes
in the two-body matrix elements and single-particle
energies; we use the (8—16)2BME interaction for
the p shell and a modified Millener-Kurath interac-
tion ' to calculate all the remaining two-body ma-
trix elements. The differences between our results
and those of Teeters and Kurath are small except
possibly for almost degenerate levels of the same
spin, a situation which does not apply to the levels
of direct interest to us in this investigation.

To interpret the structure of the low-lying
positive-parity levels Teeters and Kurath expressed
the wave functions in a weak-coupling basis. Our
wave functions are expressed in an SU(3) basis (it is
simple to make a transition to the weak-coupling
basis). As in the case of the weak-coupling basis the
bulk of each wave function is given in terms of a
few basis functions. The (42) and (23) representa-
tions give most of each wave function with the (42}

representation dominant (see Fig. 5). The (42) con-.

figuration results from coupling a particle in the sd
shell to the dominant (22) symmetry of lowest p-
shell states of the ' B core

(22) && (20)~ (42) (23) (31)(04) (12) (20) . (1)

The simplest approximation for the A = 11
positive-parity states is pure (42) with [43] symme-

try for T = —,, implying equal parentage to isospin

zero and one of the core, and [421] symmetry for
T =

z . In this limit there is no allowed (o.r cannot

change [f]) or first-forbidden [(13)X(10)+(42)]
decay of "Be. Since r and p, in an oscillator
model, transform under SU(3) as (10)+(01), the
1%co representations connected to the dominant p
configurations are to be found in the following
products;

(13)X (10)~(23) (04) (12),
(2)

(21))&(10)-+(31)(12}(20).
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y energy
(keV)

692.31(10)
1185.98(N)
1171.31(30)
2124.473(27)
2346.64(N)
2895.30(40)
2957.10(N)
3532.34(N)
4443.90(SO)
4665.90(40}
5018.98(40)
5851.47(42)
6789.81{50)
7282.92(N)
7974.73(N)

Transition
(keV)

7978~ 7286
7978-+ 6792
6792~ 5020
2125~ 0
6792~ 4445
5020~ 2125
7978~ 5021
7978~ 4445
4445~ 0
6792-+ 2125
5020~ 0
7978-+ 2125
6792~ 0
7286~ 0
7978-+ 0

Relative
intensity

0.097(3)
& 0.011

0.740(40)
100.000
& 0.007

0.227(8)
&O.O1

& 0.007
0.153(8)
5.115(140)
1.316(46)
6.006(240)

12.618(620)
& 0.17

S.342(400)

It is these non-(42) representations which are impor-
tant in first-forbidden P decay and E 1 transitions;
spurious center-of-mass states exist with these
quantum numbers and care must be taken to elim-
inate them. Teeters and Kurath have emphasized
that the small s 'p components in the positive-

TABLE I. Energies and relative intensities of "8 y
rays from "Be(P )"B. Numbers in parentheses denote
the uncertainties in the least significant figure. N denotes
a y-ray energy calculated from the excitation energies
given in Table II.

C. Negative parity states: 2%co

The lowest 2fico configuration is expected to be
the p (sd) (71) configuration occurring in the
product

(31)X(40)~(71)(52) (33) (14) . (3)

In a calculation which includes the p (sd), p (pf),
and s 'p (sd) configurations with (Ap) =(71), (52),
(33), and (14), S=—,, —, for (71) (52) and S=—, only

for (33) (14), the lowest states are 80% (71). The
lowest state is predicted to be —, and may be an

3
important component in the 8.56-MeV» level of
"B. It is at this excitation energy or just above that
the p model fails to produce enough levels. How-

parity wave functions play a very important role in
E 1 transitions; the s 'p particle-hole configuration
is (10) in character while in the case of p '(sd) the
effective interaction favors (21) over (10) in form-

1 +
ing the low-lying positive-parity levels. For —,

T = —, the s-hole admixture can be quite large since

the hole couples to the tightly bound ' C ground
state and the s-hole configuration therefore comes
relatively low in energy; Teeters and Kurath sug-

gested that evidence for this s 'p component
could be found in inelastic electron scattering, and

subsequent experiments at Darmstadt confirm
their predictions.

TABLE II. "B level energies and y-ray branching ratios from "Be(P ) "B. Numbers in

parentheses indicate the uncertainties in the least significant figure.

Initial level'

{keV)

2124.693(27)
4444.89(50)
5020.31(30)

6791.80(30)

7285.51(43}
7977.84{42)

Final level

(keV)

0
0
0

2125
0

2125
444S
5020

0
0

2125
4445
5020
6792
7286

Present

100
100
85.3(7)
14.7(7)
68.3(11)
27.7(11)

& 0.04
4.0(3)

46.7(20)
52.5(2O)

& 0.06
& 0.09
& 0.10

0.85(4)

Branching ratio (/o}
Previous

100
100
86.6(10)
13.4(10)
66.0(15)
30.0(15)

& 0.5
4.1(9)

87.0{20)
46.0(14)
54.0(14)

& 1.0
& 1.0
& 1.4

Adopted

100
100
85.6(6)
14.4(6)
67.5{11)
28.5{11)

& 0.04
4.o(3)

87.0(20)
46.2(11)
53.2(12)

&0.06
& 0.09
& 0.10

0.85{4)

'Based on the y-ray energies in Table I.
'The least squares average of the ratios quoted in Ref. 6.
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TABLE III. P-ray branches of "Be (J~=-
t~q2 1——3.81 sec, go=11.509 MeV) and logft values.

