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Separation of current and spin contributions to isovector Ml excitations
by means of the (e,e') and (p,n) reactions
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The .orbital current and spin contributions to isovector Ml excitations in light nuclei are studied
microscopically by combining information from inelastic electron scattering at small momentum transfers
with that obtained from recent measurements of (p,n) cross sections at forward angles. The (p,n) reaction
is studied within the distorted-wave approximation using a G-matrix interaction and shell model wave
functions and the (e-,e ) scattering is calculated in a plane wave approximation.

NUCLEAR REACTIONS Charge exchange scattering, E&= 62 MeV, cross sec-
tions; inelastic electron scattering; targets ' C, Mg, Si.

I. INTRODUCTION

Experimental studies of the (p, n) reaction at
E~ ~ 60 MeV, currently being carried out at the
Indiana University Cyclotron Facility, will provide
much new information on isovector modes of ex-
citation in nuclei. ' ' In one of the first (p, n) ex-
periments, forward angle cross sections for the
excitation of analogs of 1' 7 =1 levels in "C, "Mg,
and "Si by 62 MeV protons were measured. We
report here a study of the nature of the isovector
dipole transitions in these nuclei based on the shell
model wave functions of Cohen and Kurath ("C)
(Ref. 6) and Chung and Wiidenthal ("Mg, 28Si).' It
is shown that a separate measure of orbital cur-
rent and spin transition matrix elements can be
obtained by simultaneously considering informa-
tion from the (P, n) reaction and corresponding
information from low momentum transfer inelastic
electron scattering. ' " The (P, n) reaction is in-
terpreted within the distorted wave approximation
and the G-matrix interaction of Bertsch et a/. "is
assumed for the effective interaction. The com-
plete spin dependent isovector part of the inter-
action is compared with the one-pion exchange
potential (OPEP) which is expected to be the lead-
ing term at small momentum transfer.

II. RELATION BETWEEN THE (e,e') AND (p,n)
REACTIONS

For O'- J" abnormal parity transitions it is
common' ""to characterize the inelastic elec-
tron scattering cross sections by the reduced
magnetic transition probability. The Born expres-
sion for this quantity, which is adequate for the

discussion of electron scattering from light nuclei,
is given by"
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where q is the momentum transfer, I is the orbital
angular momentum transfer which is restricted to
the values J—1 and J+1, t differentiates between
isoscalar and isovector quantities, g,' and g,' are
the spin and orbital g factors, C~, =-,'(J+I)'~',
C~, =2(J+1)-' ' C~„=3-'J' ' C' =2-J' ' ', and

p~'~(q) and pz'z(q) are the momentum representa-
tions of the spin and orbital current transition
densities defined by

p" (q)=(J' Qj (qr,.)[1' (r)xo;] rf 0), (2)

~blare (~~ ~ ~) denotes a reduced matrix element, "
j~(qr, ) is a spherical Bessel function, and O', is
o,. or l,. as 0 is s or l. We are specifically inter-
ested in transitions with J=t=1 for which 4 can
be 0 or 2. By expanding the Bessel functions in
Eq. (2) about q = 0 one easily obtains the two para-
meter formula'-" commonly used to describe the
low q electron scattering data, i.e.,

J 3 B 2

B(MJi;q)=B(MJi;0) 1- q ' + ~ ~ ~, (3)

where B(MJ't; 0) is the reduced transition pro-
bability for y decay and R„ is the transition radius.

To see the connection between inelastic electron
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scattering and the (p, n) reaction for a O'- J' ab-
normal parity transition, it is useful to examine
the direct microscopic Born approximation ex-
pression for the (p, n) cross section. In the case
of a local effective interaction with central, ten-
sor, and spin-orbit parts this is" "
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where the factors outside the curly brackets are
the usual kinematical and statistical factors,
v (q), v (q), and v (q) are the Bessel transforms
of the spin-dependent central, tensor, and spin-
orbit components of the effective interaction, L' is
the orbital angular momentum transfer to the tar-
get when-the tensor interaction is acting, &I., &~,
and 2«, are statistical coefficients which can be
obtained elsewhere, ""p~'~(q) is the spin transi-
tion density, and p~ (q) is a linear combination of
the orbital current densities. As in the discussion
of Ecis. (1)-(3) we are specifically interested in the
case J=t=1 for which L and L, ' can eachbe either
0 or 2. A proper treatment of the (p, n) reaction
requires, of course, the inclusion of distortion
effects" and knockout exchange amplitudes. "
These effects are not included explicitly in Eq. (4)
because they complicate the relation without af-
fecting its basic sense. Both distortion and knock-
out exchange are treated exactly in the final cal-
culations of the (p, n) cross 'sections to be discuss-
ed below. In the graphs of the effective interac-
tion to be shown, the knockout exchange ampli-
tudes for the central. and spin-orbit interaction
components are included in the interaction by
means of a well. established approximation.
At this point, it is clear from Eqs. (1) and (4) that
the connection between the (e, e') and (p, n) reac-
tions for O'- J' abnormal. parity transitions is
usually complicated.

