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A series of calculations were performed which support the a-particle core excitation model as a
possible explanation of the structure of certain highly excited states seen in "N and "O. The features
of interest are the apparent compression of the core states and the multiplet structure. The
compression is semiquantitatively accounted for by an enlargement of the single particle well due to the

presence of the cx particle. The standard core excitation model fails to account for the multiplet

structure. An operator resulting from the nucleon-nucleon spin-orbit interaction is found to account
successfully for the multiplet structure. In these calculations, the model of the core is that of a p 3„
hole coupled to the states of "C. Two different models of the "C states are used and both give good
results.

NUCLEAR STRUCTURE ' 0, '5N. Calculated levels, J~. m -nucleon spin-
orbit interaction.

I. INTRODUCTION

In a recent note, Weller' has summarized a
series of reaction studies in light nuclei in which
resonance features are seen in highly excited
states of the compound system. Since these reso-
nances have large a decay widths and occur near
the threshold for n particle emission, he has
suggested that they could be interpreted as arising
from an n particle core excitation model with the
core in its lowest states of excitation. The pur-
pose of the present paper is not to justify the exist-
ence of such a model but, given the model, to in-
vestigate to what extent it can successfully re-
produce the observed resonant energy spacings
and spins and parities. Particular emphasis is
given to the problem of choosing the proper inter-
action between the core and the e particle.

Specifically, we have considered a model of the
highly excited states of "N and "0 as being an o.

particle in an L =1 single particle state coupled to
the ground and first few excited states of "8 and
"C. The predicted multiplets of energy levels
bear a striking correspondence to the observed
resonances in the 12 to 15 MeV excitation region
which have strong a decay rates as Weller has
shown. (See Fig. 1 of Ref. 1, for example. ) There
are, however, certain aspects of the proposed
structure which require consideration:
(a) There is a definite compression of levels in
the A =15 nuclei compared to the assumed corre-
sponding levels of the A. =11 nuclei. Moreover,
the "N energies are compressed more than the
"0 energies.
{b) The observed multiplets are approximately
consistent with an I ~ I interaction wherein the

mass 11 target has angular momentum I and the
a particle has angular momentum L, with L =1.
However, an inversion of level ordering occurs
between the ground and the first and second ex-
cited state multiplets.
(c) The muitiplet splitting decreases with increas-
ing excitation.

Weller' suggests that the compression mentioned
in (a) might be due to a broadening of the core po-
tential well by the presence of the a particle and
that the inversion referred to in (b) might be due
to core deformation. He also suggested that the
decreased splitting (c) may indicate a weakening
of the interaction with higher target excitation.

Our prime concern in this paper is with aspects
(a) and (b). We will focus mainly on the lowest
energy states of the model where the decreased
splitting with excitation in the mass 15 nuclei is
less pronounced. We consider, in the next sec-
tion, several possible explanations of the com-
pression effect. The normal core excitation model
as it applies in this case was tried and found lack-
ing, as shown in Sec. III. Two reasonably suc-
cessful calculations, using a microscopic dipole
interaction, are described in Sec. IV. Our con-
clusions are presented in the final section, Sec. V.

II. COMPRESSION EFFECT

In standard applications of the core excitation
model, the energies and wave functions of the core
have been identified with those of the free core.
This approach has proven to be successful in many
instances when the remaining part of the problem
was a single particle or hole. It seems clear
however, that when the satellite particle is an n
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particle that the simple approach may no longer
be possible. This effect should be most obvious
in the light nuclei where the mass of the a particle
in the combined system is a significant fraction
of the entire mass and where e clusters are known
to be an important element in the structure of the
nucleus.

The simplest effect to imagine is that the spac-
ing of single particle energies is reduced. The
harmonic oscillator energies S~, which gives
the separation of the major shells, are expected
to be given approximately by 41(A +4) "' MeV
instead of 41A "' MeV, whereA is the mass num-
ber of the core. For A =11 this a reduction of
10%%up. The same effect is seen in single particle
energies of other models such as the Woods-Saxon
potential. '

It is also possible to understand how a compres-
sion of levels could occur in other circumstances.
This will be done specifically for models which
have been applied to the mass 11 nuclei. They
have been studied in the strong coupling model'
and in the core excitation model' as well as in
extensive shell model calculations of p shell nu-
clei. ' The discussion below will be limited to the
strong coupling and core excitation models.

