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Discovery of a 6, T = 1 Resonance in 24Mg via High-Resolution Inelastic Electron Scattering
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The unique high-resolution and high-energy features of the electron-scattering facility
at the MIT-Bates Accelerator were used to locate a dominant narrow resonance at 15.045
+ 0.035 MeV in 24Mg. A spin-parity assignment of 6 and an isospin T =1 assignment
were made. The M6 form factor was measured and compared to the prediction of a
theoretical calculation which uses the open-shell random-phase approximation on a
shell-model ground state for 4Mg.

Electron scattering experiments in the past,
while demonstrating the potential of the electron
as a probe of nuclear structure, have been seri-
ously handicapped by inadequate resolution and
low intensities. With the new accelerators, this
situation has dramatically changed. Thus with a
400-MeV electron beam, we are now able to
achieve a 0.015% momentum resolution on a "Mg
target of thickness —10 mg/cm'. With momen-
tum transfers of up to —800 MeV/c, we are able
to enhance high-multipolarity magnetic and elec-

tric transitions and observe high-spin states in' Mg of up to J =10. In this respect, electron
scattering is therefore becoming comparable to
heavy-ion transfer reactions which have been
used, for example, to demonstrate the existence
of narrow high-spin states of excitation energies
of 10-20 MeV in "Mg with large many-particle-
many-hole configuration amplitudes. ' However,
quite unlike the heavy-ion reactions, the inelas-
tic electron scattering cross section is dominated
by resonances with a large one-particle-one-
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FIG. 1. ~Mg(e, e') data taken at 0 =160 deg and q =2.13 fm '
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FIG. 2. 4Mg(e, e') data taken at 0 =120 deg and q =2.07 fm '.

hole amplitude; and, since the electromagnetic
interaction is well understood, their form fac-
tors can be compared directly with nuclear struc-
ture predictions. High-momentum-transfer in-
elastic scattering is therefore particularly ap-
propriate for the study of giant multipole states
of high angular momentum. Furthermore, the
particle-hole calculations of such states, former-
ly limited to closed-subshell nuclei, "have been
extended in recent years to open-shell nuclei'
and are a valuable adjunct to the interpretation of
these experiments.

In this Letter, we report the observation of
high-spin resonances at 8-20-MeV excitation in'

Mg, isolated using the unique high-energy and
high-resolution features of the electron-scatter-
ing facility at the MIT Bates Accelerator Labora-
tory. ' The form factors have been measured for
—15 strong and well-resolved resonances between
10- and 20-MeV excitation. Specifically, measure-
ments were made at 160 for incident energies of
108.0, 127.6, 165.1, 215.0, 259.2 MeV and at 120'
for 237.6 MeV. Two of the runs are shown in
Figs. 1 and 2. For the purposes of this Letter,
we concentrate on a T = 1, M6 resonance discov-
ered in the experiment at 15.045~0.035 MeV.

A target of thickness 9.93 mg/cm' and area, 4-,'

cm x 4 cm was used in the transmission mode at
both scattering angles. The target contained
99.40/& '4M@ isotopic purity. The measurements
were made relative to the observed elastic peak,
and to the inelastic peaks of the 2' state at 1.369

Me V and the 4' state at 6.010-Me V excitation in
"Mg. The Coulomb form factors for these states
are well known. " The measurements were also
made relative to the observed elastic peak of the
proton using a polyethylene CH, target of thick-
ness 25 mg/cm' in the reflection mode at both
scatte ring angles.

The form factor for inelastic electron scatter-
ing to an isolated resonance is given by'8, do/dn

Z, ~'(q) + —,'+tan' — E,&'(q) =
4

where dc/dA is the measured cross section with
radiative correction applied,

o.'cos'(8/2) 2E, . , 8 ~ '

4F.,' sin'(8 /2), hx r 2

E, is the incident electron energy and 0 is the
electron scattering angle. I'c~ (q) is the Coulomb
form factor and Fr „'(q) is the transverse form
factor which may be electric or magnetic. A com-
parison of Figs. 1 and 2 reveals a strong trans-
verse contribution to the form factors of most of
the observed resonances. This is particularly
true of the strong narrow resonance at 15.045
MeV, which is found to be entirely transverse
within the experimental accuracy and which is
therefore identified as a magnetic excitation.

The form factor for this resonance is plotted in
Fig. 3 versus the effective momentum transfer,
i.e. , the measured momentum transfer renormal-
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FIG. 3. The form factor I~"6(q)l for the 6, T=l reso-
nance at 15.045+ 0.035 MeV in 24Mg. The open-shell
random-phase approximation calculation for M6 is
shown as a solid line. An M5 curve (see text) is added
for comparison purposes.

ized to account for distorted-wave corrections.
The theoretical M6 curve was calculated, in the
plane-wave Born approximation, using the open-
shell RPA for a shell-model ground state4~; the
effects of center -of -mass motion and of the nu-
cleon form factor were included. In Fig. 3, the
magnitude of this form factor has been reduced
by a factor of 2.1+0.1 to fit the data, and an os-
cillator parameter of b= 1.82 fm has been used.
The latter exceeds by 1.5% the value b = 1.79 fm
used by Donnelly and Walker" and by 2.1% that
used by Lees et al." for the ' Mg ground state.
The fit of the M6 curve to the six data points has
a X of 7.2 which is very satisfactory. By way of
contrast, an M5 form factor, calculated in plane-
wave Born approximation with identical nuclear
currents, is seen clearly to be quite inconsistent
with the data. We therefore make a spin and par-
ity assignment of 6 for the 15.045-MeV reso-
nance. Furthermore, we assign it isospin T= 1,
for were it to have T=0, its M6 strength would
exceed the RPA prediction by a factor of approxi-
mately 12, which is highly unreasonable.

