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Inelastic scattering of 180 MeV a and ~+ from ' ' ' ' Ni shows a prominent quadrupole
feature near 65 A ' ' MeV, identified as the familiar isoscalar giant quadrupole resonance. For the
heavier two isotopes, the n scattering cross sections greatly exceed those for sr+, the same efFect
previously noted in pion scattering on heavy nuclei. Since these four nickel targets contain a range
of single-nucleon binding energies, these new data demonstrate the inhuence of these single-particle
efFects on the apparent isospin response, increasingly neutronlike for the heavier isotopes.

I. INTRODUCTION

If a bulk collective mode of nuclear motion is examined
over a range of complex nuclei, the properties of excita-
tion, including the isospin composition, should evolve
smoothly. The iso scalar giant quadrupole resonance
(GQR) has been observed with an energy centroid of
653 ' MeV over many targets, with an isoscalar ma-
trix element observed by inelastic alpha scattering to be
near 100%%uo of the general energy-weighted sum rule ex-
pectation. ' An explicit study of the isospin nature of the
response of this mode is made possible by comparing m

and m+ inelastic scattering, with the general result being
an excess of ~ over the m. + cross section, seeming to in-
crease smoothly with target mass. For Pb this excess
is by a factor near 2.5 and the nuclear matrix elements
extracted from these data show a neutronlike amplitude
not exhibiting the expected isoscalar symmetry.

This surprising result has brought forth a renewed dis-
cussion as to the meaning of the GQR response. ' Re-
cent measurements using neutrons and protons as scatter-
ing probes have shown that the GQR in Pb appears to
be symmetric, and it has therefore been suggested that
the interpretation of the pion results is suspect. It is
clear, however, that if the sum-rule strength is not of iso-
scalar symmetry then several important theoretical re-
sults would not be vindicated.

The problem is not readily attributed to the reaction
mechanism for pions. For low-lying collective excita-
tions, excellent agreement is found comparing pion and
electromagnetic studies, ' and such states have been ana-
lyzed in the same spectra as the GQR.

Strongly absorbed projectiles such as pions and alphas
are particularly sensitive to large nuclear radii, and even
a dominantly isoscalar nuclear transition density may not
be symmetric between neutrons and protons at these ra-
dii. Examples are seen in several random-phase approxi-
mation (RPA) calculations, ' and this eFect might be

expected from the differing contributions of the single-
nucleon continuum for these unbound states.

In the present work we examine ~ and m+ inelastic
scattering to the GQR for all four doubly even nickel iso-
topes. The Coulomb barrier is not so dominant as to al-
low neutron decay only by default, and a wide range of
neutron and proton separation energies is provided
(Table I). Over this small range of target masses we com-
pare m to ~+ excitation, finding a much more extreme
dependence upon the target than expected from the usual
simple collective model, but, nonetheless, we extract nu-
clear matrix elements by the standard collective pro-
cedure. These are then compared to sum-rule limits, and
for the heavier nickel isotopes, show the same neutron-
like enhancement so prominent for heavier targets.
These new data thus indicate clearly that collective
methods cannot be used to analyze inelastic scattering
data to the GQR with strongly absorbed projectiles, and
that erroneous conclusions will be, and have been, drawn
from such a practice.

II. THE EXPERIMENT

Inelastic pion-scattering spectra were obtained with
the EPIcs system at the Clinton P. Anderson Meson
Physics Facility at Los Alamos National Laboratory,
with a beam energy of 180 MeV. Background due to
muons was reduced by a range-absorber system, and at
small angles an electronic gate was operated to reduce
the large elastic scattering peak. Four isotopically en-
riched targets ( -99% pure Ni, Ni, Ni, and Ni),
were placed simultaneously in the pion beam spot, with
trajectories traced from the origin of each scattered event
for sorting into separate histograms. The spectrometer
acceptance was centered at 16 MeV of excitation, giving
good efFiciency from 0 to 30 MeV of excitation. A focal-
plane scan determined the solid angle acceptance of the
system for each target and comparison to elastic scatter-
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TABLE I. Comparison of the GQR systematic excitation en-

ergy to neutron and proton separation energies (SE) for the
stable doubly even Ni isotopes.

