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Identification of E2 Strength Distribution in 6sCu by the (e,po) Reaction
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Double-differential cross sections for the reaction 6'Cu(e, po) ¹i&, were measured at
eleven laboratory angles ranging from 42 to 138' with incident electron energies from 13 to
28 Mev. These have been decomposed into El and E2 components by use of a resonance
model. Besides the large El cross section, the F2 strength is clearly separated at E„=14.9
MeV with the width of 5.1 MeV corresponding to the isoscalar giant quadrupole resonance.

PACS numbers: 23.20.En, 24.30.Cz, 25.30.Dh 27.50.+e

Giant multipole resonances (GMR) other than
E1 have been studied by various projectiles. Up
to now most of the experiments have been carried
out only for inclusive reactions. With such reac-
tions, it is difficult to determine in a model-inde-
pendent way the multipolarities of the GMR. Suc-
cessful completion of (e, e'p) experiments con-
cerning the determination of the multipolarities
of the GMR is expected. ' Yet at this stage no re-
sults have been reported. Concerning exclusive

reactions, several authors have already reported
on the angular distributions of the emitted par-
ticles through electrodisintegration. The "O(e,
p,) angular distribution has been measured by
Schoch el al. ,

' which showed that the contributions
due to the spin current are important in the angu-
lar distribution analysis, Their interest, how-
ever, concerns excitation energy region much
higher than that of the GMH. Skopik, Asai, and
Murphy' have measured 'sFe(e, n) angular dis-
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tribution in the GMR region, and have found the
isoscalar giant quadrupole resonance (GQR) to
lie at 17.6 MeV with a width of 3.1 MeV, and
with the a-decay channel exhausting a sizable
percentage of the isoscalar E2 energy weighted
sum rule (EWSR). Phillips and Johnson' have
measured o(E„, 0) of the 'O(y, no) reactions in
the energy region of E„=25-45 MeV, and deduced
E2 strength which exhausts 68% of the isoscalar
E2 EWSR. Arruda et al. ' measured o(e,f) for"U and "'V, and deduced a~(y, f) in the GQR
region which exhaust 70% and 87% of the isoscalar
E2 EWSR, respectively.

As far as we know, no attempts have yet been
made to determine definitely the E2 strength in
the GMR region by measuring the angular dis-
tribution of the emitted protons from the (e, p, )
reaction. This reaction seems to be very promis-
ing for the study of the GMR for several reasons.
(1) It is very easily compared to the (e,e'P) reac-
tion and results are available now. (2) Only sim-
ple nuclear excitations are expected, and the
background is very small compared to hadron-
scattering experiments. (8) The complementary
data from the (e, e') reaction can be obtained.
(4) Definite decomposition of the multipole com-
ponents may be possible with less model depen-
dence than in the case of (e, e'). In this Letter we
report on the results of measurements of "Cu(e,
P,), followed by a discussion.

The "Cu(e,P,) cross section is expected to be
dominated by the simple 2P,&, proton knockout re-
action, ' and the angular distribution patterns are
expected to be very simple for each multipole
transition. ' A thin foil (9.6 mg/cm') of more than
98% enriched "Cu was bombarded by electrons
from the Tohoku University electron linear ac-
celerator. The experiments were carried out at
incident electron energies from 13 to 28 MeV in
1-MeV steps. The details of the experimental ap-
paratus and detection method were previously re-
ported. ' The differential cross sections for the
Pp were measured at eleven angles relative to the
incident electron beam from 42 to 138' in steps
of about 10 . Since the first excited state in the
daughter nucleus "Ni is at 1.34 MeV, we have in-
tegrated the yield from the end-point energy down
to this energy of the emitted proton to obtain the
pure Pp differential cross section. The energy
loss of the proton in the target is about 140 keV
for E~ =10 MeV.

The experimental results are shown in Fig. 1.
The error bars represent the statistical uncer-
tainties only. Every distribution is characterized
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FIG. 1. Measured proton angular distributions of the
reaction. The solid lines are the results of least-
squares Qtting to the experimental data with the reso-
nance model of Ref. 7. Kl and E2 components are
separately shown for the two cases of +, =19 and 28
MeV.

by a broad peak around 90'. If only El excitation
takes place, the peak should appear at 6P, =90
and should have symmetrical shape. A large
asymmetry with respect to 90' suggests the exist-
ence of other multipole transitions, mainly E2
transitions in the present energy region.

Expressions for the angular distribution of
emitted particles in the (e,x) reaction have been
given by several authors. "We have applied the
simple resonance model of Ref. 7 to analyze the
present data. We take the resonance velocity po-
tential as the Tassie type, and the initial state of
the emitted proton to be the pure 2P state with
the harmonic-oscillator length parameter 6 as
2 fm.
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With the assumption of only the pure E1 transi-
tion, fits to the angular distribution data resulted
in very large values of p'. By taking both the E1
and E2 transitions into account, the values of y'
reduce to 0.5-2.0 (normalized y', weighted by
the inverse square of the errors). Considering
the small number of counts and the limited angu-
lar range in the present experiment, these fits
are judged to be satisfactory. In other words,
the inclusion of the E2 transition is very impor-
tant in the analysis of the presently measured
cross sections of the reaction 65Cu(e, P,), and the
inclusion of higher processes such as E3 transi-
tions is not justified. In fact, if we include the
E3 transition in the calculation, the values of the
multipole strength parameters cannot be deter-
mined unambiguously. The best-fit curves are
shown in Fig. 1 by the solid lines. Note that for
the P-state proton knockout process, the angular
distribution patterns for E1 and &2 transitions
are expressed roughly as sin'0 and sin'0 cos'09
respectively, which are also illustrated in Fig. 1
for two cases. These angular dependences are
almost totally determined kinematically, and do
not depend much on the shapes of the velocity po-
tential and the wave functions.

