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Electromagnetic transitions in B"and C'" have been investigated through the reactions induced (a) by
He' bombardment of Be' targets and (b) by deuteron bombardment of B"targets employing bombarding
energies ranging from 2.0 to 3.5 MeV. Branching ratios for the decay of the bound levels of B populated in
(a) and (b) by the Be'(He', p)B"* and B"(d,p)B"~ reactions were determined through measurements of
proton-gamma coincidence spectra. The ratios of radiative width to total width for the unbound 9.19- and
8.92-MeV levels of B"were obtained as Pr/I'(9. 19)=0.1 0.05~ s and I'~/F (8.92) = 1.08+0.12. Additional
measurements of the direct gamma spectra employing a three-crystal NaI(T1) pair spectrometer, and of the
internal pair transitions using an intermediate-image magnetic spectrometer, complement the above results
and provide information on the decay of those bound levels of C" populated by the Be (Hes, n)C' * and
B's (d,l) C"*reactions. The angular distributions of gamma rays from the four listed reactions were measured
with the three-crystal pair spectrometer, and indicate significant anisotropies for those gamma rays aris-
ing from decay of the 8.92- and 7.99-MeV levels of B"and the 7.50-MeV level of C" formed in the Be +He'
bombardment. From the Doppler shifts apparent in the angular-distribution data an upper limit of
7 (5)&10 "sec was extracted for the mean lifetime of all bound levels of B"and C" except the 6.81-MeV
level of B",which could not be studied in this manner. The intermediate-image spectrometer was used to
determine the multipolarity of those internal pair transitions in B" and C" having transition energies
greater than 4 MeV. These results show that the 7.99- and 7.30-MeV levels of B' and the 7.50-, 6.90-, and
6.35-MeV levels of C" decay by E1 ground-state transitions and hence have even parity, while the 8.92-
and 6.76-MeV levels of B"and 6.49-MeV level of C" decay by M1 and/or E2 ground-state transitions, and
hence have odd parity. Combining these results with previously available information leads to spin-parity
assignments of —,

' and $+ for the 8.92- and 7.99-MeV levels of B", respectively, and strongly suggests the
assignment $+ for the 7.50-MeV level of C", The odd-parity assignment to the 2.14-MeV level of B"is con-
firmed while the parity of the C" 2.00-MeV level is axed as odd. For the remaining levels the measurements
serve to further restrict the range of possible spin-parity assignments. In addition the parities of the Be"
ground state and B"6.81-MeV level are determined to be even since the beta decay of Be" to the B"—',+
7.99-MeV level and the 6.81-MeV level are known to be allowed. The level schemes of B"and C" as deduced
from the present results are discussed in terms of the predictions of the intermediate-coupling shell model
and the weak-coupling scheme.

I. INTRODUCTION

HE work reported in this paper was undertaken
to obtain information on the spins and parities

of the bound energy levels of B" and. C" and on the
multipolarities of the gamma-ray transitions connecting
them. The current state of knowledge on the energy
levels of these two nuclei is illustrated by the energy-
level diagram shown in Fig. 1 which shows the known
B"levels below 9.8-MeV excitation and the known C"
levels below 8.8-MeV excitation. The information con-
cerning B"is taken mainly from the review of Lauritsen
and Ajzenberg-Selove. ' The excitation energies for B"
are all known to better than ~10 keV.' Some of the
B"spin-parity assignments in Fig. 1 are different from
those given by Lauritsen and Ajzenberg-Selove. ' A
definite spin-parity assignment has been made to the
6.76-MeV level. The spin assignment comes from the
work of Green, Stephens, and Willmott, ' while the
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'F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959).' L. L. Green, G. A. Stephens, and J. C. Willmott, Proc. Phys.
Soc. (London) 79, 511 (1962).
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parity assignment comes from that work and also from
the various stripping results'2 which are in good agree-
ment with /„=1 neutron transfer in the 8"(d,p)B"
reaction. The B"6.81-MeV level is given an assignment
of (-,', ss)+, the parity coming from the recent work' ' on
the beta decay of Be". There seems to be no experi-
mental evidence which favors —,

'+ over —,'~. The tentative
assignment of J= 2 for the 7.30-MeV level has been re-
moved since that assignment seems to have been sug-
gested' to conform with theoretical shell-model predic-
tions~ and not experimental evidence.

The excitation energies of the C" levels are all known
to +10 keV or better' ' except for the level at 8.70
MeV which is known to ~20 keV. ' The information on
the spin-parity assignments to the C" states is mostly
quite recent. The ground state has recently been shown
to have J=

~ by the atomic beam resonance technique. "
4 D. H. Wilkinson and D. E. Alburger, Phys. Rev. 113, 563

(1959).' D. E. Alburger, C. Chasman, K. W. Jones, J.W. Olness, and
R. A. Ristinen, Phys. Rev. 136, B916 (1964).

A. J. Ferguson, H. E. Gove, J. A. Kuehner, A. E. Litherland,
E.Almqvist, and D. A. Bromley, Phys. Rev. Letters 1,414 (1958).

~ D. Kurath, Phys. Rev. 106, 975 (1957).' S. Hinds and R. Middleton, Proc. Phys. Soc. (London) 78,
81 (1961).

9 J. C. Overley, Nucl. Phys. 49, 537 (1963).
J.L. Snider, M. Posner, A. M. Bernstein, and D. R. Hamilton,

Bull. Am. Phys. Soc. 6, 244 (1961); R. A. Haberstroh, W. J.
Kossler, O. Ames, and D. R. Hamilton, Phys. Rev. 136, 8932
(1964).
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ELECTROMAGNETIC TRANSITIONS IN Bi' AND C''

Negative parity is assigned to the ground state as a
result of analysis of the pickup reaction" C"(p,d)C"
and the stripping reactions' ' ' ' 3"(He', d) C" and
3"(d,m)C". The spin-parity assignments made to the
levels at 4.32, 4.81, 6.49, 8.43, 8.66, and 8.70 MeV are
also based on the observations on the angular distribu-
tions in the 3"(He', d)C" and 3"(d,n)C" reactions. A
spin assignment of -', is ruled out for the C" 4.32- and
6.49-MeV levels by the 3"(p,y)C" results of James. "
The C" 2.00-MeV level is assigned a most probable spin
of 'sfrom results obtained" using the C"(He', n)C" re-
action. The (d,e) and (He, d) stripping patterns indicate
l„=1 for the reactions leading to the C" 2.00-MeV
level; however, the analysis is less reliable than usual
since a mechanism such as "spin-Qip" stripping" must
be invoked in order to explain the results.

The primary motive for undertaking a study of the
electromagneti(. transitions in mass 11 was to determine
the parities of the 8"7.30-, 7.99-, 8.57-, and 8.92-MeV
levels and the C" 2.00-, 6.35-, 6.90-, and 7.50-MeV
levels. For all other bound excited states of 8" and C",
except the 8"2.14-MeV level, the parity measurements
have been made by analysis of single or double stripping
reactions. This method either failed or gave inconsistent
results for the levels listed above. Furthermore, the
determination of parities by analysis of direct reactions
is model dependent and therefore never absolutely re-
liable. Thus, when possible, it is desirable to con6rm
the parity assignments made from analysis of direct
reaction angular distributions by a more rigorous
method.

The method we have used to assign parities to the
mass-11 levels is that of studying the angular correla-
tion of the internal pairs emitted in competition
with gamma rays in electromagnetic transitions with
energies greater than 2 MeV, using an intermediate-
image pair spectrometer to detect the pairs. The deter-
mination of the multiplolarity of electromagnetic tran-
sitions with this spectrometer has been described
previously. "' The reactions used to populate the 8"
and C" levels were Be'(He', p)3" (Q=10.325 MeV),
Be'(He', e)C" (Q=7.560 MeV), 3"(d,P)8" (Q=9.231
MeV), and 3"(d,m)C" (Q=6.466 MeV). Bombarding
energies between 2.0 and 3.5 MeV were used so that all
the 8" and C" levels shown in Fig. 1 were populated
during the course of this work. However, we did not
observe gamma rays from the decay of the 8" 9.28-
MeV level and the C" levels between the threshold for
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FIG. 1. Energy-level diagrams for B"and C", illustrating the
excitation energies and spin-parity assignments as reported from
previous measurements. The information is taken primarily from
the review of Lauritsen and Ajzenberg-Selove (Ref. 1) but in-
corporates the results of later measurements as explained in the
text. Uncertain spin-parity assignments are enclosed in paren-
theses. Suspected mirror levels in B"and C" are connected by
dashed lines.

n-particle decay (7.544 MeV) and the threshold for
proton emission (8.691 MeV). This is presumably
because, for these states, the gamma-ray width I'~ is
negligibly small compared to the O.-particle width I' .

Our experimental investigations of electromagnetic
transitions in 8" and C" are described in the next three
sections. In Sec. II is described a determination of the
decay modes of the 8" states below 9-MeV excitation
by two-dimensional analysis of the Bes(He', Py)3" and3"(d,py) 3"reactions. In Sec. III we present the results
of three-crystal pair spectrometer studies of the gamma
rays emitted in the Be'(He'&py)3" Be'(He', ep)C"
3"(d,Py)3", and 3"(d,np)C" reactions. Finally, the
results obtained in the study of the internal pairs
emitted following the four reactions listed above are
given in Sec. IV.

"C.D. Kavaloski, G. Bassani, and N. M. Hintz, Phys. Rev.
132, 813 (1963).

"A. N. James, Nucl. Phys. 24, 675 (1961)."E. K. Warburton, J. S.Lopes, R. W. Ollerhead, A. R. Poletti,
and M. F. Thomas, Phys. Rev. 138, B104 (1965)."D. H. Wilkinson, Phys. Rev. 105, 666 (1957);N. T. S. Evans
and A. P. French, ibid. 109, 1272 (1958);J. C. Hensel and W. C.
Parkinson, ibid. 110, 128 {1958)."E.K. Warburton, D. E. Alburger, A. Gallmann, P. Wagner,
and L. F. Chase, Jr., Phys. Rev. 133, B42 (1964)."E. K. Warburton, J.W. Olness, D. E. Alburger, D. J.Bredin,
and L. F. Chase, Jr., Phys. Rev. 134, B338 (1964).

II. PROTON-GAMMA COINCIDENCE STUDIES

A. Procedures

The gamma-ray decays of the levels of 8"up to and
including the 9.28-MeV level have been investigated
principally via the Be'(He', py)3" reactions "r the

"P.F. Donovan, J. V. Kane, R. E. Pixley, and D. H. Wilkin-
son, Phys. Rev. 123, 589 (1961).
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7.30~4.46 and 7.30~5.03 are also evident. The
spectrum was decomposed by peeling off the various
components, using for this purpose the line shapes de-
termined from the less complex decays. The components
thus identified are also indicated in Fig. 3(a). The
branching ratios calculated from these results, after
corrections for summing, are given in Table I.

A similar plot for the 8.57-MeV level is shown in
Fig. 3 (b). The decomposition of the gross spectrum into
the various components arising from transitions from
the 8.57-MeV level to the ground state, 2.14-, 4.46-,
and 5.03-MeV levels is illustrated. The decay scheme is
shown in the insert, and the branching ratios are given
in Table I.