' Ni
Ni
Ni
Ni

6SW -'"
(MeV)

16.79
16.60
16.42
16.25

12.2
11.4
10.6
9.66

SEp
(MCV)

8.18
9.53

11.1
12.5

ing from hydrogen in a CHz target determined the abso-
lute cross sections. This was checked by comparing the
observed Ni elastic scattering cross sections to optical-
model predictions, with good agreement. Our absolute
cross sections are accurate to within +8%, but cross sec-
tions from target-to-target or angle-to-angle have a sys-
tematic uncertainty of +5%.

Yields for the states in these spectra were obtained by
fitting the peaks with Gaussian peak shapes (Lorentzian
shapes were also used for comparison), where the resolu-
tion of the low-lying states was found to be around 200
keV. Because the giant dipole resonance (GDR) state is
unresolved from the GQR in these nickel isotopes, we
shall rely on the shapes of the angular distributions to
separate the GQR and GDR responses. A range of
widths for the GQR peak was used in the fitting pro-
cedure at each angle to establish uncertainties in the ex-
tracted quantities. Extremes for these yields can also be
determined by setting the background to zero and to a
constant height at an excitation energy above the GQR.

Figure 1 shows a sample spectrum fit using three types of
backgrounds, where the giant resonance region can clear-
ly be seen near 16 MeV.

The resulting differential cross sections for this giant
resonance peak, at 27', where the GQR is at a maximum
while the GDR is expected to be at a minimum, are listed
for the four targets and both beam species in Table II,
with the uncertainties shown being from both statistical
and peak-width fitting errors. As can be seen in the
figure, fits were also made to other higher-lying features
seen in the spectra but results were not considered reli-
able and no cross sections for these states will be shown.

III. REACTION MODEI.S

Inelastic scattering cross sections were computed in the
distorted-wave impulse approximation (DWIA) using the
code D%'PI. ' Ground-state neutron and proton distribu-
tions to generate the distortions were taken to be equal,
with the Woods-Saxon parameters (c, a and w) obtained
by elastic electron scattering, ' with the rms proton radii
unfolded from the diffuseness. No second-order terms in
the potential were included, but a 28-MeV energy shift'
was incorporated for the evaluation of the free ~-nucleon
amplitudes. Tassie transition densities were used to in-
duce the inelastic scattering (except for L =0 calcula-
tions, where a breathing mode was used'"), as in our pre-
vious GQR pion-scattering studies, using the same neu-
tron and proton distributions.

Separate deformations for the neutron and proton dis-
tributions were varied to fit simultaneously the ~ and
m+ differential cross sections. Because the GDR could

too
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FIG. 1. A sample 'Ni (m, vr ) Ni spectrum for T =180 MeV at 27 (lab). Here the peaks are fit with gaussian shapes and a
reasonably sloping background (dashed line) labeled "standard" in Table IV. The inset shows this CxQR region fitted with the largest
reasonable background (top), the standard fit (middle), and a fit with no background (bottom).
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TABLE II. GQR cross sections at 27 (corresponding to a minimum for the GDR) and interpolated maximum cross sections.
Values taken from "standard" fitting procedure.

' Ni
Ni
Ni' Ni

cross section
(mb/sr)

6.14(1.07)
4.68(0.96)
10.9(1.09)
8.08(1.18)

Interpolated
(mb/sr)

8.45
6.78

16.6
13.5

cross section
(Hlb/sr)

5.28(0.87)
5.02(1.00)
7.13{1.17)
5.01(0.71)

Interpolated
(mb/sr)

6.35
5.99
9.01
6.48

Interpolated ~ /~+

1.33(.25)
1.13(.25)
1.84(.27)
2.08(.29)

equal in the Tassie model for p =neutron or proton num-
ber to

(p~ ) ( 2L —2) / L —1

The moments are evaluated with the ground-state param-
eters given while the deformation lengths (PR )„andrela-
tions among them are described in Ref. 2. In a uniform
hydrodynamic collective oscillation of the nucleus the ra-
tio of neutron-to-proton matrix elements is given by the
ratio

M„/M =N/Z (hydrodynamic) .

