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Search for isovector magnetic quadrupole strength and spin-isospin correlations in 2oNe
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In Ne, the isovector M2 strength distribution in the excitation region of E =11—24 MeV was
investigated by inelastic electron scattering. Two transitions to levels at E„=11.62 and 12.1 MeV
were observed with strengths of B(M2, k}g =64+13 and 56+13 pNfm, respectively. A comparison
with the analogous (~,y) reaction shows that orbital contributions are non-negligible in these tran-
sitions. The data are compared to model predictions.

I. INTRODUCTION

The isovector magnetic transitions have received much
attention due to their sensitivity to nucleonic and possibly
mesonic degrees of freedom. In the past, the detailed rni-

croscopic calculations and the experimental activities were
mainly centered around M1 transitions. Recently, the in-
terest in M 2 transitions has been growing both on experi-
mental and theoretical fronts. ' These odd-parity transi-
tions probe predominantly 1%co'excitations and thus sup-
plement the structural information obtained from even-

parity transitions. Like M1 transitions, the M2 transi-
tion strengths can be compared with analogous axial vec-
tor processes such as nuclear P decay, (n. , y), and (p,n)
reactions to assess the relative importance of orbital and
spin current contributions.

For light even-even nuclei, model estimates of the iso-
vector M2 strengths are now available. A microscopic
calculation by Schmid, in the angular momentum pro-
jected Hartree-Fock and particle-hole method, predicts the
M2 strength distribution for Ne and Si. Also, two of
us (Lo Iudice and Palumbo) developed a semiclassical pic-
ture for spin-isospin (tr r) oscillations in light deformed
nuclei with axial symmetry. These oscillations are excit-
ed through M2 transitions whose strength depends on the
interplay among the one-pion exchange (OPE) potential,
the short-range interaction, and the nuclear deformation.
The M2 strengths contain therefore some information
about the proximity of a o.-w phase, which is favored by
nuclear deformation.

In oblate nuclei the OPE potential and the short-range
'interaction are in fact competitive for longitudinal (with
respect to the symmetry axis) oscillations while they are
cooperative for .transverse oscillations, which only result
to be collective. This prediction is supported by the ex-
perimental results in C and Si.

In prolate nuclei the semiclassical picture meets with
some difficulty because the OPE potential, whose contri-
bution depends on the direction of the axis of spin quanti-
zation, favors a transverse spin polarization. With trans-
verse spin polarization, ho~ever, the excited states have
triaxial symmetry and the model'is not fully consistent.
The calculations have therefore been performed both with
longitudinal and transverse spin polarization. In both
cases there are two levels. %'ith transverse po1arization
the collectivity of each level is lower than with longitudi-
nal polarization and considerably less than half ofit would
be with oblate deformation. Moreover it would presumably
be still reduced in a microscopic calculation due to the
breaking of axial symmetry.

In particular, for Ne with longitudinal polarization
the two levels are at E =12.2 and 22. 5 MeV with
B(M2,k)&=330 and 280 pNfm, while with transverse
polarization E =13.3 and 21.5 MeV with B(M2,k)t
=240 and 65 pNfm, respectively. (Here k =E„Itic de-
fines the photon point. ) The present work, as main
motivation, had to verify the predictions.

Further incentive to this work comes from the availa-
bility of Ne(tr, y)F data by Martoff et al. In this re-
action, the 1.30 and 1.84 MeV levels in F, analog states
of the well established J;T=2;I levels at 11.62 and
12.10 MeV excitation in Ne, are populated. Also seen is
a transition to the 6.1 MeV level, the analog of which
occurs at E~=16.4 MeV in Ne. In view of the impor-
tance of orbital recoupling effects to the M I transition, it
is of interest to investigate if such contributions play a
role for M2 transitions also.