The numbers in parentheses indicate the uncertainties in

the least significant figure.

"8 level

(keV)

Branching ratio logft
(%) (except as noted)

2125

4445

5020

6792

7286

7978

9875

3

2
1—
2
5—
2
3—
2
) +
2

3+
2

+
2

54.7(20)'

31.4(18)

0.054(4)

0.282(20)

6.47(45)

(0.03

4.00(30)

3.1(4)'

6.830(16)

6.648(25)

10.93(3)"

7.934(31)

5.938(30)

& 8.04

5.576(33)

4.04(8)'

.'From the relative y-ray intensities of Table I and

12125y/ Itotal p
logf, t

'From the relative y-ray intensities of Table I and

Ia/I2}25y of Ref. 11.

ever, to describe levels in this region near the
Li+a and Be+t thresholds may require more

clustering than is present in the shell-model wave
functions, as is indicated in a+a+t cluster model
calculations.

Our interest is not in these levels per se but rather
in those 2fico admixtures in the wave functions of
the four lowest negative-parity levels which can
contribute directly to E 1 or first-forbidden matrix
elements, i.e., those representations which occur in
the products

(42)x (10) (52)(33)(41),

(23)X(10)~(33)(14)(22).
(4)

We must next ask which representations are most
strongly coupled to p configurations by the effec-
tive interaction (V). The strongest components of
V which connect states differing by 2Rco are the (20)
SU(3) tensor components of the central force. Thus
representations in the following products concern us

I I.509 I/2+

T T
47 52 0.85

k
T

87

3/2, I/2 l0260
3/2 9875

5/2
5/2

8559
& 5/2

3/2' 7978

(3/2, 5/2)+

I/2+ 67g2
7/2- 6743

70/

Li

478

68 28 4.0

5020
5/2 4445

85 I5 I 00

2125

J = 3/2

FIG. 3. Proposed decay scheme of "Be including the new P-ray branch to the "B4445-keV level and revised values

for other p and y-ray branches.
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TABLE IV. Negative parity wave functions calculated with the Cohen and Kurath

(8—16)2BME interaction.

State
E„(keV)

Intensity of each lA.p):—[f] (%) Amplitudes of (13) components

(13) (21) (02) (10) L =1 L =2 L =3
3

2
3

22
1

2
5

2 ]

5020

2125

4445

89.81 5.40 3.86 0.93 0.492

94.67 4.21 0.95 0.17 0.973

92.42 6.17 1.25 0.16

82.28 13.54 3.07 1.11 0.768 —0.483

0.810

0.945 0.115

(13)X(20)~(33)(14)(22)(03)(11);S=—,

(21)X(20)~(41)(22)(30)(03)(11);S=—, ,
—, .

(5)

Including only (33) and (14) configurations as we
have done may cause some distortion of the
predominantly Otic' wave functions since representa-
tions coupling strongly to the (21) Olid configur-
atio are omitted. Also there are 4%co configurations
which couple strongly to the 2%co configurations,
and so on. This is a process slowly convergent in
the unperturbed energy of the admixed configura-
tions and has been studied mainly in cluster-model
calculations. Nevertheless we feel that our 2fico cal-
culation is sufflcient to illustrate the role played by

V(20)
I

(42) + (23) + (04) + ~ ~ ~ (I 0,0)+ (8 I )+ (62) + ~ ~ ~

(I3) + ~ ~ (7~ ) + (52)+ (33) +(14)+ ~ ~ ~

l I

V (20)

FIG. 4. Connections between representations impor-
tant in the wave functions of low-lying 2 =11 states.
The (13) and (42) configurations are the "large" com-
ponents in the negative- and positive-parity states,
respectively. In a few cases the (23) component may
also be regarded as large (see Table V). Other com-
ponents are "small. " The operators V represent the
strongest part of the effective interaction [central (20)
tensor] while the transition operator T represents r,
[r, o ], y5( —a"p ) or a( - p ) with the appropriate iso-
spin dependence. T connects large to small.

2%co configurations in transitions between positive-
and negative-parity levels (see Fig. 4).

In passing we note that the E2 operator connect-
ing configurations differing by 2%co transforms as
(20)+(02) so that the p (pf) and s 'p (sd) com-

ponents of the strongly admixed 2fuo configurations
strongly influence E2 transitions between levels

with dominantly p configurations. For example,

the» ~ » E2 transition, experimentally
~ ~ 25

7.1+0.8 W.u. (Weisskopf units ) in strength, is
modestly enhanced from 3.7 W.u. in the p calcula-
tion to 6.2 W.u. when 2%co admixtures are included.

D. Electromagnetic transitions in "B

]
The general band structure of the T = —,

positive-parity states in "B is illustrated in Fig. 5,
where B(M 1) and B(E2) values for transitions be-
tween such states are displayed. The wave func-
tions of these states have large (42) components
(Fig. 5) with various possible [f]SKL values

([f]S= [43]—, or [421]—,, —,, and K =0 or 2), e.g.,
the large B(E2) values connect states with similar

ff]SK structures.
We consider in detail the y decay of the lowest

positiveyarity states of "8—6792 keV ( —, ), 7286
keV (—, ), 7978 keV ( —, ), 9185 keV ( —, ), and

9274 keV ( —, )—and also the decay of the analog

of the "Be ground state—12560 keV ( —, ). A
comparison of shell-model predictions to experi-
ment for the relevant electromagnetic transitions is
made in Table V.