In the strong coupling case, the lowest negative
parity states of the mass 11 nuclei are viewed as
arising from a K = ~ band built on the ~ ground
state and K =-,' band built on the ~ first excited
state. In the adiabatic limit, the energy levels
are given by

Z, (i, K) = ~, (K) + [Z(v+1) —2K'
S2

+4„,n(-1)"'"(~+-.')I, (1)

where e, (K) is essentially the single particle en-
ergy —or in the present case, a single hole in
"C—as obtained from ¹ilsson energy diagrams.
The second term in Eq. (1) gives the rotational
band built on the single particle state and I~ is the
moment of inertia of the K band.

When the a particle is added to this system, two
effects should occur. The single particle energies
should be compressed, essentially as discussed
above and the moment of inertia should increase
due to the larger spatial extension of the wave
functions. As a check on this latter point, a Har-
tree-Fock calculation for the mass 11 nuclei was
done with the harmonic oscillator parameter a
= (m ~/h)" appropriate to "C, then with that ap-
propriate to "0. The Hosenfeld force was used
to obtain approximate moments of inertia for the
E = & and K =-,' bands. The result was that I„,and

I„,both increased by about 20%%up, that is, the mo-
ment of inertia is roughly proportional to e '.
This verifies that the rotational bands should com-

press as well as the single particle energies if the
effect of the a particle is, to the lowest order, to
enlarge the potential well seen by the mass 11
nucleons. For later use, we define the ratio R
=n, '/o. ' as the fractional compression.

Essentially the same results can be expected in
the core excitation model of the mass 11 nuclei.
In a companion study of the present one, ' we have
shown that the lowest negative parity states of
"8 and "C can be described as resulting from a
P„,hole in "C. The presence of the n particle
will again have the effect of increasing the mo-
ment of inertia; this time, it is that of the "C
core.

In Fig. 1 we show the effect on the mass 11 spec-
trum of compressing the energies of the first
two excited states of the "C K =0 rotational band.
Two calculations are shown. In one the interaction
strengths between the P3/2 hole and the core are
held constant, and in the other the quadrupole in-
teraction strength has been held constant while the
dipole strength has been increased by making it
inversely proportional to the R', where R is given
above. The assumed centers of gravity of the
multiplets found in "0 and "N by Weller and the
unperturbed energies of "C and "8 are also shown.

It is obvious that the compression of the mass 11
energy spectrum is quite large in both cases. The
"N case is particularly startling, exhibiting a
compression of the centers of gravity of the multi-
plets to about one third the unperturbed mass 11
energies.

In both calculated spectra shown, the compres-
sion effect of the broadening of the "C well due to
the addition of the a particle is obvious. The only
exception is the &* state which is essentially un-
affected by the core compression.

It seemed clear to us that the core-hole inter-
action ought to be affected by the core compres-
sion but of course the difficulty was to decide how.

Our first choice was to assume that the change in
the interaction would be small and so could be
ignored. The results of the calculation leaving
the strengths unchanged exhibit the compression
effect but as is easily seen the —,

'- level cannot
possibly be brought down low enough to give the
proper energy for the "N case for any reasonable
compression of the core. Our second choice, that
is varying the dipole strength inversely with the
square of the compression, was arrived at com-
pletely empirically. The compression was found
to be a relatively insensitive function of the quad-
rupole interaction strength, but it was quite sensi-
tive to the dipole strength. Since we had only
rather vague ideas of the origin of the dipole term,
our approach was to simply vary it in a variety
of ways with the compression and see what hap-
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pened. The final result was to choose to increase
the dipole strength of the interaction as (-4/R')
MeV, where the strength for R =1 was found in
our mass 11 studies. ~ Calculations of the multi-
plet structure based on both models will be pre-
sented in Sec. IV.