In Fig. 2 we have rearranged the same data
shown in Fig. 1 as functions of the incident elec-
tron energy. The broken lines connect the best-
fit values obtained above for each energy and
angle. Since the E2 strength is expected to be
very weak at 90, the excitation function at 90
represents the energy dependence of the E1
strength. From eleven excitation functions in
Fig. 2, it is clear that besides the large E1 peak
at E, =17 MeV, we have another peak at E, =—16
MeV, whose angular dependence is of the E2
type.

The cross sections are converted to the 0'&(y,

P,) for E1 and&2. They have been obtained by
integrating the best-fit theoretical curves shown
in Fig. 1, over 4, and dividing them by the E1
and E2 virtual photon numbers, and are shown
in Fig. 3 as functions of the excitation energy E„
(=E, —0.9 MeV, which is the average of the in-
tegrated energy region). The error bars indicat-
ed are the quadrutic sum of fitting (67'fo confi-
dence level) and statistical uncertainties. To
these cross sections are least-squares fitted the
Lorentzian line shapes of the form

p)2
L (E 2 @ 2)2 (E p)2 0'

The E1 cross section is fitted by one resonance
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FIG. 2. The same data and the calculated results as
in Fig. 1 rearranged as functions of the incident elec-
tron energy for eleven laboratory angles.
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shape peak at E& =16.9 MeV and I" =7.3 MeV with
y' =3.l, corresponding to the giant dipole reso-
nance (GDH). Both Flutz etal."and Sund etal."
have reported a deformation-split GDB in "Cu.
The presently measured &1 strength can also be
fitted by the sum of two Lorentzian curves: E&
=15.5 and 19.4 MeV with I' =4.6 and 7.0 MeV,
respectively (y'=2.9). These values are consis-
tent with the results of Fultz et al. and Sund eI; &l.
Another parameter set, && =16.7 and 20.4 MeV
with I'=7.1 and 0.85 MeV, respectively, explains
the data equally well (y' =3.0), which may be ex-
plained by the isospin splitting of the GDR.' With-
in the accuracy of the present experiment, it is
very difficult to settle the detailed structure in
the GDR. The &2 cross section is fitted by two
resonances. The one at && =14.9 MeV with I
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FIG. 3. Extracted gl (open circles) and E2 (closed
circles) strengths. Solid lines are the least-squares
fitted curves with the Lorentzian line shapes.

=5.1 MeV corresponds to the isoscalar GQR, ex-
pected at E„=60/A'" MeV =15 MeV. The other
at E~=29.2 MeV with I" =12.1 MeV may corre-
spond to the isovector GQR, expected at E„=130/
A"' MeV=33 MeV, whose peak, however, is be-
yond the limit of the present experiment. The g'
value for E2 is 0.75. The best-fit curves are
shown in Fig. 3 by the solid lines. Note that the
E1 and E2 strengths seen in this (e,P,) channel
need not be representative of the whole, since
they do not result from a predominantly statisti-
cal decay process.

To see what fractions of E1 sum and E2 iso-
scalar sum are exhausted, we have integrated
the obtained o'1. (y,P,) from E„=12.1 to 27.1 MeV
and found o(E1) =10.7 mb. MeV=1. llo of 60XZ/A,
and o,(E2) =6.9 pb/MeV=14. 7'fo of 0.22Z'A "'.

Recently Dodge et a/. " have measured the (e,p)
and (e, ct) cross sections for "Fe, "Co, and "Zn
in the electron energy range from 16 to 100 MeV.
They have analyzed their data using distorted-
wave Born.-approximation E1 and &2 virtual pho-
ton spectra. The E2 strength has been deduced
only in the excitation energy region of the iso-
scalar GQR. No other E2 strength was found.
Similar to their results, we have also found the
location of the E2 peak for the isoscalar GQR.
However, the present results show. the E2 strength
even up to the excitation energy of 27 MeV. The-
oretically, a similar amount of the E2 strength
should be found for the isovector part. This

problem is yet to be solved.
To conclude, our measurements here have

shown that the (e,p, ) angular distributions give
us additional inf ormation to supplement the exist-
ing experimental data concerning the isoscalar
GQR. We have also measured and analyzed the
(e,p, ) reaction cross sections for "Cu, "Fe,
and "Sc. The angular distribution patterns for
"Cu are simi. lar to the present results, and
those for "Fe and "Sc show shapes characteris-
tic of the f-shell nuclei. Therefore we may say
that the angular distribution patterns for the GMH
are almost determined by the angular momentum
of the initial proton. These data will be published
soon.
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