In this paper we have reported the observation of
the 7978—+7286 M 1 transition, the only transition
between positive-parity levels so far observed, and
set an upper limit on the strengh of the 7978~6792
M1 transition. The order of magnitude of the re-
duced transition strengths involving these three lev-

els can be easily understood from the basic features
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E „(Mev)

16
5.5
(o.o2&)

(42) (2s) os

II/2 8g

l5

!4
8, 3

{0.067)
3.2

{o.o65)

ll/2 72 2I

I2

8.3
(0.53)

4.8 4.2
(o.oo2) (o.s~)

78 I7

9.7
(o.46)

II
' 3.4

8.2
(o.o44) (o.l4)

6.2

9/2 8g 6

7/2 84 8 0.5

9.8
{O.OI3)

4E

5.0
(0.0007)

(0.52) $,5

IF(0 00004) (O. I I)

5.0
(o.zl )

(0.066)
5/2

(0.025)
7/2

25 58

79 8 4 I

78 I5 0 I

4.7
(I.64)

6.8
{0.003)

4.0

~/2 82 g 0.&

5/2 57 57 O. l

I/2 74 5 5 I

FIG. 5. Calculated B{E2)and B(M1) values in %eisskopf units (Ref. 26) for transitions involving positive parity
states in "B. The B(M1) values are given in parentheses. For E2 transitions the isoscalar effective charge is double
the bare value and the radial matrix elements are computed using oscillator wave functions with b =1.6528 fm. Only
B(E2)& 3 W.u. are shown. The percentage intensities of the (42), {23),and Os-hole configurations are given at the right
of the figure for each level.

of the wave functions —dominant (42) components
(Fig. 5), L =0 (88%%uo) for J=

2 and L =2 (93% and
5 3'

90%) for Z= —, and J=—,. For the (42) com-

ponents E =0 dominates (42% and 72% of the to-
5 3

tal wave function for J= —, and J= —,). We'
5 '3

note that the ordering of the J=—and J= —, states
is as we would expect for I. =2, S= —, states split

by the one-body spin-orbit force. For the strong

3+ 5+
M1 transition there is excellent agree-

ment between theory and experiment (Table V)
while the calculated value for the weak (L forbid-3+ 1+
den) —, —+ —, transition is an order of magnitude
less than the experimental upper limit ( & 3.8 X 10
W.u.).

For transitions involving a change of parity
{mainly El transitions) we consider first calcula-
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TABLE V. Comparison of shell-model predictions to experiment for electromagnetic
transitions in "B.
JT —+ Jf

(Tf=—)
1

E.
(keV) Quantity

Transition strength'
Experiment Theory

1+ I 3—
2 ' 2 2

1—
2
5—
2
3—
2

6792~ 0

~2125
—+4445

~5020

B(E1)
B(M2)
B(E1)
B(M2)

B(E1)

2.5(3)X 10

3.2(4) X10-'

&30

8.3(11)X10 '

2.5X10-'

0.59

3.2X10 3

0.18

10X10-'

5+ 1 3—
2 ~ 2 2

1—
2
5—
2
3—
2

7286-+ 0

—+2125

—+4445

~5020

B(E1)
B(M2)
B(E3)
B(M2)

B{E1)
B(E1)

7.7(5)X 10-'

&43

8.3(16)X 10

22.2(15)X 10-'

11X10-'
1.63

11.5
0.88

10X10-'
12X10-'

3+ 1 3—
.2 ' 2 2

1—
2
5—
23—
2
1 +
2
5+
2

7978~ 0

—+2125

—+4445

~5020

~6792

~7286

B(E1)
B{E1)
B(E1)
B(E1)
B(M1)

B(M1)

3.1{4)X 10-'

9.1(12)X 10-'

&4.7X 10

& 1.4X 10

& 3.8X 10

1.42(20)

8.7X10-'

5.3X10-'

9.6X 10-'

8.4X10-'

3.1X10-'

1.64

7+ 1 3—
2 ' 2 2

5—
2
7—
2

9185~ 0

—+4445

—+6743

B(M2)

B(E3)
B(E1)
B(E1)

0.6(3)

7.2(23) X 10

8.2(27) X 10

0.31

6.4
11X10-'

6.2X 10

5+ 1 3—
2 ' 2 2

5—
2
3—
27—
2

9274-+ 0
~A.A.A 5

—+5020

—+6743

B(E1)
B(E1)
B(E1)
B(E1)

2.0(4) X 10

48(10)X 10

&5X10 '

63(13)X 10-'

1.8X10 '

4.0X 10-'

2.4X 10-'

23 X10-'

1+ 3 3—
+

2 ~ 2 21—
23—
2

12560—+ 0

~2125

~5020

B(E1)
B(E1)
B(E1)

15(9)X10 3

6.6{43)X 10-'
71X10-'
52X10-'

5.6X 10

'The transition strengths B(EL) and B(ML) are in %'eisskopf units (Ref. 26).
"See the Appendix and Table II.
'Bare g factors are used for all magnetic transitions. No effective charge is used for E1
transitions. For E3 transitions the isoscalar effective charge is double the bare value. The
radial matrix elements are computed using oscillator wave functions with b=1.6528 fm.
Only a few of the stronger B(M2) and B(E3) values are given, these for ground state tran-
sitions.
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tions limited to Ofico and 1%co for the negative and
positive parity states, respectively; i.e., the spaces
used by Teeters and Kurath. Teeters and Kurath
have emphasized that the E1 matrix elements de-

pend sensitively on the small s 'p components in
the positive-parity wave functions. [Some of the
two-body matrix elements involving the Os orbit
have the wrong sign in the Teeters and Kurath cal-
culation, the result of a misunderstanding between
D. Kurath and one of us (D.J.M.). The conclusions
of Ref. 20 do not change upon using a corrected set
of two-body matrix elements but naturally some of
the calculated E1 matrix elements change some-
what on account of the delicate cancellations in-

volved. ] This is shown clearly in Fig. 6, where the
strengths of the three E1 transitions involved in the

1 +
decay of the 6792-keV —, level are plotted as a
function of the single-hole energy of the Os orbit.