III. 0. PARTICLE CORE EXCITATION MODEL OF N

In this section we present the results obtained by
attempting to describe the observed multiplet
structure of "N using a standard core excitation
model. This discussion is restricted to "N simply
because the spins and parities are best known in
this case. The similar multiplet structure ob-
served in "0 leads us to assume that analogous
results should hold in that case also.

As Weller pointed out, the structure of the posi-
tive parity states in the 14 MeV excitation region
of "N strongly suggests that those states might
be approximately described as resulting from an
L = 1 o. particle state coupled to the lowest nega-
tive parity states of "8 through a dipole inter-
action term of the standard form used in core
excitation calculations:

a, =-q, r. L,
where I is the spin of the core state and L is the

angular momentum of the a particle. This inter-
action is diagonal in the basis formed by vector
coupling the core and a particle states to a total
angular momentum Z. The multiplet energies are

&z(I) F-r ——2'
xi'(J +1)—l(1+1)—L(1.+1)j, (3)

where E,' is the center of gravity of the multiplet
of states built on the particular core state I. As-
suming that this description applied to the three
lowest multiplets in the region of interest in "N
and that these multiplets are built on the 2, —,

'

lowest states of "B, we find the following
values for the FI and the strengths g, :

E,'„=13.3 MeV y g3/2 +0.18 MeV;

E]g2 = 13 8 MeV, q„, = -0.04 MeV

14 2 MeV &5/2 0 05 MeV

These results were obtained from energies given
by Ramirez, Blue, and Weller. '

In the standard applications, a single strength
q has been used for all multiplets. It is clear
that, in this case, no single value can be assumed.
Note also the sign difference which is due of course
to the inversion of levels referred to in the Intro-
duction.
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FIG. 1. At the left the compression of the target states as a function of the compression of the ~ C core is shown. The
solid lines refer to the calculation in which the core-hole interaction was held constant. The dashed lines refer to the
calculation in which the core-hole dipole interaction was inversely proportional to the compression squared. Spectra A
and C are the unperturbed ~C and ~B level, schemes. Spectra B and D are the presumed centers of gravity of the mul-
tiplets in 0 and 'N. Energies, spins, and parities of the mass 15 states used in these calculations are taken from
Befs. 1, 6, and 13.
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The question arises, could the inversion be ac-
complished by including the effects of a deformed
n particle potential which Weller suggested, as-
suming the deformation to be a quadrupole one.
We attempted, then to reproduce the observed
structure with an interaction of the form

H (=-qI L —gg(c) Q(n), (4)

where Q(n) is the single a particle quadrupole
operator. The quadrupole matrix elements of
Q(c}, the core mass quadrupole operator, were
taken from our previous studies of the mass 11
nuclei. We were unable to reproduce the ob-
served ordering of energy levels with any value
of the strength parameters g and X. Our conclusion
is that the inversion is not caused by a deforma-
tion; at least, not one of the quadrupole variety.

It seemed unlikely at the outset that the differ-
ences in sign of the approximate dipole strength
seen above could be caused by a quadrupole inter-
action. The splitting of each multiplet seemed too
patently dipole in character. This property led
us to look for some dipole operator which would
give a state dependent strength. The results of
calculations using such an operator are presented
in the following section.

IV. MICROSCOPIC UECTOR OPERATOR APPROACH

vo(r, , R)s, r; v, (r;, R)/—R(s, +2~ T;)
(6)

4m',

In this equation, r; and s; are the nucleon radial
coordinate and spin, T; is a spin-angle vector
operator whose spherical tensor description is

T„=g (2ml(p -m)
~ 1g) Y, (r)s„

R is the raidal coordinate of the n particle, and

p. is the reduced mass of the n particle and target
nucleus. In obtaining the above result, reasonable
approximations were made about the structure of
the a particle. Also, a multipole expansion of the
nucleon-a spin-orbit potential was made; the
quantities v, and vy are the monopole and dipole
coefficients resulting from this expansion. In his
applications, Bawitscher used a free nucleon-e
spin-orbit potential obtained by Morgan and Wal-