Similar procedures were carried out for the 5.03-,
7.99-, and 8.92-MeV levels, with the results shown in
Table I. The determination of the decay schemes for
the 6.76- and 6.81-MeV levels was complicated since
the resolution of the proton detector was not good
enough to separate the proton groups leading to these
two levels, as is evident from the singles proton spec-
trum shown in Fig. 2(a). The gamma-ray spectrum in
coincidence with this doublet peak is shown in Fig. 4 (b).
However, the pulse-height distributions of protons in
coincidence (a) with the 2.30- and 4.46-MeV gamma-
ray photopeaks and (b) with the 4.67- and 2.14-MeV
gamma-ray photopeaks exhibit two distinct peaks, cor-
responding in energy to the proton groups leading re-
spectively to the 6.76- and 6.81-MeV levels of 8".This
is shown in the insert of Fig. 4(b). Therefore, by com-

paring quantitatively the gamma-ray spectra associ-
ated with the "high"- and "low"-energy sides of this
doublet it was possible to determine the gamma-ray
spectra arising from the decay of the individual 6.76-
and 6.81-MeV levels, as is shown by the solid curves of
Fig. 4(b). The branching ratios calculated from the two
curves unfolded in this manner are given in Table I;
the relatively larger errors attached to these reAect the
uncertainties involved in the unfolding process.

The 8"(d,py)B" Reaction

These data were treated in the same fashion as the
Be'(He', p)B" data. The results are summarized in
Table I. The 8.57- and 6.81-MeV levels are not strongly
fed in the (d,p) reactions, and no information is gained
on these levels. For the remaining levels at 2.14, 4.46,
5.03, 7.30, 7.99 and 8.92 MeV the results provide a
satisfactory check of those obtained from the
Be~ (He', py) B" measurements, and accordingly, the
Anal values for the branching ratios are taken as an
average of the two measurements. The (d,p) data are
particularly useful for determining the branching of the
6.76-MeV level. The gamma-ray spectrum is presented
in Fig. 4(a) for comparison with that obtained in
Fig. 4(b) from the Be'(He', py)B" reaction. From the
absence of the 4.67- and 2.14-MeV lines, we can place
an upper limit of 8% on the feeding of the 6.81-MeV

state. Hence, the most accurate determination of the
6.76-MeV level branching ratios are obtained from the
data of Fig. 4(a) and are given in Table I. The results
are seen to be in reasonable agreement with those ob-
tained from the Be'(He', py)B" measurements.

The branching ratios of 8" determined using the
B"(d p)B" and Be'(He', p)B" reactions are in sub-
stantial agreement with each other and with the
branching ratios determined from the 3-crystal pair
spectrometer data described in Sec. III. This agreement
indicates that the eGects of anisotropies in the proton-
gamma correlations are small in both geometries. This
is expected since for the geometry used the E2(cos8) and
I'4(cosg) attenuation coeflicients are 0.4 and -0.08,
respectively, and, in any case, any deviations from
isotropy for the gamma-ray detector at right angles to
the reaction planes are expected to be small (identically
zero for the plane-wave theory of direct reactions).

Deterrninotion of (F~/F) for the 8.PZ- and
P.1P-Me V Levels of 8"

The ratio of radiation width to total width for the
8.92-MeV level is readily obtained from the proton
singles spectrum of Fig. 2(a) and from the gamma, -ray
coincidence spectra associated with the 8.92-MeU
proton peak.

Designating the total gamma-ray intensity observed
in coincidence as I~(8.92), and the proton intensity ob-
served in the singles spectrum of Fig. 2(a) as I„(8.92),
we can write F~/F (8.92) = $I~ (8.92)/I„(8.92)j/
$I~(b)/Iv(b) j where the symbol b designates the cor-

responding quantities for some (any) bound level. We
have chosen the above form to calculate F~/F(8. 92),
utilizing the fact that F~/F(b)—=1, since it does not
require one to know the normalizing factors which must
obtain between singles and coincidence spectra. The
ratios indicated above were calculated for the 8.92-MeU
level, and for both of the two bound levels at 8.57 and
7.99 MeV. The results provide a satisfactory internal
check on the procedure, yielding the value F~/F (8.92)
=1.06&0.15. From the B"(d,py)B" data, where it is
most convenient to compare the 8.92- and 6.76-MeV
states, we obtain the result F~/F (8.92) = 1.10&0.15. We
adopt the value F7/F(8.92)=1.08&0.12, and set an

upper limit on the radiative width of the 8.92-MeV
state of F~/F (8.92) &~0.96, 0.84, and 0.72 to 1, 2, and 3
standard deviations. A similar approach applied to the
determination of the radiative width of the 8" 9.19-
MeV level yields the result F~/F(9. 19)=0.1 O, oz+".
The +0.2 error reflects primarily the uncertainty in-

volved in unfolding the B"Pii (9.28-MeV level) con-
tribution to the singles spectrum of Fig. 2(a). The
results indicate the levels are populated in the ratio
(9.19/9.28) —,'. Since F~/F(9. 28)—0, the possible in-
fluence of this level on the p-y coincidence spectra of
Fig. 2(b) is negligibly small. On the other hand, con-
tributions due to the Ni4P2 (3.95-MeV level) group from
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TAsLE II. Relative intensities and angular distribution coefBcients from 3-crystal pair spectrometer measurements.

jv
(Mev)

8.92
8.57
7.99
7.50
7.30
6.90
6.81
6.76
6.49
6.35
5.86
5.50
5.03
4.81
4.67
4.46
4.32

3.54
2.93
2.83
2.58
2.30
2.14

2.00

Assignment

3'18.92 —+ 03"8.57 -+ 03"7.99 —+ 0
C"7.50 —& 03"7.30 ~ 0
C» 6.90 —+ 03"6.81 ~ 0
Q&& 6.76 ~ 0
C»6.49 ~ 0
C»635~03"7.99~ 2.14
C» 7.50 ~ 2.003"5.03 —+ 0
C» 4.81 —+ 08"6.81 ~ 2.14
8»4.46~ 0
C»4.32 ~ 0
C» 6.35 ~ 2.00
B"8.57 —+ 5.038"5.03 ~ 2.14
C» 4.81 ~ 2.00
C» 6.90~ 4.32
8» 6.76 ~ 4.46
a» 2.14 ~ 0
C» 6.49 ~ 4.32
C» 2.00 —+ 0

I~
(arbitrary

units)

50~3
36&3
26+2
32+6
70&5

152a8
W
W

105+6
28&2
37+2
46~4
51+3
9+2

60+4
70~5

6+1
11&2
15+2

(15+2).
(21~2)b
120&7

108a7

Be~+He'

(%)
—10&3

5+4
10~5
12+10—10~5—3&2

1&2—14~4—13&3
1&3
2~3

(%)

2&3—1~5
—9~12

6+6
2&2

1+2
2~4—1&3—1&3
2&3

—8+6
12&7

I»
(arbitrary

units)

164~9
30~3
16&3

W
57&3

lV
No

136+8
188+10

No
12%2
4~1

32%2
60+3

o
180~10
99+6

W
13~4
9~4
(7&3)'
51&8
56+10

(%)

3~4
10+6

(%)

2+4
0+7

a Contains an unknown contribution from Pb208 2.62 -+ 0.
b Contains a large contribution from N142.31 ~ 0.

mum yield consistent with stable, reliable operation of
the Van de Graaff accelerator. Data were recorded for
both reactions for 5 angles of observation (8=0, 30,
45, 60, and 90 deg) with respect to the incident beam
direction. The reaction-gamma Aux was monitored
during these measurements by a 3-in. X3-in. NaI(T1)
detector, which also provided a check on the possible
effects of target deterioration and target nonuniformity.

The Be' target was a thin (0.001-in.) beryllium foil
placed on a tantalum backing which served to stop the
He' beam. The target showed no measurable deteriora-
tion under prolonged bombardments of 0.04 pA, and
hence the spectra measured at the various angles were
normalized to the total integrated charge deposited by
the incident beam, as determined by a current inte-
grator. It is estimated that the net uncertainty intro-
duced into these angular-distribution measurements by
experimental errors is (2%.

For the B"+dmeasurements the target was prepared
by mixing B" powder with an aqueous suspension of
carbon, and then making a self-supporting foil from this
mixture. This target was neither as uniform nor as
stable as the Bee target, showing measurable deteriora-
tion under bombardment of about 0.003 pA. It is esti-
mated that the net experimental uncertainty is about
2.5%, and is limited primarily by the accuracy with
which the net monitor counts (minus background)
were recorded.

The spectra recorded at 0=90' for both the B"+d

and Bes+He' measurements are shown in Fig. 5. The
solid curves are the results of a computer fit to the data
which was used in the angular-distribution analysis to
determine the intensities of the various transitions, as
described in Sec. IIIB.The peaks are labeled according
to the energies (in MeV) of the initial and final states
of the nucleus between which the transitions occur.
Their assignments to transitions in 8" and C" are dis-
cussed in Sec. IIIC. The 3.09-, 3.68-, and 3.86-MeV
lines from C"(d,Py)C" are also evident in the B"+d
spectrum, and are so labeled. They are particularly
intense because of the large amount of carbon in the
B" target. The 2.31-MeV line apparent in Fig. 5(a)
arises largely from the C"(He', p)N'4 reaction, while
the Pb"' 2.62 —& 0 transition arises from inelastic scat-
tering of neutrons in the lead shielding of the
spectrometer.

B. Analysis

The spectra recorded at the various angles of obser-
vation were analyzed using a computer-implemented
least-squares program which fits the individual lines
of the spectrum with a functional form comprised of a
Gaussian peak plus an exponential tail. Previous
studies" of monoenergetic transitions ranging from 2
to 7 MeV have determined the energy dependences of
those parameters which define the line shape, namely,
the 1ine width 0. and the "tail" parameters C and D
which define the relative amplitudes and slope of the
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exponential tails. These dependences are

a = (0.5+2.86j+E)E.
C= 1.0X 10 (E)'" and D= 3.4X 10 '/gE,

where
E=E~—1.022.

In the present work, therefore, we have assumed the
above dependences, and hence the only free parameters
available for the computer fit are those of interest here:
the peak position E~ and peak area A~. The areas de-
termined for the various angles of observation were
fitted with a Legendre polynomial expansion of the
form W(8) =I~ P a„P„(cos8) for even values of v with
ap = 1. All of the data could be 6tted with v ~& 2, as
given in Table II. However, the solutions for v,„=4
are also given in Table II since it is desirable to set an
upper limit on possible a4 coeKcients in order to inter-
pret the magnetic spectrometer results.

The relative intensities were computed from the
fitted angular distributions and peak areas using the
eKciency factor („determined previously. "This factor,
$„, expresses the energy dependence of the pair cross
section, allowing for small corrections arising from the
finite crystal dimensions, and includes also the em-
pirically determined. variation of peak-to-total counting
rates for the pair spectrometer. The results are sum-
marized in Table II for both the Be +He' and B"+d
reactions, which are discussed separately below. The
first two columns list, respectively, the transition
energies (in MeU) and the initial and final states of the
nucleus to which the transitions are assigned. The ex-
perimentally determined values for the relative line
intensities I~ are given in columns 3 and 6. The co-
efficients u& obtained from the Legendre polynomial fit
for i &~2 are given in columns 4 and 7. In columns 5
and 8 are listed the solutions for the ratio a4 obtained
for i &~4. Since in all cases the values for as with &&~4

match those obtained for i &&2, the former are not given.
Not all of the transitions listed in columns 1 and 2
are seen in both reactions, as is evident from Fig. 5
and from the intensities listed in Table II. The symbol
lV is used to denote lines which are indeed present,
but unresolved from stronger lines, while No signifies
the particular line is rot in evidence to any measurable
extent. For several of the less intense lines listed in
Table II only values for I~ are listed. For these transi-
tions it appears that possible anisotropies are limited
to ~n„~ &0.3. However, the diKculties involved in de-
termining the angular variation in intensity of such rela-
tively weak peaks superimposed on an angle-dependent
"background" (i.e., 'tails of higher lying lines plus a
small real background) precluded a more accurate de-
termination of the angular-distribution coeKcients.

