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Electroexcitation of giant multipole resonances in “°Ca
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A study of inelastic electron scattering from ‘“°Ca in the momentum transfer range q = 0.43-1.40
fm~! has revealed strong excitations with quadrupole and octupole character which spread over the
range of excitation energy E, = 10-25 MeV. For comparison, a simple shell model calculation is made

based on the quasielastic model.

[N‘UCLEAR REACTIONS %Caf(e, ¢’), measured 0(Egr, 6,). E,=10-35 MeV,:l

q=0.43~1.4 fm~1.

I. INTRODUCTION

Systematic studies of inelastic scattering of
electrons,*” protons,®** and other charged par-
ticles'®*"'® from medium and heavy nuclei have re-
vealed the existence of a giant E2-like resonance
at the excitation energy E,~65A4"/3 MeV for al-
most all the nuclei investigated to date. A recent
analysis of inelastic proton spectra in the continu-
um region in *°Ca has shown that a large bump
seen at 10-25 MeV is composed of dipole, quad-
rupole, and octupole states located at ~20, ~117,
and ~13.5 MeV, respectively.® A broad peak ob-
served at ~17 MeV in inelastic scattering of
71-MeV 3He from *°Ca has been ascribed as a
giant quadrupole state.'? Inelastic scattering of
115-MeV « particles from %°Ca has also shown a
prominent peak with quadrupole character at
~18.25 MeV which exhausts 32% of the isoscalar
energy-weighted sum rule (EWSR). Our previous
investigation'®!” on the electroexcitation of Ca
indicated that the observed form factor was in-
consistent with the excitation of the giant dipole
resonance (GDR) alone and that considerable
strength remains in the neighborhood of the dif-
fraction minimum. A collective octupole excita-
tion was then inferred at ~19 MeV besides the
GDR."

The giant multipole resonance appears as a bump
in the region of the nuclear continuum. Hence
major uncertainties of giant resonance data arise
from the separation of the resonant and nonreso-
nant parts. In this paper we report the result of
a reinvestigation of the excitation of giant multi-
pole resonances of “°Ca by inelastic scattering of
electrons. The nuclear continuum is estimated

Enriched target.

from a calculation based on a simple shell model,
in order to understand the process.

II. EXPERIMENT

The experiment was performed with the Tohoku
300-MeV electron linear accelerator. The energy
spectra of inelastically scattered electrons were
measured at seven different values of the momen-
tum transfer ¢ ranging from 0.43 to 1.40 fm™,

A 99.5% enriched *°Ca target was employed and
data were taken with an over-all energy resolu-
tion of 0.15%. The elastic cross section was also
measured and used for the normalization of in-
elastic cross sections. Experimental details may
be found elsewhere.!® In the present measure-
ment the room background (target-out background)
was equivalent to a cross section of 5x 10735
cm?sr™' MeV~" and can be neglected. The so-
called instrumental scattering (target-in back-
ground) was carefully investigated and found to
be of the same order as the room background.

III. RESULT AND DISCUSSION

The measured energy spectra were corrected
for the radiative effects by the method described
earlier.'® In the present work, the tail subtrac-
tion has been improved by including the effect of
the elastic form factor which was neglected pre-
viously. The resulting spectra are displayed in
Fig. 1. One notes several peaks at the excitation
energies of 10.3, 10.9, 11.8, 12.6, 13.8, 14.6,
16.9, and 19.5 MeV together with the large back-
ground of the nuclear continuum.

As in our previous analysis we have subtracted
a smooth background from each spectrum and ob-
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tained the resonant part. The background shape absorption cross section'® ay(Ex) as follows:

has been assumed to be A(E, - E,)/", where E, is ~ .

the excitation energy of the nucleus, E, is the #o/dQ dE, = (da/dQ)Mott‘F(q’ E))| ®)
threshold energy (=7.04 MeV) for a-particle with

emission, and A and # are parameters. A and n 2_ 2\ 2/nd /4

are restricted to the shape of the observed spectra | Flg, BN *=176")1*(8%q )E"OV (Es), @)

in the region of high excitation energy (E,> 25 MeV). where A is the four-momentum transfer. The

If the ¢ and E, dependence of the GDR is known, form factor |f (g?)|? is assumed to be given by the
then the values of A and % can be sought by fitting Tassie model®® of GDR and was computed in the
the observed spectra with the sum of the pheno- distorted wave Born approximation.?® With these
menological form of the background and GDR at assumptions, the parameters A and # have been
each q. determined, and the smooth background has been
The GDR part of the observed cross section may subtracted from the observed spectrum in order
be expressed in terms of the measured total photo- to obtain the resonant part of the cross section.

