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dent on the exact values of the parameters A, and

A, /A, . Since in the present system A, could not
be given a definite value, the calculated values of
A, and K, are only approximate.

The theoretical model predicts a fi.rst-order
phase transition between the regions of different
spin orientation. This prediction is in apparent
contradiction with the presence of the transition
regions in the spin-orientation diagram. The ap-
pearance of the transition regions may be due to
the following factors:

(1) The inhomogeneity of the samples. This
however cannot be the main factor, as some of
the experimental spectra (e.g. , spectrum f in
Fig. 2) cannot be interpreted as a superposition
of two spectra corresponding to magnetizations
along two different major crystalline directions.

(2) The existence of additional, noncubic aniso-
tropic terms due to distortions, dipolar fields,
and anisotropic exchange that have been neglect-
ed in Eq. (1). As a result of these terms, the
magnetization may not coincide with the direction
of one of the major crystalline axes, and in the
transition region n may deviate significantly from
these axes. Thus, for example, spectrum f in
Fig. 2 corresponds to a direction of magnetiza-
tion lying in the (100) plane, but not parallel to
one of the major ([100]or [110])crystalline axes.

In Fig. 1 a slight shift between the experimen-
tal and the theoretical boundaries of the three re-
gions is observed. This shift may be due to sev-
eral factors, the main one being the neglect of an
anisotropy term contributed by the Fe-Fe interac-
tion, which favors the [111]direction. Smaller
shifts may be caused by the uncertainty in the
values of some of the parameters ((r"), antishield-

ing factors) used in the calculations. Further-
more, the possibility of mixing higher ionic 4
states into the ground state was neglected. As
the exchange fields acting on the rare-earth ions
in RFe, compounds are quite large, the contribu-
tion of this mixing to the anisotropy may be non-
negligible. Finally, the previously mentioned
noncubic anisotropic terms, that were not taken
into account in Rq. (1), could also contribute
somewhat to the shift of the boundaries.

We are carrying out similar measurements and
calculations for the systems R„'R, „'.Fe, with R'
=By, Ho and R'=Er, Tb, and Tm. The experi-
mental results and a detailed comparison with
theoretical predictions will be published elsewhere.
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Observation of n - Particle Core-Excited Threshold States in Light Nuclei
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The nuclei ~~N, ~~O, and ~~N6 are examined in terms of the appearance of n-particle.
core-excited threshold states. It is shown that this simple model can account for most
of the &-part1cle states seen above the thre8hold for &-particle emission, W6 discuss
the most striking features of these states.

Recent work of Gillet' and Middleton, Garrett,
and Fortune has stressed the importance of
quartet structures in the interpretation of nuclear
excited states. One expects resonances in the n
channel at compound-system energies correspond-

ing to these states. It is the intent of this Letter
to summarize and correlate a series of studies
which have revealed the existence of e-particle
states at high energies in light nuclei. These
states have spins, parities, and energies which



VOr, UME 28, NUMBER 4 PHYSICA L REVIEW LETTERS 24 J~NvxRv 1972

indicate that they can be interpreted as being
built of a core plus e particle with the first state
occurring near the threshold for the compound
system to emit an e particle and higher states
being formed by exciting the core. ' The nuclei
"N, "0, and "Ne will be examined in this re-
gard.

The nucleus "0 has been studied in the energy
region of interest by means of the reactions
"C('He, n)"C and "C('He, 'He)"C." The prin-
cipal means of analyzing these data was an opti-
cal-model-p1us-resonance analysis of the elas-
tic data. Legendre-polynomial analyses of the
0-channel data were also employed to obtain
spins and parities. A slightly lower energy re-
gion of "0has also been studied by means of the
reaction "N(p, n)"C.' The levels seen in this
case are correlated with those of the reaction
"C('He, n)"C where overlap occurs —eliminating
questions of statistical fluctuations. Unfortunate-
ly the three additional lower levels observed in
the reaction "N(p, n)"C do not have reliable spin
and parity assignments.

In the case of the mirror nucleus "N, the re-
action "B(n, n)"B was used to investigate the
level structures. For n-particle energies below
3.8 MeV, a multilevel multichannel R-matrix
analysis was employed to obtain level parame-
ters. ' This analysis employed data in all open
channels and simultaneously fit all channels
[' C(p, n)"B, ' C(p, n )' N,

' C(p, n, )' N,
' C(p,

p)"C, and "B(n, n)"B]. At higher energies the
number of open channels and the complexity of
the structure in these other channels made such
a detailed analysis impractical (if not impossible).
So, for Q. -particle energies of 3.8 to 5.0 MeV, a
modified R-matrix analysis incorporating an
optical-model background was employed. ' This
yielded five more levels in "N, with a success-
ful fit to the "B(n, n)'"B data as a function of
angle and energy.