1 +
Also plotted is the Os-hole content of the —, level.

For a single hole energy of 18.5 MeV, slightly larger
than the 17 MeV of Teeters and Kurath's set 2 of
single-particle energies, there is good agreement be-

tween theory and experiment for all three E1 tran-
sitions. We now fix the Os-hole energy at 18.5 MeV
and calculate transition strengths for all known de-

cays from positive- to negative-parity levels.

Theory and experiment are compared in Table V.
The agreement is fair with the notable exception of
the E1 decays from the analog of the "Be ground
state which are predicted to be far too strong.

1 + 3
These transitions from the», T= —, level espe-

cially concern us since essentially the same matrix
elements enter directly into the calculation of first-
forbidden /3-decay transitions from "Be. As
Teeters and Kurath have observed, these large E 1

matrix elements may indicate that there is too much
parentage of the ' Be ground state in the initial and
final states. This can be verified by making use of

I

)0

I5—
CO

7 0
0~O

5—

2=
EXPT I/2) ~P/2)

the one-body density matrix elements (OBDME)
and single-particle matrix elements (SPME) in
Table VI to calculate the contributions from indi-
vidual orbits to the matrix element of the single
particle operator T,

I I I ~r

l4 l5 l6 17 l8
OS SINGLE HOLE ENERGY(MeV)

FIG. 6. B(E1) transition strengths (left-hand scale)
from the 6792-keV — level of "8 as a function of the

energy of the Os-hole energy. The uppermost curve on
the figure gives the percentage of Os-hole configuration1+
in the — shell-model wave function (right-hand scale).
A value of 18.5 MeV is used for the Os-hole energy in
the construction of Table V.

~~f Tf~Tf I ITI I~ T™~,& =
& T~T,™aTI Tf~r, &

A

Ji2

J1J2
(6)

where AJ and hT are the space-spin and isospin
ranks of T. The isospin factor in the coefficient of
the one-body density matrix element is unity for P
decay (operator 1/V 2~+—

) and v 2 for electromag-
netic transitions (operator r3). The low-lying p-shell
states of the ' Be core are the 0+ ground state and
2+ states at 3.37 and 5.96 MeV so that the dom-

I 1+ 3 1
inant contributions to the —;T=—~— and
1+ 3 3

2 ~ 2 21
; T = —, » E1 matrix elements are from the

and 1s1/~3/q density matrix elements,
respectively, which arise almost entirely from the
main ( ~ 80%%uo)

' Be(0+,1) 8 ls&&2 component of the
3T= —, wave function. In each case the d5/2@3/2

contribution provides some cancellation, the two



26 DECAY SCHEME OF "Be 1177

TABLE VI. One-body density matrix elements' for "BeP decay.

~i T; ~ JfTf hJ 1s1/2p1/2 d3/2p1/2 1s1/2p3/2

(j]j»
d5/2P 3/2 d5/2P 1/2 P 1/20$ 1/2 P3/20$1/2

1+ 3 1 — 1—0
2 7 2 2 ' 2

3 1—+— —1
2

2
3 1—+— —122' 2

2
5 1

222' 2
1 3

21' 2

One body operator {T)

—0.4857

—0.8320 —0.0019

0.0390

0.0146 —0.0217 —0.0616
—0.0083 0.0006 —0.7172 0.0899 —0.1163

0.0016 —0.9383 —0.0558 —0.3032 —0.0455
—0.0205 —0.0821 —0.1750 —0.0257 0.0447

0.0253

0.0750

—0.2038 0.0263

0.0175 —0.1135

0.1097

0.1063

—0.2457
—0.0430

Single particle matrix elements

—0.8100 —0.0000 —0.0629 —0.0089 —0.2203 0.0423 0.0540

—0.0089

0.0148 —0.0237
—0.0496 0.0215

0,0000
—0.0053 —0.0329

—0.0135
—0.0324

—V' I /3 V 2/3
1

V'2 /3 V 1/3
1

v/2 /9
v 10/3
v 16/9
v 4/15

—V 2/9 V 10/9 —V 4/9
/2/3

—V 4/9 —V 5/9 V 2/9
—V'1/15 —V 2/3

El'C1 vz
ir[C&,o]
ir[C~, o]' 1

ir[C~, o]2 V 7/5 —V g/5

'&J;&;II(oj,oj, ) '='I~&/T/); oj ~/2~ ——( —) 'oj ~~/z ~, Brink and Satchler convention (Ref. 35) for the re-

duced matrix elements; radial wave functions positive at the origin together with [i Yl, ,]. Note that the initial state
has been written on the left.