C. Results
The Bes(Hp py)Bii aed Be (Hp, nv)C" Reuef'ious

Figure 5(a) shows the 3-crystal pair spectrum from
Be'+He' measured at a He' bombarding energy of 3.2

MeV and a detector angle of 8~=90'. The solid curve
through the data points is the 6tted spectrum obtained
through the analysis described in Sec. IIIB. The tran-
sitions labeled in Fig. 5 are those which were assumed
to be present in performing the computer fit to the data.

The three higher lying transitions are assigned to 8"
on the basis of the proton-gamma coincidence results
of Sec. II. There was no evidence for gamma-ray emis-
sion from C" levels unbound against cx-particle decay.
The energies of the three highest energy lines agree
well with those expected for the ground-state transitions
from the 8.92-, 8.57-, and 7.99-MeV levels of B".The
fact that the C" 7.50 —+0 transition is not resolved
from the B"7.30~ 0 transition leads to the somewhat
larger error limits quoted for the intensity and angular-
distribution coefficients of these lines. It is evident from
the breadth of the prominent peaks at 6.90 and 6.35
MeV that each results as a superposition of two or more
unresolved components. Subsequent investigations
utilizing the inherently better resolution of the magnetic
pair spectrometer disclose the presence of a decidedly
weaker B"6.76 —+0 component in the C" 6.90 —+0

peak, and a weak C" 6.49~0 component in the
C" 6.35 —+ 0 peak. This information provides assurance
that the results of the analysis presented in Table II
were not significantly in error due to the presence of the
weaker components. The 5.86- and 5.50-MeV gamma
rays are assigned to the first-excited-state decays of the
B"7.99- and C" 7.50-MeV levels. Similarly, the 5.03-
and 4.81-MeV lines are assigned to the ground-state
transitions of the corresponding levels in B" and C"
respectively.

The computer analysis of the 3-crystal spectra gives
clear evidence for the existence of a weak transition of
about 4.67 MeV (6.81~ 2.14), again in agreement
with the results of the later magnetic spectrometer
measurements. The peak at 4.4 MeV has been re-
solved into two components corresponding to the
B"4.46~ 0 and C" 4.32 —+0 transitions. The some-
what larger errors assigned to the values quoted in
Table II for I~ and the angular-distribution coefficients
of these transitions reflect the uncertainty with which
the analysis succeeds in separating the two components.
Similarly, the peak at 2.85 MeV is resolved into two
components, assigned to the B"5.03 —+ 2, 14 and
C" 4.81 —+ 2.00 transitions.

The B"(d Py)B" asd B"(d,ey)C" Reac1ioNS

With few exceptions the transitions evident in the
Be'+He' reaction spectrum are also evident in the
BM+d spectrum. The present results are in agreement
with those reported in studies" "of the proton spectrum
from the B' (d,p)B" reaction. These studies showed
that the 8" levels at 8.92 and 6.76 MeV were strongly
fed, the levels at 8.57, 7.99, 7.30, 6.81, 5.03, and

"O. M. Bilaiiiuk and J. C. Hensel, Phys. Rev. 120, 211 (1960).
2' S. Hinds and R. Middleton, Nucl. Phys. 38, 114 (1962).



8 520 OLN ESS, WARB URTON, ALB URGER, AN D 8 EC KER

TABLE III. Branching ratios for the bound levels of B".

By
(MeV) (MeV) (MeV)

Branching ratios (%)
b 0 d Average

4.46

5.03

6.76

6.81

7.30

7.99

8.57

8.92

0
2.14
0
2.14
4.46
0
2.14
4.46
5.03
0
2.14
4.46
5.03
0
2.14
4.46
5.03
0
2.14
4.46
5.03
0
2.14
4.46
5.03
0
2.14
6.76
6.81
5.03
4.46

0
2.32
5.03
2.89
0.57
6.76
4.62
2.30
1.73
0
4.67
2.35
1.78
7.30
S.16
2.84
2.27
7.99
5.85
3.53
2.96
8.57
6.43
4.11
3,54
8.92
6.78
2.16
2.11
3.89
4.46

100(1
84 +2
16~2

~ ~ ~

72 &2
(3

28 ~2(1
65 +8
35 &8

&8
&8

87 &2
&1

5.5 &1
7.5 +1
47 ~:2
53 &2(1

&1
56 +2
30~2
5~1
9~1

95 ~1(1(1
&1
&1
5 +0.5

100
&0.5

86 +3
14+3
&0.3

100
0 ~ ~

88
12

~ ~ ~

83
&8
17

~ ~ ~

79
21

57+3
~ ~ ~

43 +3

~ ~ ~

93
~ ~ ~

7
~ ~ ~

55
45

~ ~ ~

62
28

(
10

86 95 &2

9 2,5~1
~ ~ ~

5 2.5 +1

100
&0.5

85 +2
15&2
&0.3

70 &2(3
30+2(1

68 71 &5
32 29&5

~ ~ ~ (8
~ ~ ~ (8

87 ~2(1
5.5 &1
7.5 ~i

42 47 ~2
S8 53 &2
~ ~ ~ &1
~ ~ ~ (1

56 ~2
30~2
5~1
9~1

95 &1
&1(1
&1

4.5 ~0.5

a Present work.
b P. F. Donovan, J. V. Kane, R. E. Pixley, and D. H. Wilkinson, Phys.

Rev. 123, 589 (1961).
o A. J. Ferguson, H. E. Gove, J. A. Kuehner, A. E. Litherland,

E. Almqvist, and D. A. Bromley, Phys. Rev. Letters I, 414 (1958). Errors
are quoted as ~6 but are smaller for weak transitions.

dL. L. Green, G. A. Stephens, and J. C. Willmott, Proc. Phys. Soc.
(London) 79, 1017 (1962).

e D. H. Wilkinson and D. E. Alburger, Phys. Rev. 113, 563 (1959).
Errors not quoted.

2.14 MeV were only weakly fed, while the 4.46-MeV
level was populated to some intermediate extent. The
transitions from these levels are clearly evident in
Fig. 5(b) and are labeled accordingly. Transitions cor-
responding to the decay of levels in C" at 6.49, 4.81,
4.32, and 2.00 MeV are also evident. The presence of
a weak 5.50-MeV peak indicates that the C" 7.50-MeV
level is being populated; however, in this case, the
7.50 —+0 transition is too weak to be seen in the
presence of the much stronger B"7.30~ 0 transition.

collected in Tables III and IV, where our results are
compared to previous work. For both 8" and C" the
weighted average of all the results given for each tran-
sition is also given. Since uncertainties were not always
quoted in previous work the averaging procedure is
somewhat arbitrary.

For 8" our results in Table III are averages of the
proton-gamma coincidence work (Table I) and the
3-crystal spectrometer results (Table II). The results
in Table IV are from the 3-crystal spectrometer studies.
In addition, both tables contain some information from
the magnetic spectrometer studies described in the next
section. In particular the intensity ratios (7.99 —+ 2.14)/
(7.99~ 0) and (7.50 —+ 2.00)/(7. 50 —+ 0) in B" and
C", respectiveIy, were carefully measured using the
magnetic spectrometer, since the C" 7.50 —+ 0 transition
was not resolved from the 8"7.30 —+ 0 transition in the
3-crystal spectrometer spectra (see Fig. 5). The result
obtained for the decay of the C" 7.50-MeV level is
given in Table IV. The result for the B"7.99-MeV level
decay was (57&3)% and (43+3)% for the branching
ratios of the 7.99~ 2.14 and 7.99 —+ 0 transitions, in
fair agreement with the average result given in
Table III. This serves as a check on the result obtained
with the Inagnetic spectrometer for the decay of the
C" 7.50-MeV level.

In general our results are in good agreement with
previous work, but there are a few instances of dis-
agreement. In B" (Table III) the three measurements
quoted for the relative intensities of the (6.76~ 4.46)
and (6.76 ~ 0) transitions are in rather poor agreement.
In this case we measured the ratio of these two transi-
tions by two different methods and obtained good
agreement between them. Also, we observed no evi-
dence for transitions from the 8" 8.92-MeV level to the
2.14-, 6.76-, or 6.81-MeV levels in contradiction to the

TAm. z IV. Branching ratios for the bound levels of C".

Branchieg Ratios ie 8" amd C"
Bi By B&

(MeV) (MeV) (MeV)
Branching ratios (%)

b 0 d Average

These 3-crystal spectrometer studies give some
further information on the branching ratios of the 8"
levels and also some information on the branching
ratios of C" levels. In particular the following intensity
ratios of transitions in 8" can be obtained from the
data given in Table II: (5.03 ~ 2.14)/(5.03 —+ 0),
(6.76 —+ 4.46)/(6. 76 —& 0), (7.99 —+ 2.14)/(7.99 —+ 0),
and (8.57 ~ 5.03)/(8.57 ~ 0). The results for these
ratios are all in good agreement with the branching
ratios given in Table I. For C" we obtain intensity
ratios for (4.81 —+ 2.00)/(4. 81 —& 0) and (7.50~ 2.00)/
(7.50~0). Upper limits can be extracted for several

transitions; however, for 8" these are not as restrictive
as those obtained from the proton-gamma coincidence
studies.

All our results for branching ratios in B"and C" are

4.32

4.81

6.35

6.49

6.90

7.50

0
2.00
0
2.00
0
2.00
4.32
4.81
0
2.00
4.32
0
2.00
4.32
4.81
0
2.00
4.32
4.81

4.32
2.32
4.81
2.81
6,35
4.35
2.03
1.54
6.49
4.49
2.17
6.90
4.90
2.58
2.09
7.50
5.50
3.18
2.69

83 ~5
17+5

~ ~ ~

~&11~2
~ ~ ~

38 +2
62 ~2(3(6

100 100

85 ~5 80 ~7
15~5 20~7

65 ~3
35 +3
(4

88 &3
(2

12 &3
)80 89~3
&20 &2
&20 11a3
&20 &3

25~5
75 &5

&5
&3

100
&'2

83 %4
17~4
65 ~3
35 ~3

89 +2 89 &2
(2 &2

11~2 11&2
89 &3

&2
11%3(3
36~2
64~2
(3(3

a Present work.
b P. F. Donovan, J. V. Kane, R. E. Pixley, and D. H, Wilkinson, phys,

Rev. 123, 589 (1961).
e R. M. Freeman, Nucl. Phys. 37, 215 (1962).
d M. L. Roush, A. A. Jaffe, A. S. Figuera, and W. F. Hornyak, Bull. Am.