These matrix elements square to give reduced transition
probabilities, 8(C2) t =e ~M~ ~

and B(X2)1 = ~M„~,
and the former may be compared to explicit electromag-
netic excitations by electron scattering.

From neutron and proton matrix elements we can also
form isoscalar and isovector nuclear matrix elements by

Mo =M„+M
and

M) =M„—M
and thereby the appropriate reduced transition probabili-
ties.

It is useful to compare transition strengths of order L
for giant excitations to general sum rules. The appropri-
ate energy-weighted proton quadrupole sum-rule
strengths to the isoscalar resonance are given by

Z2 g2 e2
S =g iricoB ( C2 ) f =

P 2m 4m
L(2L+1) (r ~ 2)

p 7

using the proton ground-state moment. Other sums to an
isoscalar mode are

and

S„=XSP/Z

s =w's /z'
P

not be resolved from the GQR of interest, this fitting was
carried out for the 27' data points, where the GDR yield
is a minimum. Results of this fitting are reported as nu-
clear matrix elements for neutron and proton excitations,

M„=" J'p,„(r)r'+'dr,

This So is the "classical" isoscalar sum rule of Bohr and
Mottelson. '

An "isoscalar" oscillation in a nucleus with neutron ex-
cess also allows an isovector excitation. For the isovector
case we have

Si =(X—Z) So/3

If a single state at A'co=16. 4 MeV were to exhaust
these sum rules, a scale for the reduced transition proba-
bilities is established. We also quote our results using
those sums in terms of the sum-rule fraction (SRF), such
as

SRF„=iiicoM~/S~ .

IV. RESULTS AND DISCUSSION

Clear broad peaks are seen at the excitation energy ex-
pected for the GQR, as shown in the sample 27' fitted
spectra in Fig. 1, which is an angle where the I.=1 giant
dipole peak is expected to have a minimum cross section.
Other important features fit include (for all targets) the
low-energy octupole resonance (I.EOR), ' seen near
F.,=8 MeV, and the "nose" on the GQR, ' seen near 13
MeV. Both of these states seem to have flat and possibly
octupole (peaking near 30') shaped angular distributions
but are not convincing enough to warrant further discus-
sion, as is the case with three higher-lying resonances
seen on all targets to be at around 20, 25, and 30 MeV of
excitation, which also seem to peak around 30' but have
unreliable shapes. A weak isoscalar giant monopole reso-
nance has been recently observed for Ni at an excitation
energy of 17.3 MeV. ' Because this resonance only ex-
hausts 23 lo of the energy-weighted sum rule (EWSR) we
are unable to identify it here, which is a result consistent
with previous studies.

The widths of the GQR states were determined from
Ats to the 27' spectra and found to be 6.8+1 MeV, with a
centroid of 16.4+1 MeV for all targets. These excitations
are consistent with those reported from electron, proton,
and alpha scattering while our widths are greater by 1-2
MgV. ' This greater width can be attributed to uncer-
tainties due to broad features other than the GQR, and
this precluded an examination of the greater width antici-
pated for "Ni by comparison to a systematic dependence
on the GQR excitation energy. The resulting GQR an-
gular distributions are shown for the four targets and
both beam species in Figs. 2 and 3.
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TABLE IV. A demonstration of the background and fit dependence of the matrix element ratios for
the GQR of the Ni isotopes from this work (see Fig. l). All peak shapes are Gaussians unless otherwise
noted.

Nucleus

"Ni
'Ni

' Ni
"Ni

Ni
Ni
Ni
Ni

Model fit

Standard backgrounds
Lorentzian shapes
Zero backgrounds

Maximum backgrounds

Standard backgrounds
Lorentzian shapes
Zero backgrounds

Maximum backgrounds

M~(e, e')'
(fm )

25(S}
25(5)
25(5)
25(5)

&24
&24
&24
&24

M, (~,~')
(fm )

33(2)
40(4)
35(3)
26(2)

28(2)
32(2)
34(4)
21(3)

M„/Mp

1.18(~ 12)
1.18(.16)
1.29(.15)
1.19(.13)

2.25(.22)
2.34(.35)
2.18(.28)
2.26(.33)

' "Ni values from Ref. 21 and Ni values from Ref. 26.

stant while the neutrons seem to be primarily responsible
for these large, nonhydrodynamic ratios. Our normaliza-
tions give elastic angular distributions that are consistent
with prediction as well as hydrodynamic ratios for the
first 2+ states for all of the nickel isotopes and so this
neutron enhancement in Ni and Ni is unique to the
GQR. It may also be unique to other features in the con-
tinuum but a lack of structure combined with the accep-
tance fall off of the spectra obscures such results.