Section II provides the experimental details and data
analysis. The results are discussed in light of the above
models in Sec. III A. A comparison with the (tr, y) reac-.
tion is offered in Sec. IIIB, with the summary and con-
clusions following in Sec. IV.
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TABLE I. Kinematic conditions for the measurements of'the
present wor . eriest rk. Series A and 8 denote measurements taken in the
ex'citation energy range E =11—17 MeV and = —24 M Vnd E =16—24 MeV
in Ne, respectively.

II. EXPERIMENT AND DATA ANALYSIS

The measurements were carried out at the sg resolu-
tion electron scattering facility at Darmstadt
(DALINAC). The experimental setup has been well docu-
mented. The targets consisted of enriched (&99.95%)

Ne gas filled to a pressure of nine bars in a thin walled
(=100pm) container made of an aluminum alloy. The
target handling procedures and the data analyses are pre-
viously described. 10

The data collection was done in two series of measure-
ments under the kinematical conditions shown in Table I.
The first series concentrated on the excitation region
E„=11—17 MeV. In total, six spectra were measured.
Figure 1 shows three spectra, one taken at an incident en-
ergy Eo ——59.3 MeV at the scattering angle 0=153' and
the other two for the matching momentum transfer
q=0.47 fm '. Besides the strong M1 transition to the
level at E~ =11.260 MeV excitation, transitions to levels
at E~ =11.62 and 12.10 are clearly seen. The Rosenblut
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plots established them to be due to purely transverse exci-
tations. Analyses were also done for the structures seen at
higher excitations. No pure transverse component was
found in the transitions into this region. Careful searches
indicated no measurable M1 transition strength to the
level at E =13.48 MeV with J;T=1+;1 and also no
M2 strength was found near 16.4 MeV excitation. For all
the analyses in this work, the cross sections for inelastic
excitations were determined with respect to the elastic
cross sections, "' which were described by a two parame-
ter Fermi charge distribution with c =2.793 fm and

The second series of measurements were devoted to the
excitation region E„=16—24 MeV. Four spectra were
measured which also included two q-matching points (see
Table I). As Fig. 2 demonstrates, this region is dominated
b b d tructures due to electric giant dipole and quad-
rupole resonances. None of the peaks is found to e ue
to an entirely transverse excitation. In view of the possi-
bility that the strength is spread over a large region of ex-
citation, the spectra of Fig. 2 were subjected to a further

analysis. The first step consisted in a multipole decompo-
sition. OrFor this purpose the spectra were binned into
200 keV wide regions. The q dependence of E1 and E2
components, i.e., the respective form factors, were calcu-
lated in DWBA in the framework of the Tassie model, '

and the M2 components using a 1p3/2~1d5g2 isovector
particle-hole transition. Chi-square analyses were per-
formed to individual bins to determine the partial contri-
butions of each multipole to the total cross sections. This
analysis, albeit its model dependence, resulted in E1 and
E2 components that agree with the findings of Szalata
et al. ,

' within experimental errors. It also showed that,
in this region, there is no M2 strength beyond the experi-
mental errors. Also, one of the spectra of Szalata et a .,

'

taken for incident energy of Eo ——59.5 MeV at the scatter-
- ing angle of 0=75.3, corresponds to a matching q data
point taken at Eo ——45 MeV bombarding energy in our ex-
periment. A careful comparison revealed that this region
is dominated by longitudinal contributions. Furthermore,
our fits to the data with vanishing M2 strength for this
excitation region yield an E1 strength compatible with
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photodisintegration results. ' From all these analyses, we
could conclude that the M2 strength in any individual bin
is less than 40 pNfm (in most cases, it is consistent with
zero).

In passing we note that the ten spectra which have been
taken in both series of measurements to search for M2
strength at high excitation energies in Ne took about
five months of consecutive run time at the DALINAC.