"&J',
I ITI IJ', &j, /SJ given in units of the oscillator parameter b The ma.trix elements needed to compute m', x', and u'

can be obtained (for R =3.25 fm, b =1.6528 fm) by multiplying the entries in the table by 0.7494 (1sp), 0.8229 (dp),
and 0.8720 (p Os).

main contributions giving a reasonably good ap-
proximation to the full El matrix element. The

d5/2p3/p OBDME comes mainly from the
' Be(2&+, 1) Sd5/2 component in the , ;T= —, —
wave function. The d5/z single-particle energy is
constrained by the energy of the second-excited
state at 1.78 MeV in "Bewhich is thought to have
J = —, and in our calculation comes 1.39 MeV
above the ground state. The use of Woods-Saxon
wave functions in place of harmonic oscillator wave
functions brings about a reduction in the 8(El)
values, by factors of —1.7 and —1.4 for the transi-
tions to the ground and first-excited states, respec-
tively. [To estimate the contribution of the un-

bound s~~2 proton to the dominant s~p term in
Eq. (6) we have made an extrapolation through zero
binding energy. ] The effect of 2fico admixtures in
the negative-parity wave functions is calculated to
be small. While 3%co admixtures in the positive-
parity wave functions may cause some reduction in
the E1 rates mainly through a normalization effect
on the lhco component (Fig. 4), we do not expect
significant changes from this source. Thus at
present we do not understand the strong E 1 transi-
tions from the —, ,

' T = —, level in "B.

One possibility that should be considered is the1+
influence of isospin mixing on the decay of the —,

T= —, level in "B, for if SU(3) and SU(4) were
1 + 3

good symmetries the» ', T = —, level would be de-
1+

generate with a —;T= —, level with the same
2 9 2

1
space-spin structure, 421] (42) L =0, S = —,. In

1+ 1

our calculation two —, ; T = —, levels occur close to
1+ 3 . 1+ 1

the —, ; T = —, level, the energies of —,z
',

1+ 1 1+ 3

2 3 2
and»' , —, states being 12.99, 13.45, and

13.58 MeV, respectively. For slightly different
choices of interaction the two T= —, levels can

3
bracket the T = —, level. The two T = —, levels con-

tain in total 549o of the [421] (42) L =0, S = —,

configuration; the primary admixture, total-
ling 50/o, is from the [421] (42) EC =0, L =2, S= —,

configuration. The B(E1) values for the decay of
1 + 1 3 — 1

— 3
—,2; T = —, to the», », and —

2z levels are cal-

culated to be very similar in strength to those for
the decay of the —, ; T = —, level, with the B(EI )

1+ 3

1 + 1

values for the decay of »,' T = —, being about a
factor of 3 weaker. If the E1 matrix elements for

I 3
the decay of the T= —, and T= —, states are indeed

comparable it follows that quite small isospin ad-

mixtures can have a considerable effect on decay of
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the T = —, level for the case of destructive interfer-

ence. Also the calculated signs of the E1 matrix
elements for either T= , sta—te are such that if the

admixture is destructive for the transition to the
3

level then it is also destructive for the transi-

tion to the» level. Thus it is possible that isospin

mixing of the —, levels, for which there is some

evidence, could help to explain the observed decay
rates of the 12.56-MeV —, level of "B. However,

as will be discussed, the P decay of the "Beground
state also provides evidence that the calculated E 1

matrix elements are too large.
An additional source of information on the —,

T=——, wave function is the lifetime of the first-

excited state of "Be (J = —, ). The measured

value of this quantity is (0.18+0.06) psec, corre-
sponding to a 8(E1) of 0.33 W.u. The calculated
value [using the OBDME of Table VI and harmon-
ic oscillator (HO) wave functions] is 0.011 W.u.
There is a strong cancellation between the 1s»2p&/2
and d5/2@3/2 contributions. Even so, the 1s&/2p&/2

contribution by itself gives only 0.08 %.u. This is a
case where the observed lifetime cannot be account-
ed for without taking into account the low binding
energies of the Isis and Op»2 orbits. The use of
%oods-Saxon wave functions greatly increases the

p~/2 —+s~/2 single-particle matrix element, at the
same time rendering the cancellation between the
s / /+ ]/2 and d5/2p 3/2 contributions less effective.
The calculated 8 (E 1) is increased by a factor of al-

most 20 to 0.21 %'.u. %e note that increasing the
+ 3

d5~2 content of the —;T =—level to decrease the

calculated T = , +T = —, tra—ns—ition rates (and in-

crease the calculated half-life of "Be) will also de-
1 — 3 1 + 3

crease the —, ; —,~—, ; —, transition rate.

E. P decay of "Be

and thus

f=k(Io+aI1+bI 1+cI2), (10)

where the integrals

WV Z, W e' —1'"m W, —W'dm
(11)

are given, divided by A,, for convenience, in Table
VII for the four first-forbidden transitions observed
in "Bedecay. The evaluation of these integrals fol-
lows procedures developed for the evaluation of
unique first-forbidden decays and is fully explained
elsewhere. In evaluating C(W) we follow the
treatment of Behrens and Biihring. Then

Our comparison between theory and experiment
of the absolute decay rate utilizes the expression

ft =6170 sec,

where t is the partial half-life of the transition and

f =J C(W)F(Z, W)(W —1)'~ W(W —W} dW

(8)
In &q. (8) W is the p energy and Wo the disintegra-
tion energy (maximum p energy), both in units of
the electron rest mass (and including the rest mass),
and Z is the charge of the final nucleus. We use

natural units 111'=c =m, =l. The unit of time is

seconds, and of length the electron Compton wave-

length, k, =386.15 frn. If only dominant terms are
retained the first-forbidden shape factor can be
written in the form