Phys. Soc. 9, 55 (1964); Nucl. Phys. (to be published).
e D. W. Braben, P. J. Riley, and G. C. Neilson, Can J. Phys. 41, 784

(1963).
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results of Ferguson, et al. ' and Green, Stephens, and
Willmott. ' In C' the only discrepancy is in the in-
tensity ratio (7.50 —+ 2.00)/(7. 50 ~ 0). In this case
we obtained (46&5)% and (36&2)% for the 7.50 —+ 0
branch from the 3-crystal spectra, (Table II) and the
magnetic spectrometer results, respectively. The
average is (38&2)%.This is to be compared to the only
previous result" of (25&5)%.

Lifetime Limits for the Bound Levels of B"and C"

The relative energies of most of the gamma-ray lines
observed in 3-crystal pair spectra such as those of
Fig. 5 can be determined to better than 10 keV by
computer analysis if a careful calibration of pulse height
versus energy is made. In the present work such a cali-
bration was not made and a small nonlinearity in the
response of the detection system introduced uncertain-
ties of about 0.5% into the energy measurements.
Nevertheless it was still possible to study the va, riation
of energy of a given gamma-ray line as a function of the
angle of detection since in this case the nonlinearity
drops out to first order. Such a study was made in the
present work in order to gain information on the life-
times of the bound states of 8"and C" from determina-
tions of the Doppler shifts of the various transitions.

The method used. was to adopt the 8"8.92 —+0
transition as an energy standard and to calculate the
energies of the other transitions relative to it for all
Ave angles of observation. All transitions were assumed
to have an energy dependence on the angle of detection
(8) given by

E~(0)=E~(90')+DE. ~&Pi(coso), (1)

where P& (cosg) is the first Legendre polynomial (=—cose),
and AE, pt, is the Doppler shift which is a function of the
kinematics of the reaction (including the unknown
angular distribution of the reaction products) and the
lifetime of the emitting level. For the 8"8.92 —+0
transition AE, ,t, was taken to be 96 and 70 keV for the
Be'+He' and BM+d reactions, respectively. These
values are those calculated for the kinematics of the
respective reactions with the outgoing protons assumed
to have an average center-of-mass angle of 70' to the
beam axis in both cases. The assumed value for the
average center-of-mass reaction angle is somewhat
arbitrary; its ]ustihcation lies partially in the con-
sistency of the Anal results and partially in past ex-
perience which indicates that reactions of the type in-
volved here almost always have angular distributions
which correspond to average reaction angles in the
range 50'—90'.

The 8.92 —+0 transition was chosen as the energy
standard not only because it was the most energetic
transition observed, but also because the 8.92-MeV
level is known from the Li'(n y)B" results"' to have a
"M. L. Roush, A. A. Ja8e, A. S. Figuera, and W. F. Hornyak. ,

Bull. Am. Phys. Soc. 9, 55 (1964);Nucl. Phys. (to be published).

TABLE V. Doppler shift (0'-90') measurements for gamma
rays from 8"and C".

jV jV,.
(MeV) (MeV)

Be'+He'
~&expt
(keV) P

B10+/
~&expt
(keV) P'

8.92
8.57
7.99
7.50
7.30
6.90
6.76
6.49
6.35
5.86
5.50
5.03
4.81
4.46
4.32
3.54
2.93
2.83
2.30
2.14
2.00
3.86
3.68
3.09

B"8.92
B"8.57
B"7.99
C"750
B"730
C"6.90
B116.76
C"6.49
C"6.35
B"7.99
C"7.50
B"5.03
C11 4 81
B"4.46
C11 4 32
B"8.57
B"5.03
C"4.81
B"6.76
B"2.14
C"2.00
C"3.85
C"3.68
C"3.09

(96)
83+15
79&15
62~21
63~13
63~7

66+7
63~9
62a7
52~6
47~8
49~10
45~7
54~13
54~17
36~13
32&7
26~3
24~3

(1.000)
1.02~0.18
0.93a0.17
0.79&0.27
0.82~0.17
0.88~0.09

1.00+0.10
1.05%0.16
1.11~0.12
1.02~0.12
0.98w0. 17
1.15~0.23
1.05~0.16
1.55~0.37
1.91~0.59
1.27~0.45
1.42~0.33
1.17~0.11
1.17~0.13

(70) (1.000)

60a7 1.10~0.14

51~7
50~6

1.01~0.14
1.05~0.12

45&8
32~5
37a4
35~5

1.27~0.22
0.95~0.15
1.18~0.12
1.20~0.18

8&4 0.30+0.16
18&4 0.70~0.16
22~2 1.06~0.08

lifetime very short compared to the stopping time of
nuclei in solids.

The energies of the various gamma, -ray lines were de-
termined at each of the five angles with the energy
calibration fixed by the position of the 8.92-MeV line
and an assumed linear relationship between energy and
pulse height. The uncertainties assigned to the energy
values were those generated by the computer fits to the
pair spectra. A least-squares fit was made to Eq. 1 for
each of the lines. The results obtained for AE pt are
listed in Table V. The uncertainties assigned to the
DE, pt, are those determined by the computer fit to
Eq. (1).

From inspection of Table V it can be seen that all
the bound levels of B"and C" (save the B"6.81-MeV
level for which no information was obtained) decay by
one or more transitions with nonzero Doppler shifts.
Thus all these levels have lifetimes shorter than, or
comparable to, the stopping time of 8" and C" nuclei
in the targets used.

In order to set lifetime limits on the bound states of
8" and C" from these results we estimate the expected
Doppler shifts for very short lifetimes in the same
manner as we did for the 8.92 —+ 0 transition; that is,
from the kinematics of the reaction assuming a mean
value of 70' for the reaction angle of the outgoing
nucleon. This method is not correct for transitions
which originate from excited states fed by gamma-ray
cascades from higher states; however, the uncertainty
from this source of error is, for our purposes, small
enough to be ignored. The measured hE, p& were divided
by the calculated AE to produce an estimate of the
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B" and C" stoppillg in either target so thato that the limit
I"'&0.5 corresponds roughly to r(5X10—10 " sec. This
then is the limit we adopt for all the bound levels of B"
and C" save the B"6.81-MeV level.
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, D. E Alburger and D. H. Wilkinson, Phys.» E.K.. glarburton, D. . urge,

-d A E L-th-l-d Can J24 J. J. Simpson, M. A. Clark, an . . i
Phys. 40, 769 (1962).

IV. INTERNAL PAIR MEASUREMENTS

A. The Syectra of Internal Pairs

The s ectra of internal pairs emittees ' ' ' dfrom8" and
C" were studied using the Brookhaven magnetic-lens

I

C 690~0

Bit 7ZO 0

s ectrometer since ethe dependence on transition energy
I- B"6.840 I

I 8 892~0(exp. )

of interna, pair pro uc i8 6.78~0

nt difference is
S 8.57~0

ex erna, l @air production. The inlpor a
(exp.)

0 ~ ~

ma netic s ec-
8' 7.99~0

that the resolution obtained wit t e g
C 7.50m0

trometer was varied between 1.rome 6 and 3 full width
at half-maximum (FWHM) as oppose od to a fixed valueIOO

ofa oub t 4z for the 3-crystal pair spectra.
-e'at

I I I I I I I I I I I + i ~ I I

The spectrum o if internal air lines from e - e a
~ ~ ~.b.mb-dn, "-„.f 3 M.v "h-- -.F,

e Cii 7 50~0 transjtj
f

'
t al pairs from levels of B" and C

B"and Be (He', e)C" reactions. The'""""'"'"'"'"""''" d.:-:""f32MV- h ~ --1---a

~ ~
'd ntified h the energiesof 1.95%%u. The various peaks are i en i e y'

l nd final levels of the nucleus between
lated e ected positio s of The br&nc in ra jowhich the transitions occur. The calcula p

at aid in disentangling the pa, ir spectra, . orwere a grea, ai
' ' ' . ectra, . oimediate-image spectrometer (as compared

le the known branching ratios of theair s ectrometer as illustrated examp e e n
d the M V 1 '1 t' 'ther 'th thence of the B» 6.81 —+ 2.14 transition an e e

t sisalsot e . 0-M V» 68y 2 y4 transition allowed an estima, e o
ansition is readily apparen, as is

B
~ ~

C"(8 ' p)N" reaction. Note that
ribution o t ef h B 681~0 transition to the un-normalization is obtained for the data plotted con

"6.90~ 0 transition isin (a) and (b), since the measuremen s were m

t mber. Similarly, the contribution
t Be' tar ets.

the most prominent mern er.
of the 8"8. —+ . r2 14 transition to the unresolved

b the C" 6.35 —&0 transition wasn factor F', which is unity for triplet domina, te y eDoppler shift attenuation actor, w i
h rt lifetimes and 0 for very long lifetimes.

1 beled N'45. 10—& 0 in Fig. 6 arisese ' ' '
le V have amean value The transit~on a e e . ' ' . s

f 28f ll N 23' 0,,„;;„P.,
ibution about the mean w ic is

The contribution
h

con
f ther than one standard deviiatjon from unity

b t' ated from the intensities of these tw
~ ~ ~ '0ver short lifetimes. The could e estima e r

k" on the
suming all the levels have very s or

ing results from previous wor~ on ean P' value strongly inconsistent pair ines using ry r
85 —& 0 transition an t e e,

B'o d at
wjth ullity is the C 3.85

A tial internal pair spectrum from"to have a lifetime corn- par ja in
' . 7. Thisarable to the stopping time of the C""recoils. 3.0- e om

was recorded at a resolution of 1.65%
para e o

is of these data we adopt the spectrum was recor e
ontribution of

To simplify the analysis o

(FWHM), and shows more clearly the con risinge imi

vaiious transitions o

together with the results presented in Secs. H an
C

' ' ' 'Ul to estimate quite accurately the relative" nuclei in it was possl e o es im.
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991 1956 .' D. E. Alburger, Rev. Sci. Instr. 27, 9"D.E. Alburger, Phys. Rev. 111, 1586 (1958)~' D. E. Alburger, Phys. Rev. 118, 235 (1960),
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B. Internal Pair Correlation Measurements

Theory

1 ""I' ~—ad++co'/2

J„(p),h) =— dip+
—(o'/2 —fd 2

sln2" (p/2)dp

, I:d- +sin'(( /2))'
(3)

For brevity, it is convenient to define the quantity

X((p,a) —=

" ("'") tan '(~y)dy

tM). (h/2)

tan((o")')) tan-) (gy)dy
0

tan(~'/2) 1+y

The utilization of the intermediate-image spectronie-
ter for determining the multipolarity of electromagnetic
transitions between nuc1ear states has been described
in some detail previously. ""VVe wish here to consider
additional theoretical calculations which were employed
in the interpretation of the present experiments.

To recapitulate: Positron-electron pairs emitted from
the source region at a mean angle a with respect to the
spectrometer axis are focused by the axial magnetic
fie1d of the spectrometer to a finite-size image at the
opposite image position, where they are detected in two
opposed hemi-cylindrical detectors operated in coinci-
dence. By means of a spiral baRe located just after the
annulus at the intermediate image, the positrons and
electrons are limited to different ranges of azimuthal
angles as determined by the respective sector angles
++ and ~ . Referring to the emissioe plane, this cor-
responds to restricting the positrons to the range of
azimuthal angles P+ given by —(p/2~&@+~&(p/2 and
correspondingly for electrons x.—(p/2 ~& @ ~& m+ p)/2.
Removing the bafQe has been shown to be equivalent
to letting p)/2-+ m/2. By measuring, for a given pair
line, the Net coincidence counts with bafHe in (F;„)and
the net coincidence counts with baffle out (F',„() one
determines the experimental ratio R„'=P; /Y. „&. The
relationship between E„' and the multipo1arity of the
transition has been given previously for the case where
the meae azimuthal angles p~ and p are, as indicated
above, different by exactly z, i.e., (p —g+)=m. We
here indicate the extension of this calculation to the
case (Q= Q+) =++6 where 6 expresses the deviation
from precise symmetry in the emissioe plane.

