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sible reason for this overestimation is the omis-
sion of reaction effects in the calculation. An-
other possible reason is the fact that, because
the nucleon separation energy for 'He is rather
small, the low-density region of the 'He wave
function is not given well by the Gaussian form'
used in the calculation, ' and one would expect
this region to be important in backward-peaked
exchange phenomena. In order to test this latter
hypothesis in a rather crude fashion, the calcu-
lation. was performed with the rms matter radi-
us of the 'He cluster arbitrarily increased to
1.8S F, and the result is shown as a dashed
curve in Fig. 2. The improved agreement with
experiment suggests that to explain the present
data it is important to describe properly the
long-range parts of the cluster wave functions.
This could be done, for example, by employing
a two-Gaussian description for the 'He wave
function such as has been done for the deuteron
wave function in a recent study of the n+d sys-
tem. "

We wish to thank Professor Y. C. Tang for
valuable discussions concerning the resonating-
group method and its application to the present
experiment. We are indebted to R. W. Rutkowski
for providing the gas target. We are also very
grateful to A. Riikola and the cyclotron operators
for their expert running of the accelerator and
for the dispatch with which they carried out the

energy changes.

*Dork supported in part by the U. S. Atomic Energy
Commission Report No. COO-1265-100.

)Operated by Union Carbide Corporation for the U. S.
Atomic Energy Commission.

R. E. Brown and Y. C. Tang, Phys. Rev. 176, 1235
(1968); Y. C. Tang, E. Schmid, and K. Wildermuth,
Phys. Rev. 131, 2631 (1963).

Y. C. Tang, in Proceedings of the International Con-
ferences ol Clustering Phenomena in Nuclei, Bochum,
Germany, 1969 (International Atomic Energy Agency,
Vienna, Austria, 1969), p. 109.

3C. G. Jacobs, Jr., and R. E. Brown, Phys. Rev. C

1, 1615 (1970).
J. B. Ball, IEEE Trans. Nucl. Sci. 13, 340 (1966).

5E. A. Silverstein, Nucl. Instrum. Methods 4, 53
(1959).

6P. Schwandt, B.W. Ridley, S. Hayakawa, L. Put,
and J. J'. Kraushaar, Phys. Lett. 30B, 30 (1969), and
private communication.

H. Collard, R. Hofstadter, E. B. Hughes, A. Johans-
son, M. R. Yearian, R. B. Day, and R. T. Wagner,
Phys. Rev. 138, B57 (1965).

I. Reichstein and Y. C. Tang, private communication.
The properties of the He nucleus, on the other hand,

are given rather well by the Gaussian form used for
the He wave function in the resonating-group calcula-
tions. See, for example, R. F. Frosch, J. S. Mc-
Carthy, R. E. Rand, and M. R. Yearian, Phys. Rev.
160, 874 (1967).

D. R. Thompson and Y. C. Tang, Phys. Rev. 179,
971 (1969).

Depolarization of Negative Muons in Low-Z Muonic Atoms with Nonzero Nuclear Spin*

D. Favart, f F. Brouillard, f L Grenacs, g P. Igo-xemenes, t P. Lipnik, t and P. C. Mac@|',
Centre de Physique Nucleaire, University of Louvain, Louvain-IIeverlee, Belgium

(Received 31 July 1970)

The decay asymmetries resulting from the residual polarization of negative muons
were measured in the components of the ground-state hyperfine doublet of 6Li, 7Li, ~Be,
"B, and "Bmuonic atoms. The results show a characteristic consequence of the muon-
nucleus magnetic dipole coupling during the muonic cascade.

The residual polarization of negative muons in
the ground state of muonic atoms with nuclear
spin I=0 was extensively studied both experimen-
tally and theoretically; the spin-orbit coupling
during the muonic cascade causes a strong spin
depolarization. ' Little is known on the residual
polarization in muonic atoms with IW 0 where, in
addition to the spin-orbit coupling, the hyperfine
coupling between the muon and the nucleus will
affect the depolarization. Hoping to obtain some
indications about the role played by the hyperfine
(hf) interaction in the spin depolarization in mu-

onic atoms with IW0, we have measured the de-
cay asymmetries n' in the I''=I+ 2 hf ground
states of 'Li, 'Li, 'Be, "B, and "Bmuonic
atoms. The results will be briefly commented on
at the end of the present paper.

The measurements were carried out at CERN,
using the muon-channel facility at the 600 MeV
synchrocyclotron. The method of spin preces-
sion in a constant magnetic field was used', the
field homogeneity through the 6 & 6 & 6-cm tar-
gets and its stability during a run were better
than 1 x 10 . The muon-stop rate was of the or-
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der of 10 sec '. An almost complete backward
polarization of the muon beam was obtained by
suitable momentum selection at the end of the mu-
on channel. It is of importance to mention here
that the decay electron due to a muon stopped in
the target was recorded only if this muon stop
was neither preceded nor followed by another mu-
on stop in the target or in materials surrounding
the target within 6 p, sec.