The corrections to the momentum transfer q
due to distortion were determined using the dis-
torted-wave code DUEI S, ' which has been modi-

fied recenlty be Lee" and by Chow and Rowe" to
include multipolarities larger than ~ = 5 and to ac-
cept microscopic transition charge and current
densities. A full distorted-wave calculation of
the cross section was done using open-shell RPA
transtion densities for each of the six energies
and two scattering angles. A comparison with a
plane -wave Born-approximation calculation of
the cross section, using the same source densi-
ties, gave the effective momentum transfer q, f f
for the data points plotted in Fig. 3. The proce-
dure above required that the two calculations
give the same cross sections. This is equivalent
to a direct comparison of the data with the dis-
torted-wave Born approximation (DWBA) calcula-
tion. The nucleon form factor and center-of-
mass recoil corrections were not included in the
above procedure used to determine q, &f and the
effect is negligible.

In the open-shell RPA model, the 6 resonance
is dominated by the 1f»,-(1d,&,)

' particle-hole
excitation and has the largest angular momentum
that can be generated by a simple one-nucleon
jump from the 2s-1d shell to the 2P 1f shell. -
The ratio of the theoretical to the measured
cross section, a,„/o,„,= 2.1+0.1, may be com-
pared to the corresponding ratio for the sum of
M1 transitions to the 1,T=1 states at 9.85, 9.97,
and 10.70 MeV in ' Mg, which is 2.0 + 0.1.' Thus
it appears that the well-known de-enchancement
of M1 transitions, which has yet to be satisfac-
torily explained, may be a more general feature
of magnetic transtions, which are dominated by
the nuclear magnetization current. It has been
suggested that a renormalization of the magneti-
zation current density operator in nuclei may be
necessary. ""

In conclusion, we remark that all the other neg-
ative-parity states observed in these experiments
on '4Mg are currently being compared with the
particle-hole model. As Donnelly and Waleeka
have suggested, "electron scattering to isolated
resonances of a dominant particle-hole nature
can be used to determine the one-body transition
densities and thereby assist in the interpretation
of other reactions; e.g. , the weak interactions.
It has also been proposed that the cross section
for excitation of the 6, T= 1 resonance in '4Mg

via inelastic proton scattering should be meas-
ured and compared with the electron results pre-
sented here to give a measure of the tensor part
of the proton-nucleon interaction. "
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The ~-nucleus Low equation, under certain assumptions (implicit in conventional mul-
tiple-scattering theory), is equivalent to a linear equation. The propagator of this equa-
tion includes a factor of (s/Ho) which vastly reduces off-shell scattering. As a result,
the Kisslinger singularity is eliminated, and the size of the Lorentz-Lorenz effect and
local-field corrections is reduced.

The understanding of &-nucleus reactions is be-
ing pursued with great vigor. One interesting as-
pect of this problem is that the basic &-nucleon
interaction is, to a large extent, given by a sin-
gle pion absorption by, or emission from, a nu-
cleon instead of potential scattering. Such dy-
namics require the use of a field-theoretic ap-
proach.

Modern treatments of &-nucleus field theories
began with the work of Dover and Lemmer' who
obtain the optical potential in terms of a &-nucle-
on scattering amplitude which is a solution of a
medium-modified &-nucleon Low equation. This
approach has been further pursued by Ingraham'
and others.

Another approach, initiated by Cammarata and
Banerjee, ' is to solve the &-nucleus Low equation.
The Low equation plays a role in field theory
analogous to the Schrodinger equation in potential
scattering, and its solution is of great relevance
in understanding & -nuclear scattering. Under
certain approximations, the nonlinear Low equa-

tion is equivalent to the linear equation of conven-
tional multiple-scattering theories except for a
striking propagator modification which arises
from the energy dependence (1/z) of the driving
term. 4

Here we present the implications of the propa-
gator modification for three effects of current in-
terest. These are the Kisslinger singularity,
Lorentz-Lorenz effect, and local-field correc-
tions.

The &-nucleus Low equation of Ref. 3 is

T 'Tfi +Q nf ni
(&)z „z-Z„+sq'

where n, i, and f represent the quantum numbers
of the intermediate, initial, and final &-nuclear
states, respectively, and E„consists of a nuclear
excitation energy and pion energy. The driving
term, V/s, is determined by a commutator of
two pion current operators. Because the funda-
mental pion current is a single-nucleon operator
we may write V/z = Q, v, /z, where the sum is
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