Rawitscher' has shown that the nucleon-nucleon
spin-orbit potential will give rise to a dipole inter-
actionII~ between an o particle with angular mo-
mentum L and the nucleon i of the target nucleus.
This interaction, Rawitscher's equation (10), can
be written as

H~ =V ~ L, V=+ V&,

where

ter. We follow hj,s exa,mple.
Among the applications of this formalism which

Bawitscher considers is a brief comment on the
present case. He notes that if the & ground state
and —,

' first excited state of "8 are taken to be
single particle states and if the e particle is in an
I.=1 state, then the observed inversion of level
ordering is predicted by the interaction H~ given
above. We were encouraged by this result to
attempt a more detailed calculation, using this
method and what we believe to be reasonable mod-
els of the low-lying negative parity states of the
mass 11 nuclei. Two such calculations are de-
scribed below, both of which treat the mass 11
nuclei as a P3/2 hole coupled to the "C core. They
differ in the manner in which the "C core states
are treated.

In the first calculation, the "C core is assumed
to have two states. The 0' ground state is treated
as a particle-hole vacuum and the 2' excited state
is assumed to be a one particle-one hole state as
given by Goswami and Pal. ' Antisymmetrization
between the hole of the core in the excited state
and the P„, hole is ignored, however, It is per-
haps worth pointing out that our previous study of
the two core level model did not require a de-
tailed model of these two states, but some model
is required here to obtain matrix elements of the
dipole operator 0„.

In the second calculation, we make explicit use
of the rotational model of the "C core. It is a
three core state model in which we assume that
the 0', 2', 4' states are members of a K=O band,
which eliminates contribution of the core to dipole
matrix elements and permits the core to be treated
in general terms.

A. Particle-hole model

In the calculation described in this section we

again adopt the viewpoint of the core excited mod-
el. We imagine that the states of interest in "0
and "N result from the interaction of an n particle
in an 1.=1 state with the appropriate mass 11 core.
This interaction is envisioned in terms of a multi-
pole expansion, the main contributors being the
monopole and dipole parts.

The monopole part of the interaction is assumed
to have two aspects. It effectively binds the n
particle to the mass 11 core, thus allowing these
continuum states to be treated as bound states.
For convenience of calculation we take the poten-
tial to be a three dimensional harmonic oscillator
with an oscillator parameter a =(m ~/h}"' of 0.62
fm ', the same as for nuclei in the mass 15 region.

Secondly, the monopole part is assumed to cause
a compression of the core states as discussed in
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Sec. II. Since our interest in this section is fo-
cused on the multiplet structure of the mass 15
states, we have allowed the amount of compres-
sion of the mass 11 core states to be somewhat
adjustable but to coincide roughly with the center
of gravity values quoted in Sec. III. It is also as-
sumed that the core configuration amplitudes are
unaffected by the compression but that the single
particle wave functions are those appropriate to
the mass 15 nucleus.

The dipole part of the interaction is taken to be
that given in Eq. (5). It is convenient to rewrite
H„as a product of factors operating on the core
and n particle separately so that standard tech-
niques" canbeused to evaluate the matrix ele-
ments. For this purpose, the a particle radial
coordinate is integrated out. The basis states
of the mass 15 system, in this model, are vector
coupled core states Q,„, and a particle states
rth//r=&h/r. (I.t )I'rhr/. ',

rhr(I/ ~) I Pl 'Ph/L~ rhr ~h/L~ Pr ~L ~ zh/ ' (6)

Matrix elements of H, can then be written as

&(I'i)~MIv. I I(fl )»&

I'L JM v I IL JM

where

v= vt

0

1~2(g s )& =& I(o'p, /'2)2& —(I-&')'"I(2'p, /'2)-'&,

I
z*& = (I -+')"'

I
(o'ph/2)-'& +/I

I (2'ps/2 )-'&,

I» = I(2'p. ,', )I&,

and where A was found to be 0.741.