The necessary relationships and notations are given
in Eqs. (1) through (10) of the previous presentation. "
BrieRy, the dependence of the theoretical ratios E„'
upon the spectrometer geometry is contained in the
function I„((p,n) = L(1/27r) (sin'-"—'n) jJ ((p). Since the
expression in square brackets depends only on the emis-
sion angle 0., it is suKcient here to examine the changes
wrought in J„((p) by the inclusion of the term 6 to give
the function J„((p,h). Referring to Eq. (8) of Ref. 15
and using the limits of integration on p+ and p implied
above, the general expression for J„((p,h) becomes

600—

500—

l

C" 6 49~0

B
l0

Ed = 5,0 MeV

400—
O
O
O
O

300—
O

P 200-
(

B'l 8.57 ~2.14
(exp, )

8"6.76 0

' Bll

l 00—

0
l l.5 12 125 15 lg

COlL CURRENT SETTlNG

FIG. 7. Partial spectrum of internal pair lines from levels of8" and C" populated by 3.0-MeV deuteron bombardment of a
8' target, indicating possible contributions from other lines to the
( "6.49 —+ 0, 8" 6.76 ~doublet. Data such as these were used
to estimate the possible inhuence of weaker unresolved lines on
the values of A„measured for the various stronger lines of the
spectrum.

13.5

J ((p,A)=-
2Ã o&'/2 +-a)'/2

cos'" 4(y/2)dq

—(2/d) J„(((p,&)—(1/d') J p(p), A) . (7)

In the above equations we have defined cu'—=&—5,
(p"—=(p+d, and g=—(2+d)/d. The other quantities have
been defined previously. " Note that for 6—+0 the
second integral of Eq. (4) also goes to zero, and we have
remaining the term given previously for the case of sym-
metric emission sectors. Similarly, for 6=0, co'=co"=co,
and Eqs. (5) through (7) reduce to those given pre-
viously for J„((p).

It was previously asserted" that the effect of making
5&0 could be simula, ted by assuming a value for w

The solutions for J„(pp,h) are then given as

2 d2

Jp(p), h) = Jp(27r) X(pp,—h) ——
X2 ~ (d+1)

g+ cosk
gin (5)

I:(g+c»~') (g+cos~")3"'
2

J(((p,h) =—J)(27r)X((p,h) +-
%2 x (d+1)

g+ coshyln— , (6)
I (g+ cos(p') (g+ cos(p")j')'

and the recurrence formula for e~& 2,
p++~I I/2
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TABLE QI. Summary of experimental calibration ratios R„' and the corrected ratios R„obtained in the present work
and the R„obtained with previous ba6le systems (Refs. 15 and 16).

Transition

C"3.09 —+ 0
Be"3.37 —+ 0
Li' 3.56 —+ 0
C'3 3.85 —+ 0
C'2 4.43 —+ 0

Bem 5.96 —+ 0
0~6 6 06 ~ 0
N'4 6.44 —+ 0
'N'5 8.31 —+ 0

Multipolarity

E1
E2
3f1
3I2
E2
E1
EO
E2
E1

R Qi

(present work)

0.179~0.005
0.129&0.003
0.093~0.003
0,057~0.002

0.098&0.003
0.256~0.003
0.080&0.004
0.071&0.002

R„
(present work)

0.179~0.005
0.126~0.004
0.093~0.003
0.056~0.003

0.098~0.003
0.267~0.005
0.068~0.004
0.071~0.002

R„
(Ref. 15)

0.185&0.008
0.130&0.004
0.092~0.002
0.056+0.005
0.097~0.005
0.102~0.003
0.265~0.005

R„
(Ref. M)

0.178&0.006
0.130~0.004
0.104~0.003
0.063~0.003
0.097~0.003
0.112~0.002
0.264~0.003
0.082~0.006

somewhat&~larger than the measured geometric sector
angle, Calculations made using the above equations
serve to verify this assertion. The principal advantage
to be gained from including 6 explicitly in the ca]cula-
tions is that it reduces the number of free parameters
available for fitting the experimental calibration data,
since n, co, 2 are all geometrical constants which have
been measured and can be constrained to assume only
those values allowed by the uncertainties in their meas-
urements. The only remaining parameter needed to
represent the theoretical R„' is the normalization factor
C(co) which expresses the variation in experiinental
efficiencies for the I';„and V,„» measurements, " and
this parameter, which is essentially geometrical, is also
constrained to vary within the limits allowed by the
experimental uncertainties in its measurements.

For the present baffle system we find from geometrical
measurements: ~= (108+2)', a= (45.7&1)' and
6= (26&10)'. The efficiency ratio C(&u), is determined
from the ratio of solid angles with and without baffIe
and from the ratio of singles counting rates with and
without baffle. We find C(Qi) =3.75&0.20.

Culibratioe Meusuremerlts

In order to calibrate the spectrometer for further
studies of nuclear transitions of unknown multipolarity,
we have remeasured experimental ratios E„' for a
number of transitions whose multipolarities are known.
The general procedure has been described previously. "
The results are given in Table VI. The X"8.31 —+0
transition, not included in previous measurements, was
formed by the Ni4(d p)N" reaction at a, bombarding
energy of 3 MeV.

The first column in Table VI gives the nucleus and
the energies (in MeV) of the initial and final states
between which the transition occurs. The character of
the radiation is designated in the next column. The
experimentally measured values of R„' (direct) and R„
(after alignment corrections)" are given in columns 3
and 4.

Values of E„measured previously under somewhat
different experimental conditions are given in columns 5
and 6. A consideration of these results, in chronological
order, serves to elucidate a problem which arose in the

intermedia, te measurements of Ref. 16. The original
spiral baffIe used for the measurements of Ref. 15
employed adequately large baffle blades in a rigid
structure which was then moved in and out of position
for the ratio measurements. The agreement between
measured ratios and calculated ratios was found to be
quite good with this system. However, the procedure
for changing the baffIe position was quite inefficient;
accordingly, a new bafQe system was installed which
could be much more readily moved to the baffle-in and
baIMe-out positions. However, it was noted that the
ratios R„' measured for the calibration lines were
systematically larger than the values measured pre-
viously, the effect being greatest for large transition
energy and/or small R„'. This may be seen from the
results given in columns 5 and 6 of Table VI.

An investigation of this feature, which prompted the
additional calculations described here, led to the con-
clusion that the observed deviation did not arise from a
changed geometry, since a, co, 6 were essentially the
same for the two baSe systems. However, it was noted
that the effect could be produced by a, small "leak
through", i.e. , the bafme was not 100%% eKcient in
stopping particles of the wrong sign. It was subse-
quently noted that the new baSe blades were indeed
smaller than those of the original rigid baSe. Accord-
ingly, the blade size was increased to correspond to the
size obtained for the original bafIIe, and the calibration
measurements were repeated. The results are found to
agree with those obtained previously in Ref. 15 and
indicate little, if any, "leak through".

The value of E„given for the 0"6.06-MeV Eo line
in Table VI is about 4% higher than the measured
value, 8„'. This increase was made in an attempt to
compensate approximately for such processes as scat-
tering of electrons (and positrons) in the target, target
hoMer, baffle system, annulus, etc., and an expected
small dependence of C(o&) on R„(l) These effects a.nd
several others which are expected but which are not in-
corporated in the theoretical calculations all tend to
decrease the separation between the R (l) for diA'erent

l (multipolarity) and can be partially accounted for by
raising R„(EO) since it is separated appreciably from
the other R„(l). The 4%%uo by which the experimental
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value for R„(EO) was raised is our estimate of the
accumulated e8ect of these processes on the separation
of R(EO) from R(E1) for 6-MeV transitions.

The results of the present calibration measurements
are shown by the open circles of Fig. 8. The solid curves
are those calculated from Eqs. (3) through (7) with
a=44', co=108', 6=31', and C(cu)=3.78. The values
of these parameters are all within the experimental
uncertainties of their measurements except for n which
was measured geometrically to be (45.7&1)'. The
spectrometer accepts positrons (and electrons) falling
within a range dehned by n~An. For the maximum
transmission —at which almost all measurements of
R„' have been made —An is 6'. Since the coincidence
efficiency of the spectrometer rises rapidly with de-
creasing n, the effective value of n will be somewhat
smaller than the geometric mean; about 1 or 2 deg
smaller for An 6'. For this reason ve took 0.=44'
instead of 45.7'.

The procedure used to fit the theoretical curves for
&„(i) to the calibration points (Table VI) was to fix n
and cv at 44' and 108', respectively, and to vary 6 and
C(co) for the best fit with both constrained within the
measured values, i.e., d =26&10', C(&o) =3.75&0.20.

A good 6t, which is shown in Fig. 8 was obtained for
6=31' and C(a)) =3.78.

Measurenseels of E„'for Trorlsitioes ie 8" ond C"

The solid points with error Rags shown in Fig. 8 are
the R„measured for transitions in 3" and C". The
measured values are also listed in Table VII. These
measurements were made with either the Be'+He'
reactions or the B"+d reactions using the same con-
ditions as were used in making the 3-crystal pair spec-
trometer measurements. In all cases the alignment
correction" was negligible but introduced a further
source of error into the R„extracted from the R„'.

As in previous work"" the identification of E1 tran-
sitions is straightforward and unambiguous. Seven E1
transitions were observed. Also, as discussed in the next

TAmz VII. Summary of the experimental ratios R„ for
transitions in B» and C».

0.40

EO

0.20

0.0 I

0.08

0.06

0.04—

0.02—

0.0 I
I

E4~~M4
I l l

2 5 4 5 6 7 8 9 IO
TRANSITION ENERGY (MeV)

I ro. 8. Experimentally measured ratios R„.plotted as functions
of internal pair transition energies. The open circles present the
results of calibration measurements for transitions of known
multipolarity, as summarized in Table VI, while the curves show
the theoretical values calculated for transitions of multipole order
ranging from EO to M4 and normalized as explained in the text.
The results of the present measurements for transitions in B» and
C", as summarized in Table VII, are shown by the solid circles.
The designation of seven of these transitions as being E1 in char-
acter is readily suggested by the correspondence between the
measured values and the calculated E1 curve.

V. DISCUSSION

section, the identification of the 8"8.92 —+ 0 transition
as I is unambiguous when the present results are
combined with previous work. '

The remaining seven transitions could be 3I1,E2
mixtures or E1,3f2 mixtures from present evidence
alone; and the four lowest energy transitions shown in
Fig. 8 could also be E3 or a mixture of M2 or E3.