C( W}=k(1+aW+b/W+c W')

k =[go + —,w ]+[pi + —,(x+u) —9tuiyiu(x+u)

+—„WQ (2x+u) ——„& (2x —u) ]+—„z ( W —A, ),
ka = —, uF —, Wo—(4x —+Su ) ——,z Wo,

2

All 1[ 00w +01(x +u}]

kc =—„[8u +(2x+u) +A2(2x —u) ]+—„z (1+F2),

(12)

where

V =O'U+kw' Co= V+ —,
'

w Wo

Y=g'y —g(u'+x'), gi ——I'+ —,(u —x)Wo .
(13)

The coefficients k, ka, kb, and ke depend on the

I

nuclear matrix elements, on 8'0, and on
g=aZ/2R, where R is the radius of a uniformly
charged sphere approximating the nuclear charge
distribution. This approximation is good provided
R implies the correct experimental rms size of the
nucleus. We use for R the expression given by
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TABLE VII. Energy integrals: I„' =I„/P, 2, ~here
1/~e =6.7064)& 10 fm

Final state 8"0(m, ) Io I2

3

21
1

21
5

21
3

22

23.52 1.7944 21.1553 0.1871 284.350

19.36 0.6781 6.5974 0.0582 73.079

14.82 0.1773 1.3259 0.0287 11.2606

13.70 0.1165 0.8030 0.0204 6.2786

Wilkinson (p. 938 of Ref. 29) and obtain R =3.25
fm for A =11. The parameter y& is given by
[1—(aZ) ]'f where a is the fine structure con-
stant. For light nuclei p&

——1, k2 ——1 are very good
approximations. The nuclear matrix elements are
given in terms of form-factor coefficients defined