III. RESULTS AND DISCUSSION

From inspection of Figs. 1 and 2, it becomes clear that
only three transitions to levels at E =11.26, 11.62, and
12.10 MeV are clearly seen, besides the fragments of giant
electric multipole resonances. The former three transi-
tions were ascertained to be purely transverse. The transi-
tion to the E = 11.26 MeV level is the well-known' M 1,
and the other two are isovector M2 transitions. The de-
duced strengths are 8 (M2, k) ) =64+ 13 and
56+ 13 pwfm with transition radii R„=3.1+0.7 and
4.2+0.7 fm, respectively, for the 11.62 and 12.1 MeV lev-
els. The possible M1 strength to the level at 13.48 MeV
excitation is found to be less than 0.2 pN. No measurable
M2 strength is found at higher excitations up to 24 MeV.

A. Comparison with model predictions

Schmid predicts a large concentration of M2 strength
around 17 MeV excitation (about 500 pNfm for a single
transition). For levels at about this excitation energy, the
decay by neutron emission is kinematically possible and
thus it is likely that the strength is further spread out.
However, the experimental upper limit of 8 (M2, k) t
~40 pNfm is much too small to support this model.
One interesting feature of the calculation" are two isovec-
tor M2 transitions into levels around 10 MeV excitation
with a total strength of about 100 pNfm, in good agree-
ment with our experiment. However, the individual tran-
sition strengths are not well accounted for.

The prediction of the o-r model with transverse spin
polarization reflects the main feature of the data which is
an absence of or at most a very small collectivity. The
theoretical strength of 65 pNfm at E~ =21.5 MeV is
perhaps just compatible with the experimental upper limit
of B(M2,k) 1' (40 pNfm, in view of the spreadin~ due to
neutron emission, while the strength of 240 pNfm at
E =13.3 MeV is comparable to the strength of 120
pNfm distributed between the observed levels (the
strength is generally overestimated by a collective model).

We should mention, however, that the observed levels
have presumably K = 1 and 2 (they are the analogs of
the states at 1.30 and 1.84 MeV in F which have these
quantum numbers ), while the theoretical level at
E„=13.3 MeV has K =1 . This fact might be a diffi-
culty in the way of the identification of the observed lev-
els as fragments of the theoretical one, but supports the
transverse spin polarization. With longitudinal polariza-
tion, in fact, the corresponding level at 12.2 MeV has
K =0

B. Comparison
with the analogous (~,y) reaction

As mentioned in the Introduction, one of the interests
in isovector magnetic transitions is the possible compar-
ison with the analogous axial vector processes such as the
(~,y) reaction. In the Ne(m, y) F reaction, the levels
with E„(J ) MeV=1.06(1+), 1.30(2 ), 1.84(2 ), and 6.1

MeV are populated. The comparison of the (m, y) tran-
sition to the 1.06 MeV level with the analogous Ne(e, e')
data to the 11.26 MeV level was done by Martoff et al. ,
and so we concentrate here on other transitions. As dis-
cussed above, our measurements do not exhibit any sizable
M2 strength around F~ =16.4 MeV for any level around
this excitation energy to be analogous to the 6.1 MeV level
in F. This implies that either the 6.1 MeV level in F is
not of J =2 or that the orbital contribution interferes
destructively with the spin part for the analogous M2
transition. Considering the transitions to the 1.30 and
1.84 MeV levels in F, one finds in Ne(m, y) the ratio
of branchings

Rr(1.30)
R = =0.64+0.24,

Rr(1.84)

while in Ne(e, e') the ratio of form factors [close to the
momentum transfer in (m, y)] for transitions to the
analogous levels at 11.62 and 12.10 MeV in Ne is found
to be

I'"T(11.62)
R(, , )

=
2

——1.84+0.34 .
FT(12.10)

The transition weakly populated in (~,y) has its analog
strongly populated in (e, e') and vice versa. The (m, y)
reaction is sensitive to spin currents alone, while the (e,e )
reaction is influenced by orbital currents also. From the
ratios for the pairs of analogs in these two processes, it is
thus clear that the interference between spin and orbital
parts is constructive for the transition to the 11.62 MeV
level and destructive for the one to the 12.10 MeV level.
Below, we present a simple phenomenological two-state
model for the description of these two pairs of analog lev-
els.