HI. RESULTS

Some of the essential results obtained from the
shell model wave functions of Refs. 6 and 7 are
summarized in 'Table I and Fig. 1. 'The table lists
the theoretical and experimental excitation ener-
gies, reduced transition probabilities B(M14), and
transition radii R„for the first 1'7 =1 excitation
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FIG. 1. The L = 0 and L = 2 spin and orbital current
densities for the l~ and 13 T= 1 excitations in Si are
compared with the isovector spin-flip parts of the 6-
matrix interaction of Ref. 12. For the 13+ T= 1 excitation
the orbital current densities are too small to show in the
graph. C, LS, and T. refer to the central, spin-orbit,
and tensor components of the interaction.

in "C and the first four 1'1' = 1 l.evels in ' Mg and
"Si. The last two columns in the table contain the
values of the theoretical I- = 0 spin and orbital cur-
rent transition densities at q=0. 'The compl, ete set
(f. =O and X=2) of theoretical spin and orbital cur-
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Comparison of shell model results with experiment for isovector Ml transitions in C, 24Mg, and Si.

Nucleus
Final
state

sexy a @thb

(MeV) (MeV)
B(M1 ~)e~a

(e fm)
B(M1 ~)th

(82 fm2)

Rexph'
(fm)

Rthb
tr

(fm) |o(0)

i2C 15.11

9.97

10.72

15.08 (3.22 + 0.33) x 10 2.54 x 10 2.70 + 0.20 2.67 -0.221 0.026

10.22 (1.30 + 0.21) x 10 6.31 x 10 3.05 + 0.44 3.10 -0.035 -0.339

(4.1p ~ p.77) x 1p-2 3.85 x 10 2.94 + 0.14 2.94 -0.221 p.210

13.30

13.59

3.41 x 10

2.53 x 10+ 2.75 0.090 -0.104

3.45 -0.156 0.361

28Si

10.48

10.86

11.41

12.05 (5.99 + 2.75) x 10 3.86 x 10 3.90 + 0.40 2.78

12.29 (1.28 + 0.27) x 10 2.23 x 10+ 2.98 + 0.25 2.95

0.022

0.186

13.28 (4.01 + 0.77) x 10 4.64 x 10 2.58 + 0.23 2.97 -0.292

0.293

0.080

0.001

12.27 14.00 (1.13 + 0.29) x 10 5.26 x 10+ 2.93 + 0.36 2.87 -0.098 -0.001

aBeference 11.
The C results are from Ref. 6 while the Mg and Si results are from Ref. 7. Harmonic oscillator radial wave

functions were used in the calculations with b= 1.95, 1.82, and 1.86 fm for C, Mg, and Si, respectively.
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rent transition densities for the 1; and 13 T 1
excitations in "Si are shown with the isovector
spin-flip components of the 6 matrix interaction
of Ref. 12 in Fig. 1.

From Table I it is clear that the theoretical wave
functions give a good qualitative account of the ex-
perimental electromagnetic data. One can distin-
guish between two types of transitions. One type
might be called current correlated, i.e., pyp)) pyp.
The 1; T = 1 levels in both "Mg and "Si are of this
type. These are weak in electron scattering be-
cause g, ' =0.1g,'. They are weaker still in the

(P, n) reaction at low q because p,", couples to the

projectile through the spin-orbit interaction which
is essentially zero at q =0. These levels were not
seen in the 62 MeV experiment' ' being discussed
here. The other type of transition might be called
spin dominated, i.e. , g, 'pyp+Q$ pyp All of the other
excitations in the table fall into this group. The
current contributions to the spin dominated states
in "Mg are considerably larger than those for the
spin dominated states in "C and "Si. 'This occurs
because of the open j=1d,i, shel. l for "Mg. It is
the 1d,i, —1d, i, single particle transition which
has the largest current matrix elements in the
s-d shell.

Using the fact that the tensor interaction, the
spin-orbit interaction, and the L = 2 transition
densities are small near q=0, Eqs. (1) and (4)
reduce approximately to

for the spin dominated transitions at low q. These
relations clearly show that the scaling of the for-
ward (P, n) cross sections for spin dominated
transitions measures the scaling of the L= 0 spin
transition densities at low q and departures in the
scaling of Ml rates and forward (p, n) cross sec-
tions are a direct consequence of the L, = 0 orbital
current transition densities at low q.

Equations (5) and (6) do not allow for a model
independent determination of v, (q) at low q since
there are two experimental values, B(Mlt; q) and
do/dQ, and two structure unknowns, p~»' and p,",,
for each transition. P decay is more useful in this
regard because allowed Gamow- Teller decays
provide a direct measure of p'„'(0) (Refs. 24 and
25) which can be used in Eq. (6). The essential
relation is

(~)'=6~i p„'(O)i',

where (o')' is the Gamow-Teller matrix element.
There are no P-decay data available for transi-
tions in "Mg and "Si. The "N(1') -"C(0') P'
rate!0 " implies that p»'(0) = 0.223 for the 0'-1;
T =1 transition in "C. This is quite close to the
value of 0.221 obtained from the Cohen and Kurath
wave functions so this transition serves to fix
vc(q). In addition, it is concluded that the discre-
pancy between the experimental and theoretical
B(Mlt) for this transition is associated with the
orbital current transition density. Multiplication
of pf,'(0) in Table I by about -2 is sufficient to
remove the discrepancy.