by Behrens and Buhring. The nonrelativistic ma-
trix elements are

In evaluating g'U and g'y the usual nonrelativistic
replacements for y5 and a can be made yielding

~~~ & JfTf I I M [

4

0'y = &Jf—Tfll M
«I IJ T &C

sty (18)

where Ez is the energy of the y ray from the analog
of the initial state to the final state. In this case x
can be related to the 8(E1) value for the y-ray
transition

The conserved vector current (CVC) theory may be
used ' to obtain an alternative expression for g'y

in terms of x and a similar nonrelativistic matrix
element involving the Coulomb field of the nucleus.
Under the stronger assumption that isospin is a
good quantum number one has

w =—R Fpii
A p

=~~~&JfTfll&r[Ci o]'rllJ T &C

x = —1/V 3R "F]ip

lx
I

=[8(E1)8~T;/3]'f

with 8 (E 1) in units of fm deduced from

I r ——1.04653 Er B(E1),

(19)

(20)

(Jf Tf I
lirCi rl IJ~T &C

u = —V'2/3R Fiick

=AY 2(Jf Tfl Iir[C), o ]'rllJ;T; )C,
Z=2/V 3R F2]~

»&JfTfllir—[Ci,o]'rllJ T; &C

(14)

(15)

The relativistic matrix elements are

fU Fppp ~&JfTf I ll sr
I I
J T&C'

4y Flpl (JfTf I
la rllJ T &C .

(16)

where A, = —C~ /C~ ——1.2605 is taken from a recent
analysis of neutron beta decay,

C = ( T;M~11
I TfMf )Jf /(v 2J')

for P decay, and the reduced matrix elements are
according to the definition of Brink and Satchler.
The matrix elements co', x', and u' are obtained
from the definitions of w, x, and u by including in
the radial integral an extra factor

2 1
—,I(1,1, 1,1;r)= 1 ——— 0&r &R

38 1 R r&R .
r 5 r

so that for a 1Am initial state and a Otic final state
in the calculation for "Bedecay

g'v = w/Mb = E...w— , — (22)

where E„, is the energy of an oscillator quantum
(sruo) in units of m, . If 2sruo configurations are in-

cluded the relationship expressed in Eq. (22) no
longer holds since the operators o. . V and 0. ~ r
have different Hermitian conjugation properties [ex-
pressed in Eq. (21)];contributions of 2fico configura-

tions will be constructive in one matrix element and
destructive in the other. For single-particle wave

where I z is in units of eV and Ez in MeV. Use of
the prescription of Damgaard and %inther ' for
evaluating g'y leads to effective values of Er in Eq.
(18) which are 350—400 keV less than Ez for the P
transitions of interest. Thus the effect of using dif-
ferent CVC based expressions for g'y is small for
high energy P transitions and we simply use Eq.
(18). There is no basis for a corresponding rela-

tionship between the axial matrix elements g'U and
w although it has sometimes been assumed that g'u

is related to —w as g'y is to x. For os-
cillator single-particle wave functions with
2n + I =2n'+ I'+1

&(I , )jllio ~ II(i'--»&

=+((l—,')jllio rll(i' —,.)j)/b' (21)
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functions other than harmonic oscillator (HO), e.g.,
Woods-Saxon (WS) wave functions, the ratio of ma-
trix elements in Eq. (21) can be significantly state
dependent. The difference between HO and %S
single-particle matrix elements is most marked for
the Opia —1sI~2 matrix elements which dominate
the rank-zero matrix elements in light nuclei (Fig.
7—see later).

The values of the nuclear matrix elements, de-
fined in Eqs. (14)—(18), which are needed to evalu-

ate the decay rates, as specified in Eqs. (10)—(13),
are listed in Table VIII. Results are given for both
HO and WS single-particle wave functions and the
effects of 2fico admixtures in the negative-parity
wave functions are also considered. In each case
the resulting partial decay rates f' ', the contribu-
tion to f from rank-k nuclear matrix elements, are
given and a comparison is made with the experi-
mental decay rates. To exhibit more clearly the
contribution of each of the nuclear matrix elements
we substitute for the energies 8'0 and E& in Eqs.
(12) and (13) and use the energy integrals from
Table VII to obtain

f'0'=0. 678(g'U +7 79to). (23a)

3

2 1

1

2 1

3

22

f'"=51.31(10.59x +u —1.59xu),

f'"=13.65(10.11x +u —1.86xu),

f"'=1.30(8.98x +u —2.32xu),

(23b)

f"'=47.0z',

f' '=1.83z

f' '=1.02z

(23c)

In deriving these expressions we have dropped some
very small terms which contribute to f' ' and have
assumed that w'/w =x'/x =u'/u =0.7 (equivalent
to )~0.7$, w' —+w, etc.), a rough average of ratios
calculated with HO or WS wave functions (see
Table VIII).

For the transition to the "Bground state, x and
u are of opposite sign and Eqs. (23b) and (23c) and
Table VIII show that f receives comparable contri-
butions from x, u, and z . The shell-model
values give an f somewhat larger than experiment,
but a modest decrease in any or all of the nuclear
matrix elements would bring agreement; in fact tak-
ing x from the analog y decay via Eqs. (19) and (20)
is sufficient. The evidence discussed here and in II
suggests that the shell-model value of x is too large,
as was the equivalent 8(E1) for the analog decay.
Since the isospin mixing discussed for the "8

3
analog does not affect the p rate, it would

seem that isospin mixing alone is insufficient to ex-
plain the 8(E1) values for decay of the T = —, "B
12.56-MeV level.

The theoretical decay rates for the transitions to
the —, and second —, levels are too small. The
former requires

~

z
~

=0.36 to reproduce the experi-
3

mental value. In the case of the —
2z transition the

calculated values of u and z are very small; if x
alone is to produce the experimental decay rate
~x

~

=0.33 is required.
For the three transitions discussed so far there

are some substantial differences between the rates
calculated with %S and HO wave functions, the
%S wave functions generally giving a better ac-
count of the data. However, the greatest sensitivity
to the choice of single-particle wave functions oc-
curs in the transition to the —, level for the matrix
element involving the gradient operator (Pv); the ef-
fect of changes in g'U is magnified by the cancella-
tion between g'U and w in the expression for f~ ~

[Eq. (23a)]. Thus, for the single-particle binding en-
ergies we have chosen the use of %S wave functions
reduce f' ' by a factor of about 4. Certainly some
effect was to be expected since the sI&2 neutron
which makes the transition is bound by only 0.5
MeV in the "Be ground state; at this binding ener-

gy the rms radius of the orbit in the %S well is
about twice the HO value (see Fig. 7). Figure 7
demonstrates that the ratio of single-particle matrix
elements of o . r to those of 0- V can differ sig-
nificantly from the HO value of b (here 2.73 fm ),
particularly for the most important sI/2~pI/2 ma-
trix element. Actually the ratio is rather insensitive
to the binding energy, and hence the mean square
radius, of the sd orbit (except for rather low sI~2
binding energies), but depends sensitively on the
binding energy of the p orbit. This effect can be un- .

derstood for the d~p matrix by assuming that the

p and d wave functions can be represented by HO
