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Highly excited multipole resonances of **Mg between 9 and 34 MeV excitation energy have been investigated by
inelastic electron scattering for incident energies in the 102 and 200 MeV range. Prominent giant dipole resonances
were observed at 18.9 and 20 MeV excitation energy, with a shape which is very similar to the shape of the
photoneutron cross section. Over twenty-five quadrupole and twenty octupole resonances were identified and
separated by means of the multipole expansion method. The giant dipole strength exhausts (85*2,)% of the isovector
dipole energy-weighted sum rule. The quadrupole and the octupole strength exhaust (117 + 23)% and (115+23)% of
the corresponding isoscalar energy-weighted sum rule, respectively. Evidence for the excitation of higher multipole
states such as hexadecapole transitions was also found in the excitation energy region studied.

fm1, measured o(E’,6) up to 34 MeV in excitation energy; deduced dipole,

[NUCLEAR REACTIONS %Mg(e,e’), E =102, 125, 150, 200 MeV, ¢ =0.37—1.3 :'

quadrupole, and octupole strengths in giant resonance region. Enriched targets

I. INTRODUCTION

The isoscalar giant quadrupole resonance (GQR)
in sd-shell nuclei has attracted much attention re-
cently because of its spreading character, which
is in contrast to medium and heavy nuclei where
the isoscalar GQR are well concentrated at
63/A'/3 MeV.!* The spreading of the GQR at en-
ergies below 63/A'/® MeV for nuclei with a mass
number A <40 has been previously studied by
means of radiative capture reactions of « parti-
cles.?’®* The strength was found to exhaust about
half of the energy-weighted sum rule (EWSR).

The GQR in sd-shell nuclei has been extensively
studied by a-particle scattering.®™" Although at
an early stage of the experiments it was reported
that the GQR were too diffused to be observable,*
later measurement with 150 MeV a particles and
with a resolution of 350-650 keV revealed a con-
centration of the GQR at 63/A'/2 MeV in sd-shell
nuclei such as ?°**Ne and ?%Si.° Similar studies on
magnesium isotopes® have shown a splitting of the
quadrupole strength. Such fragmentation was con-
firmed” more recently by an a-particle scattering
experiment at an overall energy resolution of 100
keV, and a splitting of the quadrupole resonance
into several states or clusters of states was ob-
served. In the adjacent nucleus >°Ne, not only
were several quadrupole resonances observed be-
low 17 MeV, but also broad structures of a qua-
drupole nature were found at higher excitation en-
ergies around 25 MeV (~63/A'/3 MeV) by the in-
elastic electron scattering.®

The excitation energy region up to 15 MeV of
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Mg has, in addition, been investigated by (p, p’),®
(@,a’),’® CHe,He’),!" and (e, e’) (Ref. 12) reac-
tions. All these experiments also show the frag-
mentation of the quadrupole resonance. In partic-
ular, inelastic proton scattering with a resolution
of 16 keV revealed nineteen 2* states and thirteen
3~ states up to 13.5 MeV in excitation energy.®

Investigation of the octupole resonance is also
quite an interesting subject. In the region of nu-
clei between A =66 and A =197, concentrated
octupole resonances were observed in the a-
particle scattering experiment.’® Located be-
tween 5 and 10 MeV (~30/A'/? MeV), such reso-
nances account for 15-20% of the isoscalar octu-
pole EWSR. The recent (p,p’) reaction® studies
on Mg have, however, shown nine octupole states
up to 13.5 MeV, an indication of the fragmentation
of the octupole strength in sd-shell nuclei.

In this paper we report on our experimental
study of the giant dipole, quadrupole, octupole,
and higher multipole resonances in >*Mg by inelas-
tic electron scattering. The giant dipole resonance
(GDR) of **Mg has been studied largely by means
of (y,n) reactions.'*''* Prominent peaks were ob-
served at 18.8, 19.2, and 20.0 MeV using mono-
chromatic photons.' Since the (y,7) cross section
exhausts only 16% of the classical dipole sum
rule,” it may be expected that the (e, e’) experi-
ment would reveal other aspects of the GDR of
?Mg. Other reported works on the (v,p) and total
photoabsorption measurements'®:'” have been con-
ducted on natural magnesium targets. The giant
resonance region of **Mg has been measured by
electron scattering at low momentum transfers.'®
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Twenty four resonances were reported in that
work between the 14.6 and 25.0 MeV excitation en-
ergy region of **Mg.

