
VOLUME 5, NUMBER 12 P HYSI GAL REVI EW LETTERS DzcEMszR 15, 1960

for much assistance with the apparatus.

*This work was supported in part by the U. S. Army
Signal Corps, the Air Force Office of Scientific Re-
search, and the Office of Naval Research.

~R. A. Lyttleton and H. Bondi, Proc. Roy. Soc.
(London) A252, 313 (1959).

V, W. Hughes, Phys. Rev. 105, 170 (1957).
J. C. Zorn, G. E. Chamberlain, and V. W. Hughes,

Bull. Am. Phys. Soc. 5, 36 (1960).
4A Piccard and E. Kessler, Arch. sci. phys. et nat.

7, 340 {1925).
~A. M. Hillas and T. E. Cranshaw, Nature 184, 892

(1959); see also H. Bondi and R. A. Lyttleton, Nature
184, 974 {1959), and A. M. Hillas and T. E. Cranshaw,
Nature 186, 459 (1960).

~I. Shapiro and V. Estulin, Soviet Phys. -JETP 3(30),
626 (1957).

CLUSTER MODEL INTERPRETATION OF THE ISOTOPIC SPIN SELECTION
RULE IN CERTAIN NUCLEAR REACTIONS

G. C. Morrison
Enrico Fermi Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received November 9, 1960)

In this note we wish to present results concern-
ing the operation of the isotopic spin selection
rule in nuclear reactions which have resulted
from a study of some lithium-induced reactions.
Experimental verification of such selection rules
has previously been obtained from the study of
(d, n)' and (n, d)' reactions, from the study of
inelastic deuteron scattering, ' and recently from
the work of Halbert and Zucker on the inelastic
scattering of N'~ by C". In the present work we
have been concerned with the reactions Li'(Li',
d)B" and Li'(Li', t)B"with particular reference
to the reactions leading to the T =1, second ex-
cited state of B"at 1.74 Mev. In the first reac-
tion it was to be expected, since both Li' and the
deuteron have T = 0, that the probability of deu-
teron emission leading to the T = 1 level in B'
would be reduced by virtue of the isotopic spin
selection rule; the second reaction was studied
for purposes of comparison.

In Fig. 1 the spectrum of deuterons observed
at a laboratory angle of 9.5' from the reaction
Li'(Li', d)B" is presented. The positions of the
levels in B"are as calculated from the observed
position of the deuterons leading to the first 1+
level in B' and the variation of its position with
the angle of observation. As can be seen from
the observed spectrum, deuterons leading to the
T=l level in B' are very much inhibited, and
over the angular range where one could observe
this deuteron group, the situation persisted. As
discussed above, this result can be interpreted
as confirmation of the isotopic spin selection
rule. However, it is the purpose of this note to
suggest that the observed inhibition may be con-
sidered on a different basis.
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FIG. 1. The spectrum of deuterons observed in the
reaction Li (Lie, d)B'o at a laboratory angle of 9.5'
and incident energy of 2. 1 Mev. The positions of the
corresponding levels in B~ are indicated above.

As part of the reaction studies using lithium
ions, evidence has been obtained that both the
reactions (Li', d) and (Li~, t) are favored and
proceed in part by a stripping mechanism with
capture of the alpha-particle substructure. ' In
the reaction Li'(Li', d)B", if only the J of the
final states in B' are considered, there is no
reason why the 0+ level should be reduced except
possibly by a (2J'+ 1) weighting factor. However,
we see from Fig. 1 that the deuterons leading to
the 3+ level in 8"are reduced also relative to
those leading to the 1+ levels. If now the situa-
tion is considered from the viewpoint of B'
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FIG. 2. The spectrum of tritons observed in the
reaction Li {Li,t)B at a laboratory angle of 14.5
and incident energy of 2.2 Mev. The positions of the
corresponding levels in 8~0 are indicated above.

being formed as a result of the capture of an
alpha particle by Li', the following considera-
tions apply. The formation of B' in a 1+ level
can proceed by i = 0 capture of the alpha particle,
while the formation of the 3+ level can only pro-
ceed by at least l =2 capture and might be ex-
pected to be reduced as is observed. And now
when we consider the formation of the 0+(T= 1)
level of B' on this basis, there is no way by
which an alpha particle (J = 0+) can be captured
by Li'(J =1+) to form a 0+ state.

Up to this point, the discussion has only been
an alternative way of explaining the inhibition of
the deuteron group leading to the T = 1 level,
since the usual one concerning isotopic spin con-
servation leads to the same conclusion. How-
ever, in the comparison study of the reaction
Li'(Li', t)B" essentially no tritons leading to the
T = 1 level were observed. In the reaction, there
is now no restriction due to isotopic spin con-
servation which can inhibit the formation of the
T =1 level in B". Likewise there is no considera-
tion due to the available angular momentum for
the reaction to proceed.

