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The reactions 0( Li, He) F and 0( Li, t) Ne have been performed at an incident en-
ergy of 24 MeV. The observed strong selectivity of these reactions suggests a predom-
inantly direct-reaction mechanism and allows the identification of several isobaric ana.-
logs in F and Ne.

During the past few years much effort has been
devoted to the study of lithium-induced reactions.
Most extensively studied have been the n-par-
ticle transfer reactions' ' ('Li, d) and ('Li, f) and
the two-nucleon transfer reaction" ' ('Li, o.).
Comparatively few studies have been made of
the three-nucleon transfer reactions" ('Li, 'He)
and ('Li, t) until very recently. This lack of in-
terest probably reflected the erroneous belief
that the 'Li-induced three-nucleon transfer re-
actions would be both very weak and unselective.
Recent studies, ' however, have indicated sub-

stantial 'He-t clustering in the "Li ground state.
Such clustering is, of course, expected on sim-
ple grounds. ' The present Letter reports pre-
liminary results of a program of ('Li, 'He) and
('Li, t) reactions, demonstrating their use for
determining isobaric analogs in mirror nuclei.
Ignoring the effects of the Coulomb force, the
('Li, 'He) and the ('Li, f) reactions are expected
to be the same. Hence, when these two reactions
a.re studied on self-conjugate targets (N= Z),
mirror states in the final nuclei would be ex-
pected to be populated in a similar manner.
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F/Q. 1, Energy spectra from the reaction 0( Li, He) F (top) and the reaction 0( Li, t)' Ne (bottom) . Both
spectra were obtained at a laboratory angle of '7.5 deg with a 24-MeV incident Li beam.
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To test this hypothesis the ('Li, 'He) and ('Li, t)
reactions were performed on "Q leading to final
states in the mirror nuclei ' F and '9Ne. The
reactions were induced by a 24-MeV 'Li'+' beam
from the University of Pennsylvania tandem Van
de Graaff accelerator. The reaction products
were momentum analyzed in a multiangle mag-
netic spectrograph and were recorded in nuclear
emulsions. The target was natural oxygen gas
contained in a gas cell having no entrance win-
dow. ' The 'He and triton spectra were obtained
in two separate exposures. Accurate measure-
ment of the gas-cell pressure and the integrated
beam current allowed the calculation of the ab-
solute cross sections to an accuracy of +15%.

Energy spectra from the two reactions mea-
sured at a laboratory angle of 7.5' are compared
in Fig. 1, and Table I lists the peak differential
cross sections of the various groups. The ex-
traction of angular distributions is in progress.

Table I. Excitation energies, spins, parities, and
peak differential cross sections for states excited by
the reactions ' 0( Li, He) and 0( Li, t) .

E

(MeV)

0( Li He) F
J (9)

(mb/ s x)
E

(MeV)

160 (6L' t) 19N

Jll a
cr

max
(mb/sx)

Q 0%

0.11

0.20*

1.35t

1.46

1.56+

2.78-

3.92

4.01t

4.04t

4.39

4.55

4.56
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4.69
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5.42

5.47*

1/2

1/2

S/2

5/2

3/2

3/2

9/2

3/2

7/2

9/2

7/2

s/2(')

3/2 $(1/2 )

13/2

S/2

(5/2 , 7/2 )

1/2

7/2

7/2

Q. 106

0.026

0.682

0.173

0.065

0, 279

1.16

0.012

0.357

0.037

(O.O59

0. 197

0.012

0.005

0.215

0.347

Q 0*

0.24*

0.27t

1.51

1.62

4.04

4. 14

4.20

4. 38

4.55

(4.59)

4.62~

4. 71

4. 78

5.09

5.35

5.43"=

1/2

5/2

1/2

S/2

3/2

3/2

9/2

3/2

7/2, (9/2 )

9/2 , (7/2 )

7/2

0.095

0.612

0.026

0.082

0.294

0.052

0.763

0.008

0.072

0.083

0.016

1/2 , 3/2 0.006

(0.026)

13/2

(5/2, 7/2 )

1/2

7/2

0.125

0.008

0.006

0.011

0.005

0.169

'Excitation energies and spin and parity assignments
from literature as summarized in Ref. 10. An asterisk
indicates a member of the E' = ~+ rotational band and a
dagger a member of the E =& rotational band.

Additional spin and parity assignment from px'esent
work based on comparison of relative ( Li, He) and
( Li, t) transition strengths and known spin of analog.
See Fig. 2 for summary of analog identifications.

Transition masked by strong transition to a neighbor-
ing state at 4.65 MeV.

It is evident from Fig. 1 that the two spectra
are very similar and that both reactions are
highly selective. The latter feature makes the
identification of mirror states a relatively sim-
ple task, independently of the reaction mechan-
1Sm.