These transitions will all be discussed in Sec. V. The
most likely multipolarity for the fifteen transitions as
concluded in that section are listed in the third column
of Table VII. In the fourth column is listed the maxi-
mum intensity ratio, x, of quadrupole radiation in the
predominantly dipole transitions and 3f1 radiation in
the predomirIantly E2 transitions. These limits on x'
correspond to one standard deviation from the meas-
ured values of R„. The procedure for obtaining these
limits has been described previously. "

Transition

C» 4.32 —+ 0
B»446~0
C»4.81 ~0
B» 5.03 —+ 0
C» 7 50 ~ 2 00
B» 7.99 —+ 2.14
C» 6.35 —+ 0
C»6.49~0
B» 6.76 —+ 0
C» 6.90 —+ 0
B» 7.30 —+ 0
C»750 —+0
B» 7.99 —+ 0
B»8.57 ~0
B» 8.92 —+ 0

0.074~0,007
0.079~0.005
0.073~0.014
0.064~0.012
0.104~0.007
0.101~0.010
0.088~0.006
0.068~0.004
0.067~0.007
0.091~0.005
0.078~0.004
0.083a0.009
0.083~0.007
0,050&0.004
0.036~0.002

351
3f1

3f1,E2
3I1,E2

E1
E1
E1
E2
E2
E1
E1
E1
E1
E2
3f1

~ ~ ~

0.3
0.4
0.4
0.2
0.4
0.1
0.3
0.4
0.2
2
0.7

Mu1tipolarity x'(max)
A. Synthesis with Previous Results

Our final conclusions regarding the gamma-ray decay
schemes and spin-parity assignments of the bound levels
of 8" and C" are collected in Figs. 9 and 10. The
gamma-ray branching ratios are taken from Tables III
and IV. The spin-parity assignments are obtained by
combining previous work (Fig. 1) with the evidence
presented in this paper, the interpretation of which we
shall now discuss level by level.

The 8" P.19-iVeV Level

The information that we obtained on the J = —,'+,
B"9.19-MeV level was that I'~/I'=0. 1 0,05+". Values
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B"9.19-MeV level with the branching ratios' of 83%
and 13% for the 9.19—+ 4.46 and 9.19~6.76 transi-
tions, respectively, gives E1 transition strengths of
about 0.7&10 ' Weisskopf units for both. These seem
quite reasonable. The 9.19—& 0 transition is reported'
to be 45% E3 and 55% M2. If so, the ground state
radiative width of (0.27+0.09)XIO ' eV, which is ob-
tained from F~=0.3 eV and a ground-state branching
ratio' of (0.9&0.3)%, corresponds to 3f2 and E3
strengths of (0.3&0.1) and (78&26) Weisslcopf units,
respectively. The latter is indeed quite large. lt may be
that the intensity and angular-distribution measure-
ments' for the very weak 9.19—+ 0 transition are liable
to an uncertainty from the summing of cascade transi-
tions. Note that the difficulty in explaining this large
Ji3 strength is independent of the present measurement
of r,/r.

The 9.19-MeV level is reported' to be formed by the
capture of f-wave u particles in the Li"(a,y)Bu reaction.
A value of 2.8 eV for I' corresponds to about 4% of the
Wigner limit for a reaction radius of 5)&10 "cm. This
seems a reasonable figure.

Qt $F 3/2 ~

FIG. 9. Level scheme of B" showing spins, parities and decay
modes of those levels studied in the present experiment. The
various assignments and branching ratios are obtained as a syn-
thesis of the results of this experiment with those reported from
other sources, as explained in the text. Uncertain or less likely
assignments are enclosed in parentheses.

of r,r /F have been obtained for this level by means of
the Li'(rr, y) B" reactions. ' "" Averaging the three
values gives F F /F=0. 275 eV. Combining this with
our measurement of r~/r gives,

F =2.8 g
+"eV)

F~=03—O. os+ ' eV
F—3 eV.

T,= (2.2 s s+"')X10 "sec,

The 9.19-MeV level is reported to have a ground-state
branch of 0.9% so that rr(g. s) =0.3X10 ' eV.

From resonant absorption of gamma rays in B",
Meyer-Schutzmeister and Hanna" found 7&~100 eV
and (2J+1)r~(g.s.) =0.8 eV for the B"9.19-MeV level.
Their limit on the total width is in agreement with the
present results but their value for (2J+1)r~(g.s.)
disagrees with the value given above by a factor of
about 30. Note that a radiative width of 0.1 eV for a
~+~ ~ 3f2 transition would correspond to about 20
Weisskopf units'0 which seems prohibitively large.

Combining a radiative width of 0.3 eV for the

' W. F. Bennett, P. A. Roys, and B.J.Toppel, Phys. Rev. 82,
20 (1951).' L. Meyer-Schiitzmeister and S. S. Hanna, Hull. Am. Phys.
Soc. 3, 188 (1958).

30 D. H. Wilkinson, in Nuclear Spectroscopy, edited by F. Ajzen-
berg-Selove (Academic Press Inc. , New York, 1960) Part B,
p. 852 ff.

The 8"8.M-MeU Level

From a study of the Lir(n, y)B" reaction, Green,
Stephens, and Willmott' found that the B"8.92-MeV
level has J =-,'+, -',+, or —,

' with the 8.92 —+ 0 transition
96%E1 plus 4% M'2 or pure M2 for the -', + assignment,
98% E1 plus 2% M2 or pure M2 for the ss+ assignment,
and M1 with a 0.6% E2 admixture for the ss assign-
ment. Our ratio measurement of this transition clearly
rules out the —,'+ and —,'+ alternatives but is in good agree-
ment with the J =as alternative (see Fig. 8 and
Table VII) which we therefore adopt for the B"8.92-
MeV level.

With the 8"8.92-MeV level established as ~5
—the

discrepancy between the B' (d,p)B" stripping results
of Hinds and Middleton" and of Pullen and Whitehead"
and the Be'(He', p)B" double stripping results of Hinds
and Middleton" on the one hand and the B"(d,p)B"
stripping results of Bilaniuk and Hensel" on the other
is resolved in favor of the former measurements which
indicate odd parity for the B"8.92-MeV level.

We obtained a lower limit of 0.84 (two standard
deviations) for F~/r for the 8.92-MeV level. This limit
can be combined with measured values of F„F /I' for
this level to give a value for F and lower limits for
r~ and F=F +r~. The reported values of (2J+1)
Xr&r /F obtained via the Li'(n, y)B" reaction are
0.16 0.1 ' and 0.18' eV. There is also a reported value
of 0.036 eV,"which we reject as inconsistent with the

8I D. J. Pullen and A. B. Whitehead, Proceedings of the Inter-
national Conference on Nuclear Structure, 1960, edited by D. A.
Hromley and E. W. Vogt (University of Toronto Press, Toronto,
1960), p. 40.

3' S. Hinds and R. Middleton, Proc. Phys. Soc. (I.ondonl 75,
754 (1960).

~ H. Warhanek, Phil. Mag. 2, 1085 (1957).
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other three. The average of the three measurements is
0.15 eV, and taking J=-,' gives I',I',/I'=0. 025 eV.
Combining this value with our limit I'~/I') 0.84 gives,

7.50 —;;

C5/2 +

0.025 eV& F &0.03 eV

I"~~&0.15 eV, v. &4.4)&10 "sec
P~&0.18 eV.

6.49
6.35

+t +I ~ gl +I

v —co w u)(g Y)

3/2, 5/2, 7/2
(~ 5/2 +

According to Jones et at. ,
'8 the u-particle width repre-

sents the reasonable figure of about 3%%uo of the Wigner
limit for d-wave n particles. The ]ower limit on the
radiative width corresponds to lower limits on the M1
transition rates of 0.95)&10 ' and 0.4)&10 ' Weisskopf
units for the 8.92 —+ 0 and 8.92 —& 4.46 transitions, re-
spectively, and 1.3)&10 ' Weisskopf units for the E2
component in the 8.92~0 transition, taken to be
0.6%%uo E2.' These limits on the transition rates are con-
siderably lower than the average speeds in light nuclei
which are about 0.15 and 5 Keisskopf units for M1 and
E2, respectively, "and it seems therefore quite possible
that I'~/I' for the B"8.92-MeV level is considerably
closer to unity than 0.84.

4.8l—
4.32

2.00

+I

& 0

g 5/2, (7/2)

3/2, 5/2

The 8"8 57-Me V Level

The value of R„obtained for the 8.57 —+ 0 transition
indicates an M1,E2 mixture or an E1,3f2 mixture. This
transition can be pure E2 but not pure 3f2, thus the
limits on the spin-parity assignment of the 8.57-MeV
level from this measurement alone are J ~& ~+ or ~& ~ .
If the 8.57-MeV level were —,

' then the 8.57~ 2.14
transition would be a 3f3,E4 mixture. This is not
allowed by the lifetime limit, v(5&10 " sec, which
would correspond to a lower limit on the 3E3 strength
of about 5000 Keisskopf units. Thus the present results
demand J&~ ~5.

An M2 admixture of the size demanded by the meas-
urement of E„ if the 8.57-MeV level has even parity
seems quite improbable while the N1,E2 mixture seems
quite reasonable. Thus our results give a strong pref-
erence for odd parity and we assign the B" 8.57-MeV
level J ~&2( &.

An odd parity assignment to the 8.57-MeV level is in
agreement with the Be'(He', p)B" double-stripping
results of Hinds and Middleton" who reported an
intense L=O stripping pattern to the 8.57-MeV level.
However, the odd-parity assignment is in disagreement
with B"(d,p)B" stripping results"" which indicate
l„=2 formation of the 8.57-MeV level. This discrepancy
and the analogous one for the 8"8.92-MeV level,
already discussed, illustrate the difFiculty of making
rigorous spin-parity assignments from plane-wave
analysis of single and double stripping reactions.

The 8" 7.H- arid C" 7.50-3IIet/ 3Arror Levels

The ground-state decays and 6rst-excited state
cascades of the B"7.99- and C" 7.50-MeV levels are all

0 1I

3/2
C

FIG. 10. Level scheme of C" showing spins, parities and decay
modes of those levels studied in the present experiment. The
various assignments and branching ratios are obtained as a
synthesis of the results of this experiment with those reported
from other sources, as explained in the text. Uncertain or less
likely assignments are enclosed in parentheses.

predominantly E1." This fixes the parities of both
states as even, confirms the odd-parity assignment of
the B"2.14-MeV level and fixes the parity of the
C" 2.00-MeV level as odd.

Various investigations" of single and double strip-
ping reactions forming the mirror levels at 7.99 MeV
in B" and 7.50 MeV in C" have all shown small cross
sections and practically isotropic angular distributions.
Thus there is no information on the parity of these
states from this source.

Both the B"7.99—+ 2.14 and C" 7.50 —+ 2.00 tran-
sitions were observed to have nonzero anisotropies (see
Table II) so that both the B"7 99- and C" 7 50-MeV
levels have J)~. Since the B"2.14-MeV level has
J =-,'- and the C" 2.00-MeV level has J = (-,')—,the
B"7.99-MeV level is fixed as J' = 3~+ and the C" 7 50-
MeV level is J = (-,')+, with J~=-,'+ the only other pos-
sibility for this C" level.

The theoretical ratio of the a~ coeKcients in
W(8) = 1+a2p2(cosg) for a ~ ~ ~ transition and a
~ ~ —,

' transition is given by"
c2($,2) 0.4—1.5492m, — 1+g2'-

(8)
ag(-', ,—',) 0.5+1.7321x,+0.5xP 1+gP

'4 A preliminary report of the results for the B"7.99-MeV level
has already been made (see Ref. 5).