This GQR neutron enhancement is independent of the
background chosen in the fits, as shown by the consisten-
cy in the M„/M~ ratios of Table IV, where we fit the
spectra using a variety of background as well as with
Lorentzian peak shapes (the resulting angular distribu-
tions are similar to the ones in Figs. 2 and 3, except for
overall magnitude differences, and so these will not be
shown here). We also observe that the reduced transition
probabilities extracted from these data are similar to
those found from electron- and alpha-scattering measure-
ments (Tables IV and V) if the background dependence is

taken into account. For example, our B(C2) value for
the GQR in Ni is most consistent with the electron-
scattering values of Table IV and V if we quote the
"maximum-background" results. It can be seen in Table
V that many different values of these transition probabili-
ties have been measured for the same GQR states, even
when the same probe is used. A comparison of the
respective fitting procedures in these different measure-
ments seems to indicate that the above-mentioned back-
ground dependence may account for much of this
difference. In Table V we quote the value of the "stan-
dard" background because we believe this represents the
most realistic continuum and quote other backgrounds
for demonstration only. As mentioned, this inconsistency
in background choice is minimized here for the results
that depend on ratios of negative and positive pion cross
sections, such as M„/M .

In pion scattering, the m. predominantly excites the
neutron piece of the GQR isoscalar response while the
m+ predominantly excites the protons and so it is infor-

TABLE V. Reduced proton, neutron, and isoscalar transition probabilities (squared matrix ele-

ments) for GQR excitations from the present work (first entry) are compared to other results and to the

expected energy-weighted sum rules as the percentage.

Nucleus

Ni

Ni

62Ni

Ni

B(C2)t
(e fm; SRF)

1100; 114(10)%%uo

65(10)%'
54(10)%'

1200; 127(21)%
55(10)%'

1200;130(22)%
800;85(11)%

& 60%g

B(N2) f'

(fm; SRF)

1500;135(27)%

1300;105(24)%

4200;308(37)%
4000;259(32)%

B(02)I
(fm; SRF)

5200;126(22)%
100(20)%
55(15)%%uo

38(8)%'
4900; 1 12(23)%

63(15)%
10000;221(31)%
8300;170(23)%

'Values from (e, e'), Ref. 21.
Values from (a,a'), Ref. 24.

'Values from (e,e'), Ref. 27, errors estimated.
Values from (a,a'), Ref. 22.

'Values from (a,a'), Ref. 18.
Values from (a,a'), Ref. 23.
gValues form (e,e'), Ref. 26.
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FIG. 4. Matrix elements extracted from these data are corn-
pared to the effects of neutron and proton separation energies.
Here the separation e6'ects are modeled by single-particle
widths (in MeV), as discussed in the text, with the proton width
given by the chain-dashed line, the neutron given by the solid
line, and the (X/Z) prediction by the dashed line.

DwUCK4. These widths,
'

for neutron and proton decays
separately, are shown in Fig. 4, along with the matrix ele-
ments from Table III. A 2f7&z single-particle state is tak-
en with a decay energy to the lowest —,

' daughter, where
this f-wave state is the average of the 2A'co promotions
possible.

Even though there is no formal connection between the
excitation of the GQR and the single-particle decays, we
see a striking similarity between the neutron excitation
probability (M„,largely from rr ) and the neutron decay
strength (I „).The difFerence between the I „calcula-
tions for different isotopes is purely due to the separation
energy differences while Coulomb effects tend to make
the I results consistent for all isotopes. This is the re-
sult we also see for the excitation of the GQR, an increas-
ing neutron strength while the proton matrix elements
remain fairly constant, as seen from the M„/M~ values
extracted from these pion-scattering data.
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