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Neutron Deformation Parameter from Comparative Study of sr+ and n Inelastic Scattering
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Differential cross sections for the excitation of the 2+ state in 0 by 230-MeV pions
are found to be about 70% larger for x than for ~+. Since the m-nucleon interaction at
this energy is dominated by the (3, 3) resonance, it is concluded that the results imply
that (PR)„=1.8(PR)&, or alternatively, that (PR)„(valence neutrons) = 3(PR) (core), where

P is the deformation parameter and R the equilibrium radius of the deformed potential.
%e believe that these results constitute the first example of measurement of the neutron
deformation parameter.

The Coulomb interaction and the presence of
neutron excess imply that the density distribu-
tions of neutrons and protons in nuclei may be
different in size and/or shape. This would give
rise to an isovector potential with radius and/or
deformation different from that of the isoscalar
potential. For a long time attempts have been
made to unravel these differences in nuclear
ground states and excited states by comparing
the interactions of projectiles which are expected
to have different sensitivities to the different
components of these distributions. " Several
such detailed comparisons of deformation param-
eters have been made. " However, the differ-
ences observed have generally been quite small
and it has not been possible to draw any convinc-
ing conclusions in view of the usual uncertainties

associated with the analyses of the different kinds
of data from different sources, and for different
projectiles and energies. Pions are potentially
an exceptional tool for such investigations because
at low energies the elementary pion-nucleon inter-
action is dominated by the so-called (3, 3) or J'= —„
T= 3 resonance, which makes the resonant v n

(or n'p) amplitude 3 times larger than the np(or'
v'n) amplitude. This should give rise to differ-
ential effects in v' and m interactions with nuclei
with different numbers or different distributions
of neutrons and protons. " In order best to study
these effects it is necessary to measure transi-
tions to discrete nuclear states in specific reac-
tion channels. For example, as suggested by
Bohr and Mottelson, ' the deformations of the iso-
vector field could be obtained by comparing the
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cross sections for excitation of the rotational
states by inelastic scattering of ~' and v . With
the advent of meson "factories" and the construc-
tion of large magnetic spectrometers, such in-
vestigations have finally become possible. In this
Letter we report on the fir st successf ul attempt
to deduce separate neutron and proton deforma-
tion parameters by inelastic scattering of v' and
7T .

The most dramatic effects due to the ability of
pions to differentiate between protons and neu-
trons in the nucleus may be expected for inelastic
scattering in cases of "pure" valence neutron (or
proton) transitions with a completely inert core,
for which v(v )/v(v+) =3' (or 3 ') is predicted.
Hopefully, a good approximation to this hypothet-
ical case is pr ovided by the 0,' -2, ' transition
in a nucleus with doubly magic core plus two va-
lence neutrons, such as "O. The 0,+(g.s, ) and

2, '(1.98 MeV) states of "O are rather well under-
stood'; both consist primarily of two valence neu-
trons in 1d~, and 2s~, shells (85-90/o) with rath-
er small (~15/p) deformed core components. With
these wave functions, it is predicted that Q,(2,+)

=(-4 to -6)e .fm' and B(E2)t, =(36 —40)e' fm'.
These compare well with the best experimental
results, ' which average to Q,(2, +) =(—7+ 3)e fm'
and B(E2) =(45+ 5)e'. fm .

At the EPICS facility at Clinton P. Anderson
Meson Physics Facility, ' we have measured dif-
ferential cross sections, v(()), for elastic and in-
elastic scattering of 230-MeV ~' and Tt from "P.
A -0.25-gm/cm' water target enriched to 88% in
"Q was used. The scattered pions were analyzed
in a magnetic spectrometer and the energy-loss
spectrum was constructed by the on-line comput-
er from the x, y, 0, and y information provided by
four multiwire, position-sensitive detectors' at
the entry and four at the exit of the spectrometer.
An overall energy resolution of FWHM (full width
at half-maximum) = 500 keV was realized. The
absolute cross-section normalization was deter-
mined by measuring v'p scattering simultaneous-
ly from the hydrogen in the target. The resulting
v, q(()) and v;„,~(()) for both v and v' and the ratios
between them are illustrated in Fig. 1. We note
that v,~(6) for v+ and m show small phasing dif-
ferences which arise mainly from Coulomb-nu-
clear interference, while the integrated cross
sections, defined as v—=P v(()) sinH, remain es-
sentially constant [v„(~ )/v„(~') = 1.06 + 0.04]."
Similar results have been reported" for elastic
scattering from "C, "Q, and ' Ca. However,
the r' and v inelastic cross sections for the 2, '
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FIG. 1. Differential cross sections for 7t and Tr