The level schemes of "N and "0 thus obtained
are shown in Fig. j.. This figure also shows the
level schemes of "Band "C which have been
shifted by the binding energy of an e particle in
the compound system nuclei "N and "0, respec-
tively.

It is clear from these results that the levels in
"N and "0are well correlated. %e see also that
the structures observed require that the O.-par-
ticle threshold state must consist of an L = 1 n
particle coupled to the core. So the ground state,
of, say, "8 coupled to an L =1 e particle results
in a &', —,'', —,

"triplet. This triplet is observed in
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FIG. 1. Th'e 0.'-particle states observed in ' N and
0 are shown along with the series of levels expected

from the n -particle core-excited threshold-states
scheme. The experimentally determined spins and par-
ities are also indicated.

"N and, although the spin assignments are lack-
ing, the corresponding levels in "0are also
present. The next core state, the first excited
state of "8 or "C, has a spin of 2 . This should
give rise to a —,",&

' doublet. Again this is ob-
served in both "0and "N. The higher core
states will give rise to triplets. The next triplet
in "0 has been observed' (although it is barely
split), and that in "N is present and has the cor-
rect spin-parity values. Still higher states in
"0have been observed. ' These states have cen-
ters of gravity which follow the pattern of levels
in "C. They are not very wide, indicating that
the triplets (presumably present) are very weak-
ly split.

There are many features of these results which
require consideration. Perhaps it is not surpris-
ing that the splitting decreases with higher ex-
citation of the core, since the effective core-+-
particle distance would be expected to increase.
The ground-state triplet has a spacing of levels
which suggests that an I L interaction is a dom-
inant part of the e-core interaction. If the radial
wave functions are not different, the interval rule
predicts that the splitting should go as 5:3 for the
spacing between the —,",—,"states and the -', ', —,

"
states, respectively. This is in rough agreement
with observations. In the ground-state triplet
the ordering of the levels (-,",—,'', —,'') is as ex-
pected. The next two levels (-,'', —,")appear to be
inverted —suggesting deformation. One other
striking feature is the large compression of the
center of gravity of the core multiplets-in "N
relative to that in "0. This result would be con-
sistent with there being a stronger n-core inter-
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binding energy in Ne, ID t1HS case a one-to-one
correlation is observed in J, m, and E. So we
conclude that the a-particle threshold state must
have I = 0 for this case. A detailed model which
is able to predict the I. value of the threshold
state is not yet available.

These results indicate the importance of +-
particle clusters in light nuclei at high excitation
energies and provide the first detailed experi-
mental study of these states. Although the simple
model applied here should not be taken too literal-
ly, it is remarkably successful in accounting for
the observed level schemes in addition to pre-
dicting the correct level densities of o.-particle
states at high energies in these light nuclei.

FIG, 2, The &-particle states observed in ~SN8 are
shown along with the series of levels expected from the
& -particle cox'e-excited threshold-states scheme, The
experiIQentally determined spins and parities of tbe
states are also indicated: a, taken from Bef, 10; b,
taken from Bef. 9; &, taken fxom Bef, 11.

action in "N because of the lower core charge and

therefore a more pronounced broadening of the
effective core potential leading to compression.
These results require much further theoretical
study.

A third, somewhat simpler case is observed
in "Ne studied by means of the reactions "0('He,
o')"0 and "0('He, 'He)"0.' " In this case the
levels parameters were again obtained by. means
of R -matrix and optical-model-plus-resonance
analyses. The results are shown in Fig. 2, along
with the spectrum of "0 shifted by the o,-particle
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A new method of determining nuclear shapes is proposed which avoids the assuxnption
of R specific nucleRr model. The concept of Rn equivalent 81lipsoid, %'h088 chRrge Rnd

moments equal those of the nucleus, is employed. But the method is equally valid for
spherical, deformed, Rnd intermediate nuclei. It can be employed fox' Rny. DucleUg
(even-even, odd-A, or odd-odd) pxovided enough E2 matrix elements are available.
The example of ~28m is discussed.

A nonzero value of the- spectroscopic quadrupole
moment (Q ) implies a nonspherical charge dis-
tribution, and the ratio Q /(r') is a measure of
nuclear deformation. ' However, as is well known,
a vamshing Q does not necessarily imply a spher-

ical charge distribution. The quadrupole moment
Q vanishes for a nucleus if (a) the total angular
momentum is 0 or —,', ' or if (b) the nucleus has
equal probabilities of being prolate and oblate. '

The Bohr-Mottelson4 concept of intrinsic quad-