3~ A. R. Poletti and E. K. Warburton, Phys. Rev. 137, 8595
(1965).
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where x~ and x~ are the amplitude ratios of M2 to E1
radiation in the ~ ~ ~ and ~

—+ —,'transitions, respectively.
Thus, if both the —,

' —+ ~ and —,
' —& —,

' transitions are pure
E1 the expected ratio is —0.8. From Table II we obtain
—(0.7~0.4) and —(0.9&0.8) for the ratios a~ (7.99—& 0)/
a&(7.99~2.14) and a&(7.50~0)/a&(7. 50~2.00). Thus
the 8" 7.99- and C" 7.50-MeV levels both decay by
gamma-ray transitions which are consistent with pure
E1 radiation and the most probable spin assignments to
the C" 7.50- and 2.00-MeV levels. Since significant ad-
mixtures of M2 radiation are not likely the preference
for these spin assignments is strengthened.

Morpurgo" has shown that if charge symmetry is
obeyed and Coulomb interactions are neglected then
E1 transition rates between analog states in mirror
nuclei are identically equal. All available evidence
indicates that the 8" 7.99- and C" 7.50-MeV levels are
analog states as are the 8"2.14- and C" 2.00-MeV
levels. Thus this prediction applies to the transitions
discussed here. This means that the intensity ratios
R(B")=I(7.99 —+ 2.14)/I(7.99 —+ 0) and R(C")
=I(7.50 —& 2.00)/I(7. 50 —+0) should be nearly equal
since the energy ratios 7.99/5. 85 and 7.50/5. 50 are
practically identical. In actual fact the ratio R(C")/
R(B") extracted from Tables III and IV is 1.57&0.18,
rather far from unity. However, we believe a more
accurate value for this ratio comes from the magnetic
pair spectrometer measurements alone, rather than the
averages of all the branching ratios, since in these
measurements we obtained R(8") and R(C") simul-

taneously under the same experimental conditions so
that systematic errors cancel to erst order in the com-
parisons of these two ratios. These measurements give
R(C")/R(8")=1.34&0.13, closer to unity but still
signiIIicantly diQerent from it.

Morpurgo" estimated that the effects of Coulomb
interactions on E1 rates in the region of mass 11 could
be, on the average, about 4% for each transition. This
estimate is highly model-dependent and only serves to
indicate the possibility of large Coulomb corrections.
Thus corrections to R(C")/R(8"), which involves four
transitions, could be large enough to explain the de-
parture of this ratio from unity. Note that the Coulomb
corrections to weak transitions can be appreciably larger
than this estimate" and the fact that the cascade transi-
tions to the first excited states compete so well with
the ground-state transitions indicates that the latter are
most likely weaker than average.

This situation has been discussed previously" from a
different point of view.

The 8" 7.30- and C" 6.90-MeV Mirror Levels

The 8" 7.30~0 and C" 6.90~0 transitions are
both predominantly E1 so that both these levels have
~ ~&-:+.

The Be~(He', p)8" reaction feeds the 8" 7.30-MeV

'6 G. Morpurgo, Phys. Rev. 114, 1075 (1959).

level weakly3' and gives an angular distribution which
cannot easily be interpreted by plane wave stripping
theory. The 8"(d p)8" reaction"" which also feeds the
7.30-MeV level weakly, gives a slight preference for
l = 2 and thus even parity for the 8"7.30-MeV level
in agreement with present results. The 8"(d,p)8" re-
action feeds the C" 6.90-MeV level weakly. ' '" The
angular distribution in this reaction has been inter-
preted" to indicate l„=1 and thus odd parity for the
6.90-MeV level in disagreement with the present results.

As indicated in Fig. 1 the Bii 7 30 and Cii 6.90-MeV
levels are almost certainly mirror levels. However, if
both these levels decay by nearly pure E1 transitions
as expected, then the branching ratios given for them
in Tables III and IV are in very poor agreement. If we
carry over the branching ratios for the 8" 7.30-MeV
level (Table III), suitably adjusted for the energy dif-
ferences between the mirror transitions, we obtain pre-
dictions of (5&1)% and (6&1)% for the 6.90 —+4.32
and 6.90 —& 4.81 branches, respectively. Here we have
taken the two final states in C" to be mirrors of the
8"4.46- and 5.30-MeV levels. These branching ratios
are to be compared to" (11&3)%and (3%, respec-
tively (see Table IV). Since we have checked our results
for the decay of the 8"7.30-MeV level by two reactions
(Table I), a repetition of the measurement for the
C" 6.90-MeV level would appear to be worthwhile.

An assignment of ~+ to the 8"7.30-MeV level can be
shown to be quite improbable from a consideration of
the 7.30~ 4.46 transition. If this transition were pure
M2, then the M2 transition rate, obtained by combining
the lifetime limit v.(5)&10 " sec with the branching
ratio for this transition, would have a lower limit of 5
Weisskopf units. Since such a large M2 rate would be
quite surprising, the 8"7.30 —+ 4.46 transition is
probably not ~+ —& ~ . This argument is considerably
strengthened by the 8"(y,y)8"results of Seward" who

observed gamma-ray peaks with energies of 4.4, 5.0,
7.3, and 8.8 MeV in the resonant scattering of gamma
rays from 8".The two lower peaks and the upper one
are presumably associated with the 4.46-, 5.03-, and
8.92-MeV levels all three of which have mean lifetimes
of about 5)& 10 "sec or shorter. ' ' Since the cross section
for resonant scattering from the 7.30-MeV level appears
to be comparable to that for these three levels it would

appear to have a life time considerably shorter than
5X10 " sec, in which case the 7.30~ 4.46 transition
is certainly not M2.

The 8"6.N- arid C" 6.35-MeV Mirror Levels

The C" 6.35~0 transition is predominantly E1 so
that the C" 6.35-MeV level has J ~& —,'+. The 8"6.81-
MeV level was populated quite weakly in both 8"+d
and Be'+He' reactions, and its decay modes were not

'7 A. N. James, A. T. G. Ferguson, and C. M. P. Johnson, Nucl.
Phys. 25, 282 11961).

38 E. D. Seward, Phys. Rev. 125, 335 (1962).
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studied. However the beta decay from Be" to both the
8" 7.99- and 6.81-MeV levels is allowed' ' so we can
use the J =-',+ assignment given to the 8" 7.99-MeV
level to fix the Be" ground state as J ~&2+ and the
8"6.81-MeV level as J"~&—',+. Since both the 8"6.76-
MeV level and the C" 6.49-MeV level have odd parity
(see Fig. 1), the B"6.81- and C" 6.35-MeV levels
almost certainly form a mirror pair. The decay modes of
these two states are consistent with each other (Figs. 9
and 10).

The angular distribution of the Be'(He', p)B" re-
action to the 8"6.81-MeV level is reported" to favor
L=1 transfer and thus even parity and J~& 2 for the
6.81-MeV level —the same choice as indicated above.
The B"(d,p)B" stripping reaction forms the 6.81-MeV
level quite weakly and gives no information as to the
spin-parity of this level.""Likewise the B"(d,e)C"
reaction' ' " and the B"(He', d)C" reaction' leading to
the C" 6.35-MeV level have relatively small cross
sections and do not give recognizable stripping patterns,

As noted in Fig. 1, the decay modes of the 8"6.81-
MeV level favor J =-,'+ or —,

'+ for this level, primarily
because the 6.81 —+ 2.14 transition would be M2 or E3
for J"=~+ or ~+. The same argument would apply to
the C" 6.35 —+ 2.00 transition (if the C" 2.00-MeV
level is -', as is most probable) if it were shown that the
(35&3)%%u~ branch" from the C" 6.35-MeV level were to
the 2.00-MeV level and not the C" 4.32-MeV level.

The 8" 6.76- and C" 6 49 MeV Mirr-or Levels

Both the 8"6.76- and C" 6.49-MeV levels have
been shown to have odd parity and J~&~ from the
stripping reactions' ' '""' B"(d p)B", B"(d e)C"
and B"(He', d) C". The double-stripping reaction
Be'(He', p)B" does not appear to have a recognizable
stripping pattern. "Our internal pa, ir correlation meas-
urements indicate practically pure E2 for both the
8"6.76~ 0 and C" 6.49 ~ 0 transitions if both initial
states have odd parity thus giving J ~& 2 . The
Li'(a, y)B" results of Green, Stephens, and Willmott'
fix the spin of the 8"6.76-MeV level as J=~. The
8'0(p, z)C" results of James" are consistent with

for the C" 6.49-MeV level but do not appear to
rule out any other possibility except J =-', .

Thus the various experimental measurements give
J =—' and J =2—, 2—,or 2 for the 8"6.76- and
C" 6.49-MeV levels, respectively. All evidence is con-
sistent with these two states forming a mirror pair.

The 8" 5.03- used C" 4.81 MeV Mirror Levels-
The internal pair correlation measurements of the

8"5.03 ~ 0 and C" 4.81 —+ 0 transitions were made
with quite poor statistics (Fig. 8). Since both the
8"5 03- and C" 4.81-MeV levels are known' ' to have
odd parity (Fig. 1), the results serve to limit the spins
of both levels by J &~ ~7 . A more severe restriction is

imposed by the lifetime limit, r(5&&10 " sec, which
rules out the possibility of an Ã3 transition to the first-
excited state in both cases. From this we have J ~& —',

for the 8"5.03-MeV level and most probably J"~& —,
'

for the C" 4.81-MeV level. These results are in agree-
ment with previous work (Fig. 1) which gave J = (—'„—,')
and J ~&—', for the 8"5.03- and C" 4.81-MeV levels,
respectively. The branching ra, tios of this mirror pair
are in good accord (Figs. 9 and 10).

The 8" 4.46- urId C" 4.3Z-MeV Mirror Levels

The ground-state transitions from the odd-parity' '
8"4.46- and C" 4.32-MeV levels are both predomi-
nantly M1 (Fig. 7) so that both levels have J ~&2

This is in agreement with the spin-parity assignment
of —,

' given' to the 8"4.46-MeV level and the range of
values (~3 &~J &2 ) allowed (Fig. 1) for the C" 4.32-
MeV level.

The 8" Z 14- urld C" Z.OO-MeV Mirror Levels

As stated previously, the results for the decay of the
8" 7 99- and C" 7 50-MeV levels confirm the odd
parity of the 8"2.14-MeV level and fix the parity of the
C" 2.00-MeV level as odd also.

B. Comparison with Theory

The Odd-Purity Levels

The odd-parity group of levels arising from the shell-
model configuration s'p' (hereafter referred to as p')
has been investigated theoretically using both the
intermediate-coupling model"" and the unified model. "
Both models are able to account fairly well for the first
five states of 8" if the 8"503-MeV level has / = —,

' .
The electromagnetic transitions connecting these states
have been compared to theory by several authors' ~'~

a,nd the nucleon reduced widths of the 8" states for the
8" ground state have been compared to the inter-
mediate coupling model in some detaiP' and found to
be in satisfactory agreement. Taken all together, the
evidence for the assignment of these five states to the
pr configuration is quite strong.