The spectrum of tritons observed at 14.5' from
the reaction Li'(Li', t)B' is shown in Fig. 2,
with the calculated positions of the levels in B'0

shown above. The similarity in the relative in-
tensities of the tritons and deuterons leading to
the same low-lying levels in B"can be noted.
That the second 1+ level in B"is not more
strongly excited may be due in part to the low Q
value (-0.16 Mev) for the Li'(Li', t)B" reaction
leading to this level. %ith such small energy
available in the center-of-mass system the trans-
fer of an alpha particle to Li' may be inhibited by
the Coulomb field, although it is realized that
this argument also may account for some of the
reduction observed in the tritons leading to the
0+ level where the Q value is only 0.25 Mev. A
clarification of this point awaits detailed calcula-
tions involving the proposed reaction mechanism
involving alpha-particle transfer. At this time,
however, the most likely explanation of the inhi-
bition of the triton group leading to the T =1
level appears to be the impossibility of Li' cap-
turing an alpha particle to form a 0+ state of B"
as discussed for the Li'(Li', d)B'0 reaction.

Of course this description of the reaction is
just what the T = 1 nature of the state implies
insofar as this state in B' corresponds to a nu-
cleus with six neutrons and four protons or vice
versa, where the two extra neutrons or protons
are necessarily in a singlet state. Thus if one
thinks of the T = 1 level of B"at 1.74 Mev as
having the character of Be' plus a deuteron in
the singlet T = 1 state which is consistent with
the 2-Mev difference in binding energy of the
singlet and triplet states of the deuteron, the for-
mation of this level when Li' captures an alpha
particle would require a rearrangement of the
deuteron in the target nucleus Li'. That it is the
T =1 state of the deuteron which is involved in
both reactions studied and not a T = 1 state
arising from a Li'+ He' configuration can be seen
from considerations of the nuclear masses in-
volved which would predict a T = 1 level of this
nature at much higher excitation energies in B' .

It would seem therefore that such heavy-parti-
cle stripping considerations together with such a
"cluster" model' of the nucleus as discussed here
are capable of explaining the observed isotopic
spin conservation in the Li6(Li6, d)B'0 reaction in
a very simple way. Furthermore one sees that
in addition to the (Li', d) reaction, the (Li', n)
reaction and the (n, d) and (d, n) reactions, at
energies where heavy-particle stripping involving
the transfer of a deuteron is expected to play an
important reaction role, also fit into this scheme,
since the observation of the isotopic spin selec-
tion rule involves a 0+ initial and final state and
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the deuteron has spin 1. In addition, the conser-
vation of isotopic spin observed in the inelastic
scattering of deuterons, alpha particles, or
more recently C" ions from N' can be under-
stood as arising from the improbability of the
deuteron in the target nucleus undergoing an in-
ternal spin flip to form its T = 1 state.

It would appear then that at energies where
stripping is expected to be important, one does
not require the introduction of the formal con-
cept of isotopic spin conservation to describe the
inhibition observed in reactions leading to such
0+, T = 1 levels. That isotopic spin selection
rules are experimentally satisfied at high ener-
gies has also been pointed out by Wilkinson, ' who
suggests that the reason for their validity is the
overlapping of many levels in the compound sys-
tem which break up before isotopic spin mixing
occurs. In this connection it would be of interest
to examine the situation in a reaction leading to
a higher T=1 level where Jg0, to see whether
the transition is allowed or not. It will also be
of interest to carry out a study of the reaction
B' (Li' d) N' *(T= 1) and B' (Li', t)N' *(T= l) to

verify further the results obtained here. It can
be pointed out that a study of the latter reaction in
conjunction with the reaction B'0(Li', He')C" (g.s.)
should also provide a sensitive test of the rela-
tions between the cross sections predicted by the
isotopic spin selection rules.

The author is grateful for the aid given by
M. N. Huberman in carrying out the work, to L.
Palmer and Z. Erwood for dependable operation
of the Van de Graaff accelerator, and to S. K.
Allison for valuable discussions.
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Photographs of interactions in a hydrogen
bubble chamber exposed to the 0.96-8ev negative
pion beam from the Brookhaven Cosmotron were
kindly supplied by Professor Steinberger and
have been measured and analyzed. ' This Letter
reports a detailed examination of 110 events of
the type

+p ~p+lT +w

for evidence of a resonance in the pion-pion in-
teraction.

Other photographs of the same exposure have
been measured by Alles-Borelli, Bergia, Fer-
reira, @nd Waloschek' at Bologna, and some by
Pickup, Ayer, and Salant at Brookhaven. Center-
of-mass momuntum spectra of the g and m'

mesons from the above reaction were found'~

to be in reasonable accord with the extended iso-
baric nucleon model of Lindenbaum and Stern-
heimer, which includes contributions from the
T'=z isobaric state (corresponding to the T =-,'

resonance in the p-N system at T~ = 600 Nev) as
well as from the T' =3/2 state.

Laboratory kinetic energy spectra of protons
were found to possess a low-energy peak which
has been interpreted by Bonsignori and Selleri'
and Derado' as evidence for a strong pion-pion
interaction. This interpretation is based on an
estimate of the "pole part" of the pion-nucleon
scattering cross section by the method of Chew
and Low. ' Their formula, valid when the square
of the four-momentum transfer 6' to the specta-
tor nucleon approaches the unphysical limit -p. ',
where p, is the pion mass, becomes in the case
of the reaction considered,

f +~& l x 2
sg28~2 2 (g2+ 2)2 2 (z 0)( )&'

(&)

where f' is the renormalized pion-nucleon coup-
ling constant, q1~ the laboratory momentum of
the incident pion, and o~z(&o) the total cross sec-