The resonance part of the cross section has been
integrated from E, =10 to 25 MeV and divided by
the Mott cross section. The result is plotted
against the momentum transfer ¢ (Fig. 2). Since
it has been found that the observed g dependence
cannot be reproduced with a single multipole ex-
citation, the data have been fitted by mixing E2
and E3 components to the GDR as shown in Fig.
2. The E2 form factor has been calculated by the
Tassie model, while that of the octupole excita-
tion is assumed to be the same as that'® of the
first 3~ state at 3.74 MeV in *Ca.

The decomposed form factors in Fig. 2 indicate
that the total form factor at ¢=1.22 fm™ is domi-
nated by E3 and the (E1+E2) component is minor
(~10%). Accordingly, from the corresponding
spectrum the spectral shape of the E3 excitation
was obtained. The low g spectrum is mainly
E1+E2 (~95% at ¢=0.43 fm™). The known GDR
contribution was subtracted in order to obtain an

(2]
LU B B H S

2
d“o =
dQdE /GMott (1077/Mev)
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FIG. 1. Thespectra of ¥Ca at various momentum FIG. 2. The experimental form factor over the range
transfers. The E1 (thick solid), E2 (dash-dotted) 10—25 MeV. The solid, dash-dotted, dashed, and thick
E3 (dashed), and the sum (thin solid) as well as the solid lines are the E1, E2, and E 3 components and

underlying background (smooth line) are shown. their sum, respectively.



1176 TORIZUKA, ITOH, SHIN, KAWAZOE, MATSUZAKI, AND TAKEDA 11

TABLE 1. Parameters for the background subtraction.

Energy Angle
(MeV) (deg) n A (x1074Me V™Y
150 35 2 0.248
183 35 2 0.508
45 2 0.447
55 2 0.523
250 50 2 0.534
60 2 0.531
70 2 0.538

approximate shape of the E2 excitation. Using
the ¢ dependence of the form factors for the quad-
rupole and octupole excitations shown in Fig. 2,
the parameters A and »#, and the energy depen-
dence of the quadrupole and octupole excitations
have been varied to fit the observed spectra. The
energy dependence of the quadrupole and octupole
excitations which reproduce the observed spectra
best are plotted in Fig. 1 with the values of A and
n given in Table I.

The obtained quadrupole and octupole strengths
are found to spread over the region of E, between
10 and 25 MeV. Since the data have been taken at

forward angles (35°-70°), the multipole excitations

are mainly due to the longitudinal (Coulomb) ex-
citations of *°Ca. From the 4 dependence of the
longitudinal quadrupole (C2) and octupole (C3) ex-
citations as described above, we can interpolate
our data for the C2 and C3 excitations to the pho-
ton point (g =E,) in the region of E,=10~25 MeV.
This interpolation furnishes values of B(E2, E,)
and B(E3, E,) which correspond to the strengths of
the E2 and E3 photoabsorptions. These values are
listed in Table II as a function of E, for every 3
MeV interval in E,. The errors, which are not
larger than +15% and -30%, were estimated semi-
empirically. The percentage of the corresponding
classical energy weighted sum rule® (isoscalar
for E2 and E3) is also shown in the table. The
total strength integrated over the whole energy
region (10 ~25 MeV) becomes a large fraction of
the sum rule limit for both E2 and E3 excitations,
indicating strong collective nature of the observed
quadrupole and octupole resonances.

The g dependence of the C2 strength is similar
to that of the monopole in the Tassie model, and
this similarity is also expected in more general
classes of nuclear models. Therefore it is dif-
ficult to distinguish between the quadrupole (C2)
and monopole (CO) excitation. However, various
theoretical considerations?®:2 place the centroid
of the giant collective E2 resonance at about
E, ~V2iiw=~y2x41 A™Y/3 MeV ~17 MeV for *“*Ca,
at which our result shows the strongest excitation.

TABLE II. Values of B(EL) and |M(0) |* and the per-
centage of the isoscalar energy-weighted sum rule
(EWSR). The errors are +15% and —30%.

E, B(EL) Percentage
(MeV) L (e? fm?L) of EWSR (T'=0)
10-13 2 72 8.2

0 117 12.6
3 2.97x 103 6.3
13-16 2 144 20.6
0 235 31.7
3 2.93%x 103 7.9
16-19 2 148 25.6
0 241 39.4
3 2.71x 103 8.8
19-22 2 57 11.6
0 93 17.8
3 2.43>10° 9.2
22-25 2 0 0
3 1.03x 103 4.4
10-25 2 421 66
0 6882 102
3 1.21x 10 36.6

2 m(0) [F=1427: +7:%) | in fm*,

This leads us to believe the main contribution to
our C2-like resonance is most likely due to the
quadrupole excitation rather than due to the mono-
pole. However, the possibility of the existence of
a significant fraction of the monopole strength
cannot be excluded from our results alone. It

is worthwhile to point out that if the C2-like res-
onance is assumed to be due to a monopole exci-
tation instead of C2, then the integrated mono-
pole strength (from 10 to 25 MeV) amounts to
102% of the monopole sum rule limit.