wave functions with different oscillator constants (b
and b', respectively). Then it can easily be shown
that Eq. (21) for the ratio of matrix elements still
holds; i.e., the ratio is independent of b', an effect
which is clearly demonstrated in Fig. 7 where the
curves for the d-p matrix element ratio track close-

ly the mean square radius of the p orbit. In the
s~p case it is a poor approximation to represent
the wave function of a loosely bound s orbit by a
single HO wave function. Nevertheless, the
behavior of the s~p and d~p ratios is similar
with the s~p ratio larger than the d —+p ratio for
the same binding energy of the p orbit unless the p
orbit is very deeply bound. The problem is what
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TABLE VIII. Nuclear matrix elements defined in Eqs. (14)—(18) and decay rates [Eq.
(10)]. The contributions to f from matrix elements of each rank are given to a good approx-
imation by Eqs. (23a)—(23c).

Final
state Quantity

Basis and single particle wave function
(Hhu (HO) or (ms) (0+2)%co (HO)

1—
2

w(w')

g'u

x (x')
u(u')

0'y

—1.206( —0.890)

35.84

0.456(0.325)

1.387(1.020)

9.305

—1.182(—0.751)

22.29

0.442(0.265)

1.348(0.859)

9.025

—1.178(—0.853)

30.16

0.453(0.321)

1.350(0.976)

9.244

f(0)

f(1)b

465

38(24)

116

38(23)

293

37(23)

f(exp) 140+8 f'0)(exp) =115+18 f"'(exp) (35

3

21 x(x')

u(u')

Z

0.532(0.383)

—1.054( —0.799)
13.08

1.816

0.474(0.288)

—0.966( —0.665)

11.65

1.601

0.544(0.389)
—0.971(—0.721)
13.36

1.900

f (1)b

f(2)

260(114)
155

209(101)
121

255{102)
170

f(exp)

3

22 x(x')

u{u')

0.158(0.112)

—0.100(—0.038)
2.333

0.195(0.117)

—0.100(—0.068)
2.881

0.060

—0.130(—0.092)

0.009( —0.003)
—1.914

0.061

f(1)

f (2)

0.32

0.01

0.53 0.19

f(exp) 1.26+0.09

5—
2

f(2)

0.231

0.10

0.236 0.179

0.06

f(exp) 0.24+0.02

'The parameters of the %'oods-Saxon well are ro ——r,o——1.194 fm, ao ——a,o ——0.625 fm,
r, =1.446 fm, V,o——5.7 MeV, with R; =r;A ' ' and Vo determined to reproduce the specified
separation energy.
"Numbers in parentheses are calculated using values of x derived from the y transition
strength of the analog via Eqs. {19)and (20). This procedure is invahd if there is appreciable
isospin mixing into the analog state.
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of the P decay operators between low-lying nuclear
levels are small; the strength lies in the (E 1,M2, ...)
giant resonance region of the daughter nucleus. It
is clear that, although we get some encouragement
from our calculations, the description of the first-
forbidden branches in "Bedecay is not yet satisfac-
tory despite the fact that the ground state of "Be
has an apparently simple structure. We have also
pointed out that the evaluation of g'U depends quite
sensitively on the choice of single-particle wave

functions. For all rank-zero matrix elements in

light nuclei the s&&2~p&&2 matrix element is the
most important; however, for cases other than "Be
decay the p shell is full (or nearly so) and the choice
of the p~&2 binding energy is well defined. For ex-

ample, in the ' N(0 )—+' O(0+) transition the st~2
and p&~2 binding energies can be identified with the
separation energies as 2.4 and 12.1 MeV, respective-

ly. Then the single-particle matrix elements are not
very different from the HO values and the ratio ex-
hibited in Fig. 7 is only 10% larger than the HO
value. Finally, we note that attempts at relativis-

tic many-body theories suggest that the 1/M factor
in the nonrelativistic reduction of y5 should be re-

placed by 1/M, where M &M, thus giving an in-

crease in the magnitude of g'U.

APPENDIX: EXPERIMENTAL RADIATIVE
WIDTHS IN "B

The new information of Moreh et ttl. on total
radiative widths of "B levels produces sufficient
differences from previous compilations to warrant
the inclusion here of our adopted values for the
comparison to theory given in Table V.

Listed in Table IX are ground-state radiative
widths for the particle-bound levels of "B. Com-
bining them with the branching ratios as described
in footnote b leads to the total widths given in the
last column. The transition strengths of Table V
are based on these results.

Results from the two particle unbound states at
9.19 and 9.27 MeV are also included in Tables V

TABLE IX. Radiative widths of levels in "B from the (y, y') and (e,e') data listed in

Table 11.16 of Ref. 6.

r, (eV)

(MeV)

2.12

4.45

5.02

6.74

6.79

7.29

7.98

8.56

8.92

9.19

9.27

JK

(assumed)

1—
2
5—
2
3

2
7—
2
] +
2
5+
2
3+
2
3

2
5—
2
7+
2
5+
2

Moreh'

0.118(13)

0.550(20)

1.640(70)

0.021(5)

0.260(30)

0.990(70)

0.530(70)

0.530(50)

4.160{23)

Average

0.123(7)

0.558(18)'

1.680(56)

0.021(5)

0.260(30)

1.000(68)

0.530(70)

0.530(50)

4.150(20)

Number of
measurements

r,"
(eV)

0.123(7)

0.558(18)

1.963{67)

0.030(7)

0.385(44)

1.149(80)

1.15(15)

0.946(90)

4.368(21)

0.31(10)

2.67(53)

'The ground state radiative width.
Ehe total radiative width calculated from the average I & and the ground state branching

ratios of Table II (if given) or Ref. 6, Table 11.4.
'Reference 25; note the misprint: I z(8.559 MeV) = 1.00+0.10 eV and not 0.66+0.09 eV.
The weighted average of the values listed in Table 11.16 of Ref. 6. with the data of Moreh

(Ref. 25) replacing the preliminary version of that report and with systematically high (e,e')
data of Kan et al. [Phys. Rev. C 11, 323 119751] omitted.
The least squares average of the two measurements of the E2/M1 mixing ratio, 5, is
—0.197(17) from —0. 19+0.03 and —0.20+0.02 (see Ref. 6). From this value of 5 the par-
tial M1 and E2 widths are calculated to be 537(18) and 20.8(37) meV, respectively.
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and IX. The origin of the data for these levels is
three independent measurements of the reso-
nance strength factor I &I /I', with I =I &+I
for the u resonances at 819 and 958 keU in
Li(a, y) "8 corresponding to the "8 levels at 9.19

and 9.27 MeV, respectively. The three are in fair
agreement, and the average values for I &I /I ob-

tained are 0.280 and 2.67 eV, respectively. Uncer-
tainties are not quoted by the authors. %e estimate
a 20% uncertainty for these parameters. For the
9.19-MeV level a value of I r/I =0.1+0 05 has been
determined. For the 9.27-MeV level I /I =1.0

can be assumed. Thus, the best current total experi-
mental radiative widths for the "B9.19- and 9.27-
meV levels are 310+s5 meV (we round this value
off to 310+100 meV) and 2.67+0.53, respectively.
The radiative widths of Table V are calculated
using these total widths, and the branching ratios of
Green et al. quoted in the compilation of Selove.
Note that the y branches given for the 9.19-MeV
level do not add up to 100% because several weak
branches were observed but not assigned (see also
Morinaga et al. )
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