An energy gap of about 4 MeV is predicted between
the highest of these six states —presumably the 8"6.76-
MeV level —and the next odd-parity level of p~ which
is predicted to have J =-,'—.Thus, this —,

'—state is pre-
dicted to be at an excitation energy of 11 or 12 MeV.
Nevertheless, the cross section for the B"(d,p) B"
(8.92-MeV level) reaction strongly suggests" that the
8.92-MeV level belongs to Pr, and is the second highest

~
—level of this configuration. The M1 and E2 transition

strengths connecting the second 2 of p~ to the lower p'
states have been calculated by Kurath~ and compared
to the experimental results for the decay modes of the
8"9.28- and 8.92-MeV levels in an attempt to identify

'9 D. Kurath, Phys. Rev. 101, 216 (1956).
0 A. B.clegg, Nucl. Phys. 38, 353 (1962).
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the —,'states in question. At the time this comparison
was made the spins of the B"4.46- and 6.76-MeV levels
were not known so that it is now worthwhile to re-
consider this comparison. Also, the 9.28-MeV level is
now known to have even parity (Fig. 1) so that the
B"8.57- and 8.92-MeV levels are the only two candi-
dates for the second —,

'—level below an excitation energy
of 9.3 MeV.

The second ~5 level of p' is predicted to have a
negligible branch ((0.5%) to the —,

' level at 2.14 MeV.
This is in strong disagreement with the decay of the
B"8.57-MeV level, but consistent with the decay of the
8.92-MeV level (Fig. 9). Likewise the reduced wid, th of
the 8.57-MeV level for the B" ground state is quite
small"" in poor agreement with that expected for the
second —,

'—level while the reduced width of the 8.92-MeV
level is in good agreement for a/E near 6."Thus, we
conclude that the 8.57-MeV level is quite probably not
this ~5 state and we consider the decay of the 8.92-MeV
level in more detail.

Using the results given by Kurath, ~ we find that the
decay modes of the 8.92-MeV level (Fig. 9) are in fs,ir
agreement with that predicted for the second ~ state
if a/E)5, and in excellent agreement in the jj limit
for which the only non-negligible branches are predicted
to be to the ground state (96%%uo) and 4.46-MeV level

(4%). The next best agreement comes at a/E=5. 8,
where branches of 1% and 2% are predicted to the
6.76- and 4.46-MeV levels with the remaining 97%
going to the ground state. Here we identify the ground
state, 4.46-MeV level, and 6.76-MeV level, as the lowest

2, 2, and 2 states of p'. Note that there is some dis-
agreement as to the branching ratio of the 8.92 —+ 6.76
transition (Table III); the results of Green, Stephens,
and %illmott, ' for instance, give perfect agreement
between the decay modes of the 8.92-MeV level and the
predictions for the second 2 level near a/E'=5. 8.

The total radiative width I'7 of the second ~5 state
is predicted to vary between 0.44 eV (u/E =0) and 4.9'
eV (a/E= 7.5) with a value of 3.8 eV at 0/E= 6. This
prediction is consistent with our limit I'~~& 0.15 eV. We
conclude that all the available evidence is consistent
with an identification of the B"8.92-MeV level with
the second 2 level of p~ if we are allowed freedom in
our choice of the spin-orbit strength a/E.

The B"8.57-MeV level, which has J=~, ~, or 2 and
almost certainly odd parity, is the only remaining B"
level below 9.3-MeV excitation which can be assigned
to an odd-parity configuration. The distinguishing
characteristics of this state are a very small reduced
width for the 8" ground state, ""a relatively large
two-nucleon parentage coefficient for the Be' ground
state, "a large E2 component in the 8.57 —+ 0 gamma-
ray transition (Fig. 8), a large gamma-ray branch to the
B"2.14-MeV level, and small branches to both the
4.46- and 5.03-MeV levels.

It seems probable that the 8.57-MeV level belongs

predominantly to one of three configurations. These
are (1) p", (2) p'fp(2 i.e., to the configuration formed
by weak coupling a f&i2 nucleon to the B"ground state,
(3) p'(2s, 1d)', i.e., to the configuration formed by
coupling two nucleons in the nearly degenerate 2s«/2,

1d5/2 orbits to the Be' ground state. In the absen~ e of
detailed theoretical calculations the definite assignment
to the B"8.57-MeV level to one of these three con-
figurations is not possible, and would be difficult in any
case without more experimental information such as a
definite spin determination of this level.

The Eeerl;I'uri ty Level's

There are five known even-parity levels in B"below
an excitation energy of 9.3 MeV. The highest two of
these at 9.19 and 9.28 MeV have been explained quite
convincingly" as arising from the weak coupling of a
2s«/2 nucleon to the B" ground state. The remaining
three levels at 6.81, 7.30, and 7.99 MeV all have start-
lingly small reduced widths for the B"ground state.""
Only for the 7.30-MeV level is there a suggestion of a
stripping pattern in the BM(d, p)B" reaction" and the
1„=2 reduced width which is extracted is only about
«'~ of the single-particle value. " Thus if these three
states arise from p's or p'd none of them appear to
have the B"ground state as its major parent. It would
seem then that these three states are formed predomi-
nantly by coupling of a 2s&~2 or 1d&~2 nucleon to a p~

core which does not resemble the B" ground state or
arise from configurations other than p's and p6d. The
only such configuration which seems likely is p'(2s, 1d)',
i.e., the configuration formed by raising three nucleons
from the p shell into the 2s and 1d shells. The lowest
state of this configuration is predicted" to be pre-
dominantly (2sii2)' coupled to a 0+,p' core, with a pre-
dicted excitation energy for this —,+ state in B"of 10.6
MeV. This 2+ state would have a negligibly small two-
nucleon parentage coefficient for the Be' ground state.
The B"6.81-MeV level is the only even-parity state of
B" below an excitation energy of 9.3 MeV for which
J~=—'+ is likely (see Fig. 9). The predicted energy of
the —',+, p'(2s, 1d)' state could conceivably be in error
by 10.6—6.8=3.8 MeV; but the L=1 double stripping
pattern observed" in the Be'(He, p)B" reaction leading
to the B"6.81-MeV level would seem to demand a
signi6cant contribution from some other con6guration
with a nonzero two-nucleon parentage coefficient for the
Be' ground state.

In the region of mass 11 the 2s«~2 shell appears at a
lower energy than the 1d5~2 shell (see, e.g. , Be' and C")
so that p's appears more probably the origin of these
three states than p'd. In the weak coupling scheme we
can have a ~+,~+ pair of states formed by coupling
2s«/2 to the 1+ first-excited state of B" at 0.72 MeV.
These two states could correspond to the B"6.81-MeV

' 9/. W. True and E.K.Warburton, Nucl. Phys. 22, 426 (1961).
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level and one or another of the 7.30- and 7.99-MeV
levels. If so the third state (either the 7.99- or 7.30-
MeV level) would have, in this scheme, a higher B"
state for a core.

The B"7.30-MeV level is distinguished from the
6.81- and 7.99-MeV levels by virtue of the observed
beta decay from Be" to the latter two states but not to
it.4' The Be"ground state is expected, but not proven,
to have J=~."Thus, an obvious explanation for this
difference is that the B"7.30-MeV level has J =—',+. If
this is so and if this state arises predominantly from
Pss it would necessarily have a (J,T)=(2+, 1) or
(3+, 0) Ps core. An intriguing possibility is that the
B"6.81-MeV level arises mainly from a 2s&~2 nucleon
coupled to a (J,T)= (0+, 1) p' core and the 7.30- and
7.99-MeV levels are the —,'+ and —,'+ states arising from a
2sr~s nucleon coupled to a (J,T)= (2+, 1) p' core. If
this picture were even approximately true it would

imply some mechanism for lowering those p's states
with a T= 1 p' core relative to those with a T=0 p' core.
Such a situation may exist in N'5 where the lowest —,+

state is calculated to have a predominantly (J,T)
=(0+, 1) p'o core rather than a (J~,T)=(1+,0) p"
core4', whereas, the lowest (J,T)= (0+, 1) state in N'4

is 2.31 MeV above the (J,T)= (1+, 0) ground state'.
There can be two states in B" arising from coupling a
2st~s nucleon to a (J,T) = (0+, 1) Ps core. One of these
is the (J,T)= (—,'+,—',) state already tentatively identi-
fied as the B"6.81-MeV level and the other has
(J,T)=(—',+, ss). The latter state is presumably the
analog of the Be"ground state and its excitation energy
can be estimated from the measured44 energy difference
between B"and Be", 11.510&0.015 MeV, by applying
a correction for the Coulomb energy difference between
analog states in nuclei (Z,A) and (Z—1, A). We use
the semiempirical procedure of Woods and Kilkinson45
to estimate this correction and find 12.62 MeV for the
estimated excitation energy of the lowest T=-,' level in
B".A state has been observed" at 12.565%0.012 MeV

"I.Talmi and I. Unna, Phys. Rev. Letters 4, 469 (f960)."E.C. Halbert and J.B. French, Phys. Rev. 105, 1563 (1957).
4' D. J. Pullen, A. K. Litherland, S. Hinds, and R. Middleton,

Nucl. Phys. 36, 1 (1962).
4' J.B.Woods and)D. H. Wilkinson, Nucl. Phys. 61, 661 (1965).
'6D. E. Grace, J. H. McNally, and W. Whaling, Bull. Am.

Phys. Soc. 8, 486 (1953).

in B" and assigned as most probably the lowest T=-,'
level in B".Thus, if the 12.57- and 6.81-MeV levels are
the T=~3 and —,

' states in question the separation
between them is about 5.8 MeV. This separation seems
reasonable when compared to that of other p"s states
which differ only by their isotopic spin. For instance the
separation between the lowest T=~ state in N" and
the (J~,T)=(-',+, —',) 5.30-MeV level of N" discussed
previously is about 11.6—5.3=6.3 MeV. '

In order to check further this possible identification
of the B"6.81-MeV level, we have calculated the ff
value for the beta decay from a T=~3, J =~+ Be"
state to a B" T= —J =2+ state for the simple model
of a 2sr~s nucleon coupled to a (J,T) = (0+, 1) Ps core.
The result is log ff =3.4. The experimental log ff value' '
for the beta decay of Be' to the B"6.81-MeV level is
5.93; thus this model gives a poor description of the
B"6.81-MeV level and/or the Be" ground state. 'r We
conclude that if the B"6.81-MeV level has J =~+
then it is almost certainly not a nearly pure -,'+, P'(2s, 1d)'
state or the -',+ state formed by a 2s&~2 nucleon coupled
to a 0+, Ps core. It could conceivably be described as a
2sr~s nucleon coupled to a 1+,p' core or it could have

significant admixtures of two or even all of these three
configurations.

It would appear that considerably more experimental
work is needed before the origin of the B"6.81-, 7.30-,
and 7.99-MeV levels is understood. Of erst importance
is a determination of the spins of the lower two levels.
Valuable information could also be gained from a study
of the Be"(d,e)B" or Be' (He', d)B" reactions.
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4'It is interesting to note that the same calculation can be
applied to the beta decay of C'5 assuming that the C" ground
state and N" 5.30-MeV level have a common P'~(J~, T) = (0+, 1)
core. The experimental log ft value for C"-+N" (5.30-MeVP

level) is 4.07&0.03 t D. E. Alburger, A. Gallmann, and D. H.
Wilkinson, Phys. Rev. 116, 939 (1959)g which is intermediate
between log f1=3 4and the full in. termediate coupling result,
log ft =4 8, obtained bye. albert and French (Ref. 43).