II. EXPERIMENT

The experiment was performed at the Tohoku
University 300-MeV Electron Linear Accelerator.
Using the recently completed Energy Compression
System,'® electron beams of several microamperes
on target were obtained in this experiment. The
targets were isotopically enriched (99.96%) self-
supporting foils of **Mg with thicknesses of 7.42
mg/cm?® (for an incident energy of 150 MeV) and
42.5 mg/cm?® (for incident energies of 102, 125,
and 200 MeV). Overall energy resolution full
width at half-maximum (FWHM) was approximate-
ly 120 keV for the measurement at an incident en-
ergy of 150 MeV, and 200 keV for the measure-
ment at 200 MeV. The excitation energies were
determined within an accuracy of +50 keV. This
was confirmed by comparing the well-known 15.11
MeV, 1* and 16.11 MeV, 27 levels of *C with the
inelastic spectrum of >*Mg at a fixed setting of the
magnetic field of the spectrometer, thus avoiding
the ambiguity arising from fluctuations of the
magnetic field setting.

Inelastically scattered electrons were detected
by a 100 cm radius double focusing magnetic
spectrometer equipped with a 33-channel solid
state detector system. Detailed descriptions of
the detector system and its use have been pub-
lished elsewhere.?’ The incident beam energies
and scattering angles used were 150 MeV 30°, 40°,
and 200 MeV 35°, 45°, 55°, 65°, 75° and 85°. In
order to investigate the transverse excitations,

spectra were also measured at a backward angle
of 155°, with 102 and 125 MeV incident energies.
These two energies were chosen so as to match
the momentum transfers of the 200 MeV 55° and
75° measurements, respectively. The two sets of
the measurements were used to separate the spec-
tra into longitudinal and transverse components,
as described below.

III. ANALYSIS

Measured typical spectra are shown in Fig. 1.
These raw spectra were unfolded for radiative
corrections, using the same iterative procedure®!
applied previously in the case of *®Pb. The ab-
solute cross sections were determined by compar-
ison with the elastic scattering cross section of
2Mg, which was obtained by phase shift calcula-
tion using a Fermi-type charge distribution:

py(r)=po{exp[(1’—co)/zo]+l}" ) (1)

where the ground state parameter c,=2.94 fm and
2,=0.53 fm (Ref. 22) were used in the present
analysis.

It is well known that the differential form factor
for excitation energy w can be written

d?c
W, w)|? m/"m

q
=—;7 [W.@,w) |?

q,° 6
+(§§§ +tan2§)lWT(q,w)|2, )
where W, (@,w) and W,(@,w) are the longitudinal
and transverse differential form factors, respec-
tively, ¢, the four-momentum transfer, ¢ the
three-momentum transfer, 6 the scattering angle,
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FIG. 1. Typical scattered electron spectra from Mg obtained at 150 and 200 MeV incident electron energy and
scattering angles of 40° and 55°, respectively. The right-hand scale is for the 200 MeV spectrum, and the left-hand

scale for the 150 MeV spectrum,
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FIG. 2. The spectra for backward scattering and the
transverse components. Top: spectrum obtained by 102
MeV electrons through 155°, The shaded area above 20
MeV excitation energy is the envelope of the measured
points, Middle: the transverse component with energy
width Aw =200 keV at ¢ =0.90 fm, obtained by match-
ing-¢ measurements at 102 MeV 155° and 200 MeV 55°,
Bottom: same atg=1.,13 fm™! from data at 125 MeV 155°
and 200 MeV 75°,

and 0y, the Mott cross section for charge Z nu-
cleus. The usual form factor |F(g)|® is related to
the differential form factor W(g, w) by

F@ 1= [ 1w, ) [do. ®)

A. Transverse excitation

As the principal aim of this experiment was to
study the longitudinal (Coulomb) transitions, most
of the measurements were performed at relatively
forward scattering angles. However, since some
contribution from the transverse excitations is
expected even at such forward angles, spectra
were also measured at a backward angle of 155°
with incident energies of 102 and 125 MeV. Figure
2 shows the spectrum at 102 MeV, and the trans-
verse components separated using Eq. (2) for 200
keV energy bin widths. The transverse component
was found to be approximately 2% of the total spec-
trum at 200 MeV 55°, and 13% at 200 MeV 75°. As
seen in Fig. 2, a general feature of the transverse

spectra is a gradually increasing cross section
with increasing excitation energy. Moreover,
several peaks are clearly seen at 11.2, 12.7,
13.3, and 14.9 MeV in the transverse spectra.
These peaks are magnetic multipole transitions,
and they are most likely M2, M3, M2, and M4
transitions, respectively.?® The peak identified
here at 15.5 MeV is the M6 transition,* recently
observed by electroexcitation at backward angle.
M1 transitions reported at 9.85, 9.97, and 10.7
MeV in Ref. 25 are hardly seen in these spectra
because the momentum transfer region investi-
gated here is beyond the maximum of the M1 form
factor.