elastic scattering and inelastic scattering to the 2&+

state in ~~0. Also shown is the ratio v(2+)~-/a(2+)~+.
The curves are based on DWBA analysis.

state show a clear and large quantitative differ-
ence, with v(~ )/v(v ) =1.66+0.13. This is in
sharp contrast to the reported absence" of any
differences in the m, m inelastic scattering from
the 2, + state in the self-conjugate nucleus "C.

The qualitative aspects of our inelastic-scat-
tering results are easiest to understand within
the framework of the collective model. In the
commonly used distorted-wave Born-approxima-
tion (DWBA) calculations with collective form
factors, v;„,~ is proportional to (PRV)' where P
is the deformation parameter, R is the equilib-
rium radius of the deformed potential, and V is
its depth. " For pions, for a typical interaction
potential, say of the Kisslinger form, V is pro-
portional to the sum of elementary v-nucleon
amplitudes over the N neutrons and Z protons in
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the nucleus. In the (3, 3) resonance region, we

may neglect other amplitudes. It then follows
that v(v ) «[(Z+3N)(PR) „-]'=[Z-(PR)~+3N(PR)„)',
if we differentiate between neutron and proton de-
formation lengths (pR)„and (pR)&. Similarly
v(~') [(3Z+N)(PR) „,]' =- [3Z(PR), +N(PR) „]', or

v(~-) (Z+3N)(pR) „
v(~') (3Z+N)(pR) „,

-Z(PR), + 3N(PR) „'
3Z(PR), +N(PR) „

While v(& ) and v(v+) individually depend on de-
tails of the potentials and the r-nucleon ampli-
tudes, it has been shown'4 that their ratio in ac-
tual DWBA calculations remains remarkably
close to the value given by Eq, (1).

According to Eq. (1), if (pR)~=(pR)„or equiva-
lently (pR) „-= (pR) „+, then v(v ) /v(~') = [(Z + 3N) /
(3Z+N)]'=1.25 for "O. This effect of different
numbers of neutrons and protons is similar to the
effect of the Lane term in a comparison of neu-
tron and proton inelastic scattering. Qur experi-
mental ratio v(v )/v(~') =1.66+0.13 is much
larger than this. In terms of Eq. (1), it can only
be explained by (pR)„/(pR)~ = 1.34 + 0.11, This
schematic calculation can be tested by actual
DWBA calculation with a collective form factor,
We have done so with the computer code DWPI, "
using a Kisslinger-type potential with a density
distribution given by a model-independent analysis
of the new, but still preliminary, data" on elastic
scattering of electrons from "0, and the scatter-
ing amplitudes obtained by summing the free-n-
nucleon amplitudes over the eight protons and ten
neutrons in "Q. The results of this calculation,
without any free parameters, were normalized to
the data according to integrated cross sections,
and are shown in Fig. 1. The fit to the &+ inelas-
tic data is quite good and gives (PR), + = (0.335
+ 0.010)R = 1~ 05 + 0.03 fm, if we use R = 1.2A'~'

=3.145 fm. The fit to the r inelastic data is
poorer and gives (pR) „-=(0.385+0.011)R= 1.21
+0.03 fm. For &=1.2A' ', these results are
equivalent to B(E2)„+=(40+2)e' fm' and B(E2)„-
=(53+ 3)e2 ~ fm~. From Eq. (1) we obtain equiva-
lently that (pR) „=1.28 + 0.10 fm, (pR)&= 0.96+ 0.10
fm, and (pR)„/(pR)~=1. 33+0.17 fm. We may inter-
pret these results as indicating larger p„and/or
larger R„.