'The results of theoretical distorted wave calcu-
lations are compared with the experimental (p, n)
data in Fig. 2. The theoretical (p, n) cross sec-
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FIG. 3. A comparison of the central and tensor parts
of the G-matrix interaction of Hef. 12 (reduced by the
factor 1.4) with the corresponding parts of the OPEP.
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FIG. 2. The results of the distorted wave calculations
normalized to the data as described in the text. The
dashed curves are the results obtained with the central
components of the 6-matrix interaction alone and the
solid curves are the results obtained with the complete
6-matrix interaction. The levels observed in +Mg and

Si correspond to the 12+ and 13 T = 1 excitations listed in
Table I.

tions have been calculated with the computer code
DWBA70 (Ref. 27) using the wave functions of Refs.
6 and 7, the 6 matrix interaction of Ref. 12, and

optical model parameters of Ref. 28. 'The theore-
tical results give a good reproduction of the shape
of the experimental data, but have to be renor-
malized by factors 1V = 0.3-0.7 to reproduce the
magnitude of the experimental cross sections. The
noncentral components of the effective interaction
make essentially no contributions to the (p, n) cross
sections at O'. They do enter and improve the
shape of the (P, n) cross sections at larger angles.
Much less scatter is obtained in the normalization
factors if the theoretical wave functions are first
normalized to the experimental B(Mlt). This is
reflected in the normalization factors shown in
parentheses in Fig. 2. This prescription was not
applied to the "C transition because of the p-decay
information discussed above. 'The calculation for
the 24Mg(P, n) transition to the analog of the l;
state was not renormalized either since the
corresponding transition is not observed in (e, e').
The fact that this transition is seen in the (P, n)
reaction but not in (e, e') experiments supports the
large cancellation between spin and current terms
predicted by the Chung-Wildenthal wave functions.
This further emphasizes the complementary in-
formation which can be obtained from comparative
studies of this type. Excluding the 1; state in "Mg,
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the final renormalization factors range from
X=0.43 to N =0.54. One could attempt to reduce
further the discrepancy between the normalization
factor for "C compared to ' Mg and "Siby making
additional adjustments in the spin and orbital
current densities for ' Mg and "Si.. Uncertainties
in ihe effects of distortion for the scattering of
62 MeV protons from "C (Ref. 28) are, however,
comparable to the existing discrepancy so this has
not been done.

It is concluded from these results that the iso-
vector spin-flip components of the C-matrix in-
teraction of Ref. 12 are too strong by a factor of
approximately 1.4 at low q. In keeping with cur-
rent interest in describing the (p, n) reaction in
terms of amplitudes which might be considered
elementary, " the central and tensor components
of the G-matrix interaction of Ref. 12 (reduced by
1.4) are compared with the corresponding com-
ponents of the OPEP in Fig. 3. The corrected G
matrix v, (0) is 180 MeV fm' which is to be com-
pared with the OPEP value of 119 MeVfm', so
that OPEP accounts for approximately 44% of the
forward (P, n) cross sections at E~ = 62 MeV. The
present calculations are currently being extended
to the newer experimental (p, n) data for incident
energies near 120 MeV. ' ' Preliminary re-
sults""" indicate that the t matrix interaction
of Ref. 31 is adequate for describing the forward
(p, n) cross sections for isovector Ml excitations
near 120 MeV. OPEP accounts for about 60% of
the forward (p, n) cross sections at this higher
energy. These results are only in qualitative
agreement with results based on partially con-
served axial-vector current (PCAC) and the
absorption model. "

IV. SUMMARY

In summary the manner in which experimental
data from the (p, n) and (e, e') reactions at low
momentum transfers can be used to separate the
orbital current and spin contributions to isovector
~VI1 transitions has been demonstrated. It was
necessary to introduce the available P-decay rate
for the single transition in "C to fix the strength
of the effective interaction used in the description
of the (p, n) reaction. Specific results are that the
wave functions of Cohen and Kurath' give a good
description of p'„'(0), but not p,",(0), for the 0'-1;
T = 1 transition in "C while the Chung and%ilden-
thal wave functions' for "Mg and "Si give about
the correct values for p,",(0)/p'„'(0), but miss
somewhat on the overall magnitude of these quan-
tities. 'The large orbital current contributions to
the "Mg transitions is a striking feature of the
latter wave functions that is consistent with the
data. In addition it has been shown that the iso-
vector. spin-flip components of the 6-matrix in-
teraction of Ref. 12 are about 40% too strong and
that the OPEP accounts for only about 44/0 of the
forward angle (p, n) cross sections at E~ = 62 MeV.
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