Thus v; depends only on the target nucleon's co-
ordinate r; and spin s, The rounded brackets have
been used to indicate that the e particle radial co-
ordinate R has been integrated out. The matrix
element in Eq. (9) can then be written in terms of
the separate reduced matrix elements (I' Ilv III&

and (I-IILII I& = 6 / for I = 1. To evaluate (I'llvll»
we used the two core state wave functions obtained
in our study of mass 11 nuclei. In this study, the
low-lying negative parity states are constructed
from the combination of a p3/2 hole and the 0' and
2' states of ' C. The resulting mass 11 states
are:

Since v is a sum of one body operators, it can
be vie~ed as a sum of two terms v„+v, , with v„
acting on the p3/, hole and v, acting on the "C
core. The term involving vt, can be simplified by
angular momentum and particle-hole conjugation
methods to finally yield a reduced matrix element

(P», II vllPh/g involving only one P„,particle. In
the evaluation of the core term involving v„ the
only nonvanishing terms occur when the core is
in the 2' state since a vector operator cannot con-
nect the 0+ state to itself or to the 2' state. Thus
angular momentum simplification yields the single
core reduced matrix element (2 Ilv, II 2& to be eval-
uated.

So far, no details of the core 0' and 2 states
have been required. However, in order to evaluate
the quantity (2 llv, II 2), some structure model of
the 2' state is necessary. For this purpose, we

employed the wave functions given by Goswami
and Pal' for this state. The general form is

where the "C 0' state is taken to be the particle-
hole vacuum. The hole states is„„1P„,and parti-
cle states 1p„„ ld3/2 1d /„1f„2, 1f,/2j 2p3/2p

2p„, are used for j, j', respectively, in combina-
tions yielding I"=2'.

The coefficients 8» ~ are given in Sec. 3.3 of
Ref. 9. The operator v, is again written as a
sum of two terms; one operating on the hole, the
other on the particle. Again standard angular
momentum and particle-hole conjugation methods
are used to separate the core reduced matrix
elements into terms involving only single particle
reduced matrix elements, (j, llv, II j,&. The sets
of single particle states involved are those listed
after Eq. (11).

The net result is that the matrix elements of H~

are ultimately expressible in terms of reduced
matrix elements of the single particle operators
s and T in Eq. (6) and radial integrals over the
nucleon, as well as the cr particle, of r/0(r, R) and

h/, (r, ft). The main computational problem, then,
is to obtain the radial integrals. As indicated
earlier, we used the free nucleon-n particle spin-
orbit potential obtained by Morgan and Walter. '
The detailed definitions of the nucleon-a spin-
orbit potential used and the integrals for the multi-
pole expansion coefficients are given by Bawit-
scher' and need not be repeated here. The geo-
metrical parameters of the derivative Woods-
Saxon form used are reasonably well known but

there is an element of ambiguity in the over-all
strength parameter. The problem is that this
strength is found to be somewhat energy dependent
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We view the weaknesses of this approach to be
that antisymmetrization between the P„,hole of
the mass 11 model and the hole in the Goswami
and Pal wave function was ignored„ that the specif-
ic compression of the target states used was ar-
bitrarily chosen to be about the multiple center
of gravity values, and finally only the two lowest
multiplets of states were reasonably well de-
scribed by the calculation. The latter two ob-
jections are dealt with in the calculations pre-
sented in Sec. IV 8.

B. Rotational model

In this section we will describe calculations
based on a model which describes the target states
as arising from the coupling of a p„, hole to the
first three states of the K =0 rotational band of
"C, Our picture of the mass 15 states under con-

sideration will be quite similar to that of the pre-
ceding section in that an e particle in an L =1
state is coupled to the low-lying negative parity
states of the mass 11 nuclei through the dipole
operator in Eq. (5) above.

The model chosen for the mass 11 greatly sim-
plifies the calculation of the interaction between
the a particle and the target. The simplification
results from the assumption that the interaction
is a sum of one body operators. A monopole oper-
ator of this type cannot change the relative spacing
of the ' C states from a & =0 rotational band. "
The entire interaction between the n particle and
the target depends, in this picture, only on the
interaction between the a particle and the P„,
hole.