In order to have some qualitative understanding
of the background in continua and the importance
of various multipole strengths, we have calculated
the inelastically scattered electron spectra using
a shell model, in which protons in a potential make
transitions from a bound to a scattering state. No
residual interactions have been taken into account.
Such a model has been used in calculations of the
quasielastic scattering process, and has been
found to be quite successful in predicting the posi-
tion and width of experimentally observed spec-
tra® at large values of ¢ and E,.

We have employed in our calculations a Woods-
Saxon type potential (a square well potential has
also been used) used by Gibson and van Oostrum?®
with an imaginary part

~4ia ng;{l +exp[(r=R)/a]}™. 3)
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FIG. 3. The calculated excitation functions based on
the quasielastic model. The phenomenological back-
ground curves are also shown.

If the imaginary potential is introduced,
W =(0.06E, - 0.5) MeV has been used,?’ otherwise
W =0.

The calculated results show appreciable con-
tributions from Zx-pole excitations up to ) ~¢qR
=4.28¢, as is expected, and the Cx excitation
shows peaks in the calculated spectrum at exci-
tation energies corresponding to the resonance
energies of the model as shown in Fig. 3.

The results have also predicted several discrete
bound levels corresponding to the excitation of
protons to the f,/, state which are not shown in the
figure. However, when such levels were included
in the sum, the resultant cross section became
approximately the value of the observed cross
section.

The width of the calculated peaks arises from
the proton emission width and the imaginary po-
tential. The latter represents the effect of a
single proton-hole transition to more complex
states, and its magnitude is difficult to estimate.
We have used the value of W given in Ref. 27.
Since the magnitude of W is small in comparison
with the real part, the cross section for the for-
mation of compound states is expected to be neg-
ligible and has not been taken into account in our
calculation.

In order to extract the continuum background
from the calculated result the following procedure
has been taken: (1) we suppress those multipole
strengths which would contribute to the giant
multipole resonances if the residual interactions
were to be effective, and (2) we introduce broad-
ening of widths due to hole states, and average
the strength using an appropriate weighting func-
tion of the width of each hole state (7 MeV for the
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FIG. 4. The theoretical (dash-dot line) and phenomeno-
logical (full line) backgrounds.

2s and 14 hole states and 20 MeV for the 1p and
1s hole states).?®

The hole width is assumed to be given by a
Breit-Wigner type expression. All transitions
except for the T=1Cl, T=0C2, and T=0 C3
have been summed and smeared with the hole
width, and the results are shown in Fig. 4. As
is evident from the figure, a smooth spectrum
which is consistent with the phenomenological
background used in the data analysis is obtained.
Figure 5 compares the integrated strengths of the
phenomenological (open circles) and theoretical
(full line) continuum backgrounds between 10 and
25 MeV. For comparison the integrated total
(resonance plus background) cross section in the
same range is shown. The comparison confirms
the validity of the use of the phenomenological
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FIG. 5. The integrated values over 10—25 MeV for the
cross section (closed circles), theoretical background

(full line), and phenomenological background (open
circles).
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background. The background thus obtained here
contains not only quasielastic scattering but also
multipole resonances which are probably broad
and fragmented.

In conclusion, our analysis on the electroexci-
tation of 4°Ca indicates the very strong collective
nature of the quadrupole and octupole excitations
in the range of excitation energy E,=10-25 MeV.
The quadrupole strength is rather uniformly dis-
tributed over the range between 13 and 19 MeV
while the octupole strength is distributed into the
several narrow peaks at 10.3, 10.9, 11.8, 12.6,
13.8, 14.6, 16.9, and 19.5 MeV.

During the preparation of this paper the detailed
random phase approximation theory2®~3! which
calculates high multipole excitations in “°Ca has
been presented. The results are in good agree-
ment with our experiment for both quadrupole
and octupole strengths. The spectral shape in
Fig. 1 is excellently reproduced by the theory®!

SHIN, KAWAZOE, MATSUZAKI,

AND TAKEDA 11
with the sum of the several giant multipole res-
onances. Furthermore, this theory has divided
the quadrupole component shown in Fig. 1 into the
monopole resonance at ~14.0 MeV and quadrupole
resonance at ~17.5 MeV. The inelastic « particle
scattering'®+*2 which excites isoscalar 2% states
strongly but 0* states weakly indicates a promi-
nent peak (32% EWSR) at ~18.25 MeV and the
strength is fragmented near 14 MeV. The E2 (EO)
strength in Table II can be divided into the EO
(10-16 MeV) and E2 (16 —22 MeV) excitations
which exhaust the corresponding EWSR ~44% and
~31%, respectively.

One of us (Y. M. S.) gratefully acknowledges the
warm hospitality of the Tohoku University during
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formed at the Computer Center of Tohoku Univer-
sity.
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