The states most strongly excited by both re-
actions correspond to either known or suspected
members of the X"= —,''(g. s. ) rotational band"
—with the exception of the —,

' ' state, which is dis-
cussed further below. Cross sections are ob-
served to increase with increasing spin and have
a maximum value for the —,

' ' state and then ap-
pear to decrease. For example, the known '-,"
state" in ' F at 4.65 MeV has only about —,

' the
strength of the —,

' ' state. The location of the '
—,
"

state in "Ne is not known, but comparison of the
energy spectra strongly suggests this to be the
level at 4.62 MeV.

The lowest known —,
' ' state" in "F at an excita-

tion of 4.39 MeV was not strongly populated by
the ('Li, 'He) reaction; however, another —,

''
state" at 5.47 MeV was strongly populated. From
a comparison of the spectra (Fig. 1) a strongly
populated state at 5.43 MeV in "Ne may be iden-
tified as the analog of the 5.47-MeV —,

' ' state in
"F. A recent intermediate-coupling calculation"
predicts the —,

' ' state lowest in excitation to have
little overlap with the —,

' ' member of the ground-
state band. This same calculation" predicts
overlaps of &99 k with the ground-state band for
the lowest —,", —", , -', ', and '-,"states and an over. -
lap of 97.3% for the lowest —,

'+ state. It is then
likely that it is the second —,

' ' state which should
be identified with the —,

' ' state of the ground-
state rotational band. This second —,

' ' state, how-
ever, is more weakly populated in both reactions
than the —,

"member of the ground-state band.
The reduction in transition strengths for the —,

' '
and '-,"states of this band may be the result of
Q dependence of the reaction mechanism or of
mixing with higher states of the same spin.
(This latter explanation would, however, be con-
trary to the intermediate-coupling-model pre-
diction" for the '

—,
"state. )

A second group of states moderately populated
by these reactions are the members of a IC" = —,

'
rotational band based largely on a configura-
tion of four s-d-shell particles and a P-shell
hole. '" Known members of this band in ' F are
denoted by a dagger in Table I. The transition
strengths again are observed to increase with
increasing spin. A comparison of relative ex-
citation strengths between the ('Li, 'He) and
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FIG. 2. Energy-level diagram for the experimentally
observed states below 5.5 MeV in the mirror nuclei

F and ' Ne. Isobaric analogs are indicated by the
connecting dashed lines. The results are from the
literature as summarized in Ref. 10 and the present
work. A possible new state at 4.59 MeV in Ne (see
text) is indicated by a dashed line in the level diagram.

( Li, t) reactions (Fig. 1 and Table I) is consis-
tent with the suggested' negative-parity band in
"Ne and allows the additional spin and parity
assignments in "Ne as summarized in Table I.

The spins a.nd parities of levels of mass 19
below 5.6 MeV are summarized in Fig. 2. Iso-
baric analog states in the mirror nuclei a.re in-
dicated by the connecting dashed lines. A "doubt-
ful" state'0" at 3.84 MeV in ' Ne was again not
observed in the present study. A possible un-
reported state in "Ne at 4.59 MeV, however,
was observed. Its nearness to a more strongly
excited state 30 keg away leaves its identifica-
tion only tentative, pending further investigation.

The strong selectivity observed in the popula-
tion of final states (Fig. 1 and Table I) suggests

a direct mechanism for the ('Li, 'He) and ('Li, t)
reactions. The ground-state rotational bands in
' F and "Ne would be expected to be populated
strongly by such a mechanism, since they are
assumed to be based on three 2s-1d-shell par-
ticles outside a closed 1s- and 1p-shell core
(the dominant component of the "O ground state).
In such a model the low-lying negative-parity
rotational band in mass 19, 4p-1h (four particle,
one-hole), would be excited through 2p-2h and
4p-4h components in the "Q ground state. Such
particle-hole configurations are believed"" to
be of sufficient magnitude to account for the ob-
served population of the mass-19 negative-parity
band in these reactions.

In conclusion it appears that the reactions
"O(6Li, 'He) and '60('Li, t) proceed predominantly
by means of a direct mechanism. It is further
concluded that a comparison of the ('Li, 'He) and
('Li, t) reactions on self-conjugate nuclei repre-
sents a powerful tool for determining isobaric
analog states in mirror nuclei.

The authors wish to thank Mrs. M. Barnett and
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nuclear emulsions.

)Work supported by the National Science Foundation.
R. Middleton, in Proceedings of the International

Conference on Nuclear Reactions Induced by Heavy
Ions, IIeidelberg, Ge~nzany, 25-18 July 1969, edited
by R. Bock and W. R. Hering (North-Holland, Amster-
dam, The Netherlands, 1970}, p. 263.

'A. A. Oglobin, in Proceedings of the Intensational
Conference on Nuclear Reactions Induced by Heavy
Ions, IIeidelberg, Germany, 2'5-28 July 2969, edited
by R. Bock and W. R. Hering (North-Holland, Amster-
dam, The Netherlands, 1970), p. 231.