We will present two calculations below based on
the two models of the compression discussed in
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FIG. 4. Experimental and calculated multiplet structure of 0 and N using the rotational core model. The spin-
orbit interaction strength was 25 MeV and the core-hole interaction strengths in the target have been held constant.
The number next to the braces in the calculated spectra denote the mass 11 parent state of each multiplet and in the
experimental spectra, the assumed parent.
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Sec. II above.
First we calculated the multiplet structure using

mass 11 wave functions obtained by compressing
the "C core energies but leaving the interaction
strengths between the hole and the core unchanged.
Since the unperturbed calculated mass 11 energies
are, particularly in the —,

' case, somewhat differ-
ent from the experimental energies we have used
the energy differences caused by compression and
subtracted them from experimental mass 11 en-
ergies. The results are shown in Fig. 4. The
spectra are obtained by compressing the core
states by 30% in the "0 and 5(po in the "N case.
The interaction strength U, was 25 MeV and a 1P
harmonic oscillator wave function was used to
evaluate the radial integrals. First order per-
turbation theory was used to calculate the multi-
plet splitting since our calculation in the previous
section shown for these strengths diagonalization
did not produce significant changes in the splittings.

The results are obviously quite good producing
inversions in the dipole ordering where appro-
priate. It should also be noticed that the dipole
splitting appears to fall off in energy as is found

experimentally [see Sec. l(c)].
A second version of the compression allowed

the dipole strength of the interaction between the

P», hole and the "C core, which in our picture
form the target, to vary. Here we have used the
actual calculated energies rather than energy dif-
ferences and experimental energies. The "0cal-
culation presented in Fig. 5 was calculated as-
suming that the compression of the core was pre-
dicted from the simple relationship R = n, '/u' oh-
tained in Sec. II yielding a core compression of
12%. The reduced matrix element (2 '~~1/; ~~-. ')
for the p„, hole was evaluated using the oscillator
parameter appropriate to the compression. The
interaction strength used was Up =20 MeV.

In order to obtain the "N spectrum shown in
Fig. 5 a further core compression was required.
The compression used was 18/0, i.e. , the com-
pressed "C core energies are 18% of the free
core values. Again the matrix elements were
calculated using the oscillator parameter appro-
priate to this compression of 18% and a strength
U of 20 MeV.

Neither the —,
' nor —,

' * multiplets appear in
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I IG. 5. Experimental and calculated multiplet structure of 0 and "N using the rotational core model. The spin-
orbit interaction strength was 20 MeV and the dipole core-hole interaction strength in the target has been varied in-
versely with the square of the core compression. The braces in the calculated spectra denote the mass 11 parent
state of each multiplet and in the experirhental spectra, the assumed parent.
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Fig. 5 since the energy of both is too high a,l-
though as can be seen from Fig. 1 the —,

' state
will have come down considerably in energy with

the compressions of 12 and 18%. Although not
shown, we found that the splitting of the —,

' multi-
plet is again very small in agreement with experi-
ment and again, the ordering of states is correct-
ly given by the calculation.

In both calculations of this section, the compres-
sion of the mass 11 states has been obtained more
naturally than was done in the particle-hole model
of the previous subsection. Moreover, good agree-
ment between calculation and experiment is ob-
tained for almost all multiplets considered by
Weller. The multiplet built on the &~ is an ex-
ception, however. This was to be expected since
the dipole properties of this one state are not well
described by our mass 11 model.

Two further points should be made with respect
to the calculations discussed in this subsection.
First, the energy spectra obtained do not depend
strongly on the specific nature of the dipole opera-
tor; just that it operates on the p», hole only.
Hence any one body vector operator with an ad-
justable over-all strength would suffice. The
operator which we used, however, was satisfying
in that its microscopic origin is clear and the
sign and approximate strength were known from
outside considerations. Secondly, as a bonus in
these calculations, we also observe a decrease
in splitting of the multiplets with excitation. This
decrease is observed in the experimental spectrum
as noted in Sec. 1(c).