We consider the Ne ground state as consisting of a
pure (d sn ) configuration, and the M2 transitions as due
to a single particle excited from the p shell into the d&~2
shell or a dsn nucleon promoted into the f pshell. We-
set forth three constraints to arrive at the possible config-
urations, viz. , they should reproduce the ratios in (n,y).
and (e, e') and also require it to account for the electron
scattering form factor at a momentum transfer close to
the one in (m, y), i.e., at the so-called pion point defined
through the relation k =(E„+E )/siic, with E being
the pion energy. After trying various pairs of configura-
tions we obtain the following unique set for the two levels:

11.62 &
= 0.3360

I

d snf'7n &

+O.O122
I
d snP iiz &+

I
12 10& = 0 0122

I

d snf'7n &

—0.3360
I dsnplA &+ '
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that satisfies all these requirements. Furthermore, with
the wave function for the 11.62 MeV level, we calculated
the M2 form factor, shown in Fig. 3. Also displayed in
the same figure are the experimental data from our mea-
surements and Mainz data, provided to us by Bergstrom. '

As seen in Fig. 3, this simple calculation with a harmonic
oscillator parameter b =1.67 fm accounts for the experi-
mental data up to the first minimum. At higher momen-
tum transfers where the data are sparse and the error bars
are large, the two-state model does not do so well. In this
phenomenological description, the orbital contributions
amount to about 27% and 13%, respectively, for the tran-
sition amplitudes to the 11.62 and 12.10 MeV levels. It is
thus seen that the large

~
d5/Q7/2) amplitude for the

11.62 MeV level results in the constructive interference
between the spin and orbital parts, while the

~ d&/2p&&2)
amplitude yields a destructive effect for the 12.10 MeV
level.

FIG. 3. The transverse form factor for the M2 transition to
the level at E„=11.62 MeV excitation in Ne. Shown are the
data from the present measurements (triangles) and also from
Mainz (circles). The solid curve is the result of a phenomeno-
logical two-state model calculation described in the text.

IV. SUMMARY AND CONCLUSIONS

In Ne, in the excitation region of E„=11to 24 MeV,
only two fairly strong isovector M2 transitions appear at
levels of E =11.62 and 12.10 MeV with strengths of
8(M2, k) & =64+13 and 56+13 pNfm, respectively. It is
found that the calculations of Schmid repmduce the
summed strengths of these two transitions but greatly
overestimate the M2 components at higher excitations.

The o.-~ model with transverse spin polarization is in
qualitative agreement with the data. It reproduces the ob-
served reduction in the collectivity which would arise
from the short-range interaction by exploiting the attrac-
tion which comes from the OPE potential when the axis
of spin quantization is properly related to the nuclear
shape.

Although the predictions of the o-r model are compati-
ble with the data for ' C, Ne, and Si, we cannot em-
phasize the agreement, especially in view of the fact that,
as already said, the model with transverse spin polariza-
tion is not entirely consistent.

In order to have a convincing test of the model it is
necessary to verify if the emerging pattern (one single col-
lective level in oblate nuclei, the absence of, or at most,
small collectivity in prolate nuclei) could be confirmed in
the other light deformed nuclei.

We have also made a comparison of the (e, e') data with
the analogous (m, y) reaction data. It is found that a
consistent description of' these analog processes requires a
non-negligible contribution of the orbital currents for M2
transitions, similarly, as in the case of M 1 transitions. '

It is to be noted that in Ne the decay by neutron emis-
sion becomes kinematically possible for levels over 17
MeV excitation energy. The resulting large spreading
widths mould perhaps render the M2 strength further
fragmented. With this viewpoint we have also searched
for M2 strength in Ne, another prolate deformed light
nucleus, where neutron emission is isospin forbidden for
T& 1evels. However, this investigation revealed no
measurable isovector M2 strength for E~ = 15—20 MeV.
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