It might be argued that use of a collective form
factor for a transition in which two valence par-
ticles play a most important part is questionable.
A microscopic form factor based on realistic

wave functions' should be used for the valence
particles. Since the observed ratio of m and v

cross sections is 1.66 while scattering from va-
lence neutrons alone would predict -9, we must
conclude that the "0 core plays an important
part. This may be included by using a collective
form factor for it. Since the means for doing
such a detailed core+particle DWBA calculation
are not available, we present below a schematic
calculation done in the same general spirit.

Consider Z neutrons (out of N) as forming a
closed core with deformation (PR)„and N —Z
valence neutrons outside with average deforma-
tion (pR)„. In this ca,se, in analogy with Eq. (1)
we may write

v(m ) (Z+3Z)(pR), +3(N —Z)(pR)„'
v(~') (3Z+Z)(PR), + (N —Z)(PR) „

(2)

Solving for the measured value of the ratio=1. 66
+0.13, we get (pR)„/(pR), =2.7+0.6. This result,
though new, is quite reasonable. According to
Bohr and Mottelson, ' if the deformation of the "Q
core were entirely due to the polarizing effect of
the two valence neutrons, it would be of the order
of ~6 of (PR)„, i.e., (PR)„/(PR), =8. Any addition-
al intrinsic deformation of "0would bring the
ratio closer to our value.

In this Letter we have addressed ourselves only
to the excitation of the 2,' state. We note, how-
ever, that for the excitation of the 3, state at
5.09 Me& we find v(v )/v(v') = 0.92 + 0.08. This
is understandable in the microscopic model. The
3, state can be excited by the promotion of either
a proton or a neutron from the 1p core orbit to
the 1d valence orbit which is partially blocked
for neutrons. This should give v(m )/v(~') &1.

In summary, we conclude that the observed
large enhancement of & inelastic scattering over

scattering necessarily implies differences in
neutron and proton distributions in '80(2, +). While
the individual values of (pR), „may change with
more refined analysis, we believe that our con-
clusions about the ratios, namely that (pR) „
~ 1.3(pR)~ or that (pR)»~m«= 3(pR) „«will re-
main essentially unchanged.

Claims about differences between neutron and
proton distributions are, of course, not new. '
However, all prior claims were based on com-
parisons of results of very dissimilar experi-
ments, such a,s (e, e') and (o., n'), or (p, p') and

(n, n') whose techniques of measurement and
methods of analysis are difficult to compare.
The inherent symmetry of our measurements

19



VOLUME 40, NUMBER 1 PHYSICAL REVIEW LETTERS 2 JANUARY 1978

and methods of analysis with respect to v+ and
makes our results much more reliable. We

believe that we have convincingly demonstrated
the ability of differential studies of m' and & in-
elastic scattering to provide an insight into the
neutron/proton or core/valence structures of ex-
cited nuclear states which has hitherto before not
been possible. The pions may now be considered
as beginning to deliver on their promise as a new
and powerful tool in the study of nuclear struc-
ture t
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A long-range imaginary optical potential approximating the effects of quadrupole Cou-
lomb excitation is derived in closed form. An analytical closed form for sub-Coulomb

elastic scattering is obtained by inserting this potential into a weak-absorption model.

A long-range absorption in the heavy-ion opti-
cal potential due to Coulomb excitation of a low-
lying collective quadrupole state has been the sub-
ject of some interest recently. An experimental
specimen is the elastic scattering data of 90-
MeV 80 on 84W These data show a Fresnel
pattern damped below the Rutherford cross sec-
tion that is well reproduced by a coupled-chan-
nels calculation which includes Coulomb excita-
tion of the l1i-keV 2' rotational state in '"W.

An alternative theoretical description is the

construction of an optical-model component aris-
ing from two-step contributions to elastic scatter-
ing. This can be done using the Feshbach pro-
jection-operator formalism. ' In this framework,
Love, Terasawa, and Satchler have recently ob-
tained a formula for a long-range imaginary po-
tential (which we will refer to as the LTS poten-
tial) by making the approximation of using plane-
wave intermediate states along with a classical
correction for the Coulomb braking. ' The poten-
tial obtained is dominantly negative imaginary,
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