K. Bethge, Annu. Rev. Nucl. Sci. 20, 266 (1970),
and references therein.

P. Neogy, W. Scholz, J. Garrett, and R. Middleton,
Phys. Rev. C 2, 2149 (1970).

J. D. Garrett, R. Middleton, D. J. Pullen, S. A.
Andersen, 0. Nathan, and O. Hansen, Nucl. Phys,
A164, 449 (1971}.

8K. Meier-Ewert, K. Bethge, and K. 0. Pfeiffer,
Nucl. Phys. A110, 142 (1968).

G. Bassani, T. H. Kruse, ¹ Saunier, and G. Sou-
chere, Phys. Lett. 308, 621 (1969).

A. M. Young, S. L. Blatt, and R. G. Seyler, Phys.
Rev. Lett. 25, 1764 (1970), and references therein.

J. K. Perring and T. H. R. Skyrme, Proc. Phys.
Soc., London Ser. A 69, 600 (1956).

J. D. Garrett, 8, . Middleton, and H. T. Fortune,
Phys. Rev. C 2, 1243 (1970), and references therein.

K. P. Jackson, P. G. Lawson, K. Bharuth, N. G.
Chapxnan, and K. %. Allen, Bull. Amer. Phys. Soc. 13,
1370 (1968).



Vox.UMz 26, NUMszm 2$ PHVSrt=A. I. Reviews I.z YYzRS 7 JvNE 19?1

J. H. Aitkin, A. E. Litherland, %. H. Dixon, and
R. S. Storey, Phys. Lett. 30B, 473 (1969).

D. D. Tolbert, H. M. Cockburn, and F. %. Prosser,
Jr., Phys. Rev. Lett. 21, 1635 (1968).

H. G. Benson and B.H. Flowers, Nucl. Phys. A&26,
306 (1969}.

M. %. Greene and E. B. Nelson, Phys. Hev. 153,
1068 (1967).

~~A. P. Zuker„B. Buck, and J. B. McGrory, Phys.
Rev. Lett. 21, 39 (1968).

L. S. Celenza, H. M. Dreizler, A. Klein, and G. J.
Dreiss, Phys. Lett. 23, 241 (1966).

Upp«Limit On High-Energy N«trinos f«m +eber pufses*

F. Reines, W. R, Kropp, P. I andecker, W. G. Sandie, J. I athrop, and H. W. Sobel
University of California, Irvine, California F664

M. F. Crouch
Case TVestem Reserve University, CEeeeEand, OMO 44106

D„Bourne, H. Coxell, D. Kramex', and J. P. F. Sellschop
University of the WitIoatersrand, Johannesbur g, Repu Nic of South ymca

(Received 19 April 1971)

The results from a neutrino experiment deep underground are used to set upper limits
on the energy Qux of muon neutrinos which might be associated with the gravitational
pulses described by Weber.

The results of the solar neutrino experiment of
Davis' were used by Bahcall and Davis' to set an

upper limit on the energy in electron neutrinos
(I,) which could be associated with the Weber
gravitational pulses. In this communication, we
use the results from our deep underground cos-
mic-ray neutrino detector' to set limits on muon
neutrino plus aIlt111ell'tI'1110 {vp +7Ip) w111cll IIligll't

have such an association. Unlike the radiochem-
ical experiment of Davis, our system enabled us
to look fox' time colnc1dences between neutx'1nos
and Weber pulses. To a reasonable approxima-
tion we can represent the neutrino rate 8 in our
detector by the integral over energy E, as

a =Pf Ef(E)o(E)dE, (1)

where o(E) is the interaction cross section, f(E)
is the differential neutrino spectrum, and p is a
parameter which characterizes the detector geo-
metry and the surrounding rock neutrino target.
Since we have Qo information as tQ the spectrum
of neutrinos which might be associated with Web-
er pulses, we deduce limits for monoenergetic
neutrinos. If we denote R as the count rate due
to Weber-associated neutrinos of energy E„ then

ii, =(2/ )AWE.) ~,

where h is the energy flux of v&+P& at E, and

the factor 2/II arises from the diurnal rotation of
the detector relative to the galactic center to
which Weber pulses have been attributed. P is
obtained by referring to the observed rate of sig-
nals from atmospheric cosmic-ray neutrinos,

a. =Pf Ef,(E)o(E)dE. (3)

Solving fox' the encl gy flux x'atlo

Z ~ f Ef.(E)o(E)dE
R, 2 o(E,)8,

where h = 10' ergs cm ' sec ' is the gravitation-
al energy flux attributed to the Weber waves by
Gibbons and Hawking4 and Huffini and Wheeler. 4

To evaluate (4) we assume that c(E) = nE, f, (E)
= 0.6E ' v cm ' sec ' GeV ', and E & I GeV. The
simple expression for f,(E) gives an integrated
atmospheric neutrino flux which is within 20% of
the actual value. The result is insensitive as
well to the precise value at which c(E) saturates,
i.e., a change in saturation energy from 100 to
1000 GeV would imply a change in the limit by
at most 30%. Evaluating (4) for a saturation en-
ergy of 1000 GeV, we find that

8/8, =1.2xlo-'Z, /Z. E,

ere Zo is in GeV.