The transverse form factors integrated up to 34
MeV are shown as open circles in Fig. 10. The
dash-dotted curve is the result of a calculation
using the Fermi-gas model®® with a Fermi momen-
tum k=235 MeV/c.?” The momentum transfer
dependence of the transverse form factors appears
to be reproduced fairly well by the transverse
part of Fermi-gas model, as discussed previous-
ly.® The contributions of the transverse excita-
tions of the other forward angle spectra were
estimated by interpolations or extrapolations from
the spectra of Fig. 2 using the ¢ dependence of the
Fermi-gas model. The pure longitudinal spectra
were thus obtained by subtracting these transverse
components according to Eq. (2).

B. Multipole expansion

The various multipolarities contributing to the
longitudinal spectra have been disentangled using
the method of least squares, which was applied
and discussed in the analysis for the giant reso-
nance regions in **Ne (Ref. 8) and *®*Pb.?! In this
method, it is assumed that the continuum spectra
including resonances can be divided into small
energy intervals of width Aw. At present each
spectral bin with Aw =300 keV has been expanded
into longitudinal dipole (C1), quadrupole (C2),
octupole (C3), and higher multipole excitations
Y3 CI (124) as follows:

lw.-«n,wm%f;l @ 1% @900 2, @)

where the a;’s are coefficients to be determined by
the method of least squares, and the X,;’s are the
momentum transfer dependences assumed for

each multipole transition. The ¢ dependence of
the Goldhaber-Teller model was used for the
dipole excitation and that given by the Tassie
model was used for the other multipole excitations.
The radial transition charge density of these mod-
els for the multipolarity ! is expressed by
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FIG. 3. The radiatively corrected spectra of #Mg at various momentum transfers as well as the results of the multi-
pole expansion, The region of momentum transfer is favorable for dipole transition. The (v,n) cross section of Ref, 14

was projected out to ¢=0.37 fm<, as described in the text.

p, ) =7-:2xl) )

dr ’

where pg(7) is the ground state charge density.
The ¢ dependence of the composite form factor
for the higher multipole excitations was obtained
in such a way that each higher multipole transition
exhausts the corresponding isoscalar EWSR.

The results of the multipole expansion are shown
in Figs. 3-6, together with the radiatively cor-

rected spectra. The reduced x* were of the order
of unity in all cases. Smoothed curves were ob-
tained from the multipole expansions overlapping
with the first expansion shifted by 150 keV. The
longitudinal form factors of the various peaks with
a decomposition into C1, C2, C3, and },Cl (124)
are shown in Figs. 9 and 10. These experimental
form factors were directly obtained from the
spectra without assuming any nuclear continuum
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FIG. 4. See caption to Fig. 3. The region of momentum transfer is favorable for quadrupole transitions,
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FIG, 5. See caption to Fig. 3. The region of momentum transfer is favorable for octupole transitions,

underlying resonances.

The corresponding reduced transition probabili-
ties B(C!) obtained and the depletion of the EWSR
are presented in Tables I-III. The isoscalar
EWSR S, is given by*®

S;=) wB(Cl,w)

TIES VLA NS

where
(,,21 -2>: f ,’.zl-zp(x'.)d;‘
0
The dipole isovector EWSR S, is given by
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. The region of momentum transfer is favorable for hexadecapole transitions,
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Since the nuclear deformation may have sub-
stantial effects on the highly excited resonances,
its effects on the multipole expansions have been
investigated using the model developed by Suzuki
and Rowe.?® Their theory is based on the model
independent sum rule, and the dipole and quadru-
pole transition charge densities are expressed in
terms of the deformation parameters 3, and B,.
For simplicity, only the dipole and quadrupole

ITOH, OHSAWA, TORIZUKA,

SAITO, AND TERASAWA

transition charge densities for the K =0 component
are given here:

1 d 2
G '°’<”“[—pé£’ﬁ+75'(di 3)"2(”] ©)
2,0 d 2
o ) r[ Bl 2 05 (& v25) =00
6fd 5
+’I(dr r)p“(r)] 10

where

po(T) ‘/_[1*' Zlﬂklzco; 41’. Elﬁxlco arz]p ),

1 V5 2 J_ 82
pz(r)-[ Bