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When the effects of the D state are included, the
resulting analyzing powers agree well with the
data. The agreement of the DWBA(S+D) calcula-
tions with the measurements is generally best
when the spin-orbit potentials make a small con-
tribution to the tensor analyzing powers (for sub-
Coulomb transition, for the l„=0 transition, and
for T» for all transitions). This suggests that the
less accurate agreement in other cases may re-
sult from the use of incorrect potentials, rather
than from incorrect treatment of the D state.
Other possible sources of error in the calcula-
tions arise from the neglect of tensor forces in
the deuteron optical-model potential, "and from
calculational errors resulting from the approxi-
mation method used. '
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The mass excess of '4B has been measured to be 23.657+ 0.030 MeV using the reaction
'4C( Li, Be)' B atE(~Li) =52 MeV; this shows that ' B is bound by nearly 1 MeV against
neutron emission. Five excited states were also observed at 0.74+ 0.04, 1.38+ 0.03,
1.82+ 0.06, 2.08+ 0.05, and 2.97+ 0.04 MeV. The low-lying level structure of ~4B was
found to be similar to the known negative-parity spectrum of ' B.

The mass of ' B has presented an intriguing
puzzle for a number of years. In 1966, Garvey
and Kelson' predicted "B to be nucleon stable by

-400 keV. Although they considered their result
to be equivocal, a short time later the nucleus
was indeed observed by Poskanzer et al. ' to be



VOLUME 3 I, NUMBER 6 PH YSI GAL RE VIE%' LETTERS 6 AUGUsT 1973

or
= 25.05+0.02 MeV,

14B 12Be (1 C llBe) (12B 14C)

= 25.00+ 0.10 MeV.

This discrepancy between experiment and pre-
diction is apparently characteristic' of T, = 2
nuclei with A=4n+2-26, and may result from
the incomplete cancelation of the interlevel re-
sidual neutron-proton interaction for the two
odd-odd nuclei involved in each longitudinal re-
lationship. Thus, an accurate measurement of
the "Bmass can help to establish the region of
validity for the mass equations and eventually
lead to a more precise knowledge of the nucleon
drip lines among low-2 elements.

A survey of the possible reactions that could
be used to measure the mass of "8 shows that
all have large negative Q values of -20-25 MeV

bound. In that experiment, a semiconductor-
counter telescope was used in conjunction with
a power-law particle identifier to establish "B
as one of many light nuclides produced in the
spallation r eaction, U+ 5.3-GeV protons; its ac-
tual mass, however, remained unknown. More
recently, it has been shown that the "longitudinal"
mass relationship of Garvey et al. ' [see their Eq.
(2)] predicts "Bto be unbound by -400 keV' if
current mass measurements' are used for neigh-
boring nuclei. Specifically, the mass excess is
given by

14B 16C (13B 17N) (16N 14C)

and require exotic targets and/or projectiles.
We have used the reaction '4C('Li, 'Be)'~B to ob-
tain the first measurement of the mass excess
of ' B. The result indicates that ' B is bound by
nearly 1 MeV, a disagreement of -1.4 MeV with
the predictions.

A 52-MeV 'Li beam from the upgraded Chalk
River MP tandem accelerator was used to bom-
bard a self-supporting, -250- pg/cm', "C tar-
get prepared by cracking isotopically enriched
(-94/o "C) methyl iodide in a radio-frequency
discharge. ' A ~(26 pm), E(164 pm), Z(700
pm) solid-stat:e counter telescope positioned at
angles ~ 20' was used to detect and identify the
reaction products. The data were recorded event
by event on magnetic tape and played back on the
Chalk River PDP-10 computer using the 'Be
range-energy table of Northcliffe and Schilling'
to describe the energy loss or each detected par-
ticle.

The ' C('Li, 'Be)"B energy spectrum obtained
at 8&,b=15' is shown in Fig. 1, and represents
the accumulation of several shorter runs over a
period of 3 days at an average beam current of
20 nA. Data from the ('Li, 'Be) reaction, which
were obtained simultaneously in this experiment,
monitored possible gain and/or zero shifts.

It is evident from Fig. 1 that the small amount
of ' C (8/o), "N (2/0), and "0

(4%%uo) in the '4C tar-
get produces a significant background in the re-
gion of the "B ground state. (The iodine present
does not affect the spectrum in this region. ) As
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FIG. 1. An energy spectrum from the reaction ' C(VLi, ~Be)~48. The double arrows denote the ground and first
excited (0.431 MeV) states of 7Be. The data have been smoothed by averaging over five channels. Levels populated
in the reactions ' C{YLi,vBe) B, ~4N(~I i, vBe) 4C, and '60(YLi, YBe)'6N are also identified.
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a result, it was necessary to obtain spectra for
these impurities by bombarding targets of ade-
nine (C,H, N, ), NiO, a vacuum-evaporated "C
foil, and a "C film produced by cracking natural
methyl iodide. A composite impurity spectrum
was constructed by normalizing the individual
spectra to the intensities of known" levels pop-
ulated in the reactions "C('Li, 'Be}"B, "N('Li,
'Be)"C, and "0('Li, 'Be) "N and observed in the
"B spectrum. A portion of this impurity spec-
trum is compared with the ' B spectrum in Fig.
2. The highest-energy peak observed in the ' B
spectrum that could not be attributed to a known

impurity level was assigned as the ground state
of '4B. The Q value for the reaction '~C(7Li,
'Be)"Bwas determined using the known "B, "C,
and "N levels to provide an internal energy cal-
ibration of the counter-telescope system which
was relatively insensitive to angle and target-
thickness uncertainties. A shorter run at 0&,b
=20' demonstrated that the stronger peaks attri-
buted to excited levels of "Bhad the expected
kinematic shift.

The Q value for the reaction "C('Li, 'Be) ' B
was found to be —21.499+0.030 MeV and corre-
sponds to a mass excess for "Bof 23.657+0.030
MeV. Excited states were observed at 0.74+ 0.04,
1.38+0.03, 1.82+0.06, 2.08+0.05, (2.32+0.04), M

and 2.97*0.04 MeV. As was found previously, 4

every level populated via the ('Li, 'Be) reaction
is observed as a doublet in the ratio 'Be(0.431)/
'Be(g.s.) -0.3. The cross section for producing' B in its ground state was approximately 4 pb/
sr.

It is well known' that the low-lying negative-
parity levels of "B result primarily from the
coupling of a lp, /2 proton hole to a 2s~, or 1d,/,
neutron. In particular, the 1.674-MeV, 2 and
2.621-MeV, 1 levels in "Bhave been identified
as the members of the (()),~,)„',(2s~,)„') multiplet,
while the 3.388-MeV, 3, 4.37-MeV, 2, and
4.54-MeV, 4 levels have been associated with
the ((p,/, ), ', (ld,g, )„') multiplet. Since the two
extra neutrons in "B occupy the inactive pg,
shell, it is expected that the low-lying negative-
parity spectrum of "B should be similar to that
of 'B.

A comparison of the energy spectra obtained
at 8~,b = 15' for the reactions "C('Li, 'Be)"B and
'2C('Li, 'Be)"B is shown in Figs. 2(c) and 2(d);
a summary of excitation energies and relative
intensities is given in Table I. It is apparent
from these data that (1) all known negative-par-
ity levels of "Bare populated in the ('Li, 'Be)
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FlQ, 2. (a) A portion of the ' B energy spectrum
shown in Fig. 1. (b) A composite ( 'C, '

N, '60) impurity
spectrum. (c) ' B spectrum with impurities subtracted.
(d) An energy spectrum from the reaction '2C(VLi,
VBe)' B which has been shifted in order to compare the
negative-parity states populated in B and ~ B.

reaction with relative intensities which differ
from one another by at most an order of magni-
tude; and (2) a one-to-one correspondence can
be established between the known negative-parity
levels of "B and the ground and first four excited
states of "B. These observations lead to tenta-
tive spin assignments of 2, 1, 3, 2, and 4
for the ground state, 0.74, 1.38, 1.82, and 2.08
MeV levels of "B, respectively.

The 1.4-MeV disagreement between our mea-
sured mass of "B and that predicted by the longi-
tudinal mass relationship suggests that formula
to be inapplicable to light odd-odd nuclei with
T,=2. Whether the "transverse" relationship of
Garvey et al. [Eq. (1) of Ref. 3j should fare any
better when it involves odd-odd nuclei in this

397
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TABLE I. A comparison of the negative-parity levels populated in the reactions '4C(VLi, Be) B and C(7Li,
YBe)12B

Level
energy

(MeV+ keV)

Relative
intensity

~Be(g.s.) (0.431)

Level'
energy
(MeV)

Relative
energy
(MeV)

12B

Relative
intensity

~Be(g.s.) (0.431)
Dominant

coHLGguration

0
0.74+ 40
1,38+ 20
1.82+ 60
2.08+ 50

1.0
0.3
1.5
1 6b, c

3.8

0.6
&0.1

b
b
1.0

1.674
2.621
3.388
4,37
4.54

0
0.95
1.71
2.70
2.87

1.0
0.3
1.4
0.8
2.1

0.4
(0.1

b
(0 3

0 9b

3
2

(1P 3/2 2~1/2 )

(1p g/2, 2si/~ )

(9 s/2
'

ld5/~')

3/2
'

id&/2')

'See Ref. 8.
These transitions were obscured by other levels.

'Calculated assuming ~Be(0.43)/~Be(g. a.) =0.3 for the
1.38-Me V level.

mass region must then be doubted as well. Inter-
esting test cases could be provided by "Be and
"Bwhose masses can be predicted with the trans-
verse mass equation now that the "B mass is
known. These masses can also be predicted,
though, without using the mass of any odd-odd
nucleus by combining both the longitudinal and
transverse expressions. For "B the results are

15B = 14B+16C —14C —16N+ 15N

= 28.75 x 0.03 Me V (transverse),

»B —'~]3+ 2(MC '4C)»N+ 5N

= 30.14 a 0.04 MeV (combination).

In either case, "B is bound by more than 1.5
MeV, and a direct mass measurement could eas-
ily distinguish between the two predictions. For
"Be the comparable predictions are 35.34 + 0.11
MeV and 36.68 +0.20 MeV, both indicating it to
be unbound to neutron emission by at least 2 MeV.

The properties of all members of the mass-14
T = 2 multiplet can now be evaluated. The mass
excess of "F is predicted [from Eq. (3) of Kelson
and Garvey"] to be 33.38 MeV, which shows the
nucleus to be unstable by - 3 MeV to proton de-
cay. An estimate of the excitation energy of the
lowest T=2 levels in ' C, '

N, and ' 0 can be
made from the mass of ' B using experimental
Coulomb energy differences; values of 22. 5,
24.8, and 22.5 MeV are obtained for "C, "N,
and '0, respectively. As a result, these levels
should be stable to allowed neutron decay by -0.7
MeV and unstable to proton decay by (3.0 MeV.
Boron-14 itself is expected to have a half-life of

less than 50 msec with several (probably weak)
P-delayed neutron branches.
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