The measurement consisted in the observation
of the time distribution N(t) of the decay elec-
trons due to muons stopped in the target. In the
case of It 0 and for positive nuclear gyromagnet-
ic ratio, this distribution is given by
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where A is the muon disappearance rate; n', cu',
and P' are the coefficient, frequency, and phase,
respectively, at t =0 of the decay asymmetry of
the I'' hf state; R is the rate of the +'(upper hf

st tae)-F (lower hf state) conversion. '
Figure 1 shows typical precession curves ob-

tained by subtracting the background and remov-
ing the trivial exponential dependence from the
measured electron time distribution. In the case
of 'Li, the experimental points are well fitted
with a single cosine function, cos(cu'(+g'). How-

ever, the precession curves obtained with 'Li
and 'Be show a nonvanishing residual polariza-
tion in both of the hf states. The most striking
feature of the results obtained with the "Band
"Btargets is the decrease of the dominant pre-
cession amplitude, which in both cases has the
frequency of the I' ' state. This decrease is inter-
preted as the consequence of the +'-+ conver-
sion. ' Nice precession curves were also obtained
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FIG. 1. Typical precession patterns obtained by stop-
ping negative muons in 6Ll, 7Ll, 8Be, 10B and ifB tar-
gets. The strength of the magnetic field is indicated
for each target. The value of the parameter 8 was
found to be R{ B)= {2.1+0.5) X 10 sec and R{ B)
={5.8+0.5) x10' sec . For Li, Li, and Be, R was
found smaller than (0.2, 0.2, and 0.5) x10 sec, re-
spectively.

in graphite with negative muons. The coefficient
of the decay asymmetry of negative muons in
graphite was found to be n("C) -=n, =0.0595+0.0015
(uncorrected for target and detector finite-size
effects); decay asyrnrnetry of this order of rnag-

Table I. Normalized decay-asymmetry coefficients n /no.

Target

Isotopic
abundance

(/o)

10'n '/n
measured~

10'n '/n
calculatedb

-10 n /n, ,
measured~

-102n /n, ,

calculated

Metallic
Metallic
Metallic
Crystalline
Crystalline

Ll
'Be

foB
ifB

95.6
99.9

100
95.0
80.4

45.2+ 1.8
45.5+ 1.8
37.6 + 1.6
19.3+ 2.7
28.4 + 3.4

45
38
38
83
38

&il.of

4.7 + 1.3
6.1+ 1.4
1.8+ 1.3
2.2+ 1.4

-0 3
+3.1
+8.1
+5.9
+8.1

e atios n '/n
0 do not depend on the exact knowledge of the beam polarization or on the corrections due to ta-

get and detector finite-size effects. The quoted errors were obtained by external consistency of separated mea-
surements; correlations between variables were taken into account.

Following Ref. 6., it was assumed that the muon-nucleus hf interaction is switched in from the muon orbit 1 = 8
for each muonic atom considered.
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nitude is expected when almost fully polarized
negative muons are stopped in graphite. '

The numerical results, collected in Table I,
were obtained by making a least-squares fit of
Eq. (I) to the experimental points. In 'Li and
'Be, e is surely different from zero, more-
over n /n, &0. This means that in the + state
the di.rection of the muon spin is opposite to that
ln the muon beam. If the magnetic dipole coU-

pling between the muon and the nucleus is taken
into account in the ground state only, ' one obtains
o.'/a, &0 because the spin-orbit couphng alone
does not change the direction of the muon spin.
The tendency o. /o. 0&0 shown by the results is
in favor of the model where the magnetic dipole
coupling between the muon and the nucleus is tak-
en into account from a given excited state of the
muonic atom with orbital quantum number /;
these predictions are quoted in Table I, assuming
1=3 for each muonic atom. As it can be seen,
the predicted values of e /o. , are in qualitative
agreement with the experimental results.
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The total cross sections for the reactions 'Be('80, "O[0.8711) Be and '3C(' 0, O[0.871))"C
have been measured at energies weQ below the Coulomb barrier. The data have been
fitted with the Buttle and Goldfarb formulation of distorted-wave Born-approximation
theory and spectroscopic factors extracted.

The stUdy of heavy-ion tI'Rnsfex' I'eRctlons ln
the neighborhood of the Coulomb barrier has
been suggested' as a means of extracting nuclear
spectroscopic-factor infor mation. The principal
advantage of such an experiment is that the nu-
clear part of the interaction potential can be
treated as a perturbation on the mell-understood
Coulomb interaction. Several one-neutron trans-
fer reactions have been studied at this Labora-
tory in the region of the Coulomb barrier' and
analyzed following the distorted-wave Born-
approxirnation (DWBA) approach of Buttle and
Goldfarb. The spectroscopic factor s obtained
from these experiments agree quite well in gen-
eral with those calculated by Cohen and Kurath'

where such R comparison ls posslbl.
The present Letter describes the results ob-

tained with a different experimental method
which incorporates some improvements over
that previously used. ' By using a Ge(Li) detector
to observe the y rays emitted from states excited
via the nucleon transfer process, the total cross
sections of several transfer reactions can be
measured simultaneously to energies consider-
ably below the Coulomb barrier. The Box'n-ap-
proximation analysis can thereby be simplified
in that the interaction can be considered to be
purely Coulombic. This technique has been ap-
plied to the study of the one-neutI'on transfer
reactions 'Be("0, "0)'Be and "C("0,"0)"C,