It is perhaps also worth noting that although the
centers of gravity of the multiplets were obtained
somewhat differently in the results shown in Figs.
4 and 5, there is very little difference in the re-
sults.

V. SUMMARY AND CONCLUSIONS

As noted in the Introduction, we set as a goal
to investigate further the n particle core excita-
tion model proposed by Weller' to explain the
multiplet structure observed in certain resonances
in highly excited states of light nuclei, notably
"N and "O. The two essential features of interest
are the apparent compression of the centers of
gravity of the observed multiplets compared to the

corresponding target states and the absolute and

relative splitting of these multiplets.
Weller suggested that the compression was due

to an expansion of the nuclear well due to the
presence of the n particle. We feel that a con-
vincing case has been made in Sec. II supporting
this view. We have used the standard harmonic
oscillator parametersha =414 "' and a =(m&u/

I)"' as a guide. When the u particle is added to
the target of mass number A, the effect is to re-
place A by 8+ 4 in these parameters thus giving
increased ranges, e ', for the single particle
wave functions and an increased moment of inertia
for I/I, =a,'/a' for rotational states. The result
is a compression of the target states.

In considering the multiplet structure, it was
found that the standard core excitation model,
discussed in Sec. III, was inadequate to produce
the inversion of levels seen in the mass 15 states.
The standard model is essentially a macroscopic
model in which details of the target are not taken
into account.

Good results have been obtained for the multiplet
structure, however, using a microscopic operator
model developed by Rawitscher. In this picture,
the multiplet structure is presumed to arise from
the nucleon-nucleon spin-orbit interaction averaged
over the target and e particle coordinates. In the
calculations based on this approach, the target
mass 11 states were considered to be formed by
coupling of a P„,hole to "C core states. This led
to two calculations, one assuming a spherical "C
ground state and a first excited state generated
by particle-hole excitation, and a second calcula-
tion assuming the "C core to be a rotator. Good
results for the level ordering and splitting were
obtained in both cases in straightforward calcula-
tion. The latter case has the virtue of making
fewer assumptions and giving more of the ob-
served spectrum.

It ~ould be very helpful if the spins and parities
of states in "Q and "N were better known, partic-
ularly in the "Q case. Recently experimental re-
sults have been published" on the states above
16 MeV excitation in "0although no spins and
no definite parities were assigned. The spins
and parities used in this paper were taken from
the work of Weller and collaborators, ' ' " Simi-
larly, it would be helpful if the multiplet structure
were seen in other nuclei. The model has been
applied to resonances seen in "8'~ and "Ne"
but in these cases the o. particle appears to be
in an I.=0 state and so there is no multiplet struc-
ture.

The main item of uncertainty throughout Sec. IV
is the strength of the dipole operator which is the
strength of the nucleon-a particle spin-orbit po-
tential in the Rawitscher approach. We found that
a spin-orbit strength of around 20 MeV gave good
results. We attempted to understand this as fol-
lows.

Morgan and Walter' found that the energy de-
pendence of this interaction strength could be ex-
pressed as (3.95 +0.144E), where E is the relative
energy of the o. particle and nucleon. Using a
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harmonic oscillator model for both the u particle
in a 1P orbit and a nucleon in a 1p orbit, we esti-
mate the relative kinetic energy to be about 13
MeV. Using this as E in the above formula gives
V, =6 MeV which is too small by a factor of 3 or 4.
It seems quite likely, however, that the free nu-
cleon-a interaction must be modified for use in
bound states calculations. Also, it seems likely
that dipole operators of similar nature to that in
Eq. (5}could arise from other sources. (See Sec.
II and Ref. 7}.

Finally, we have commented that antisymmetri-
zation effects have not been included in the mass
11 states. This is expected to be a major factor

in the description of the higher excited states of
the target and hence of the multiplet structure in
the mass 15 cases built on these states. Perhaps
all of these effects work together to account for
the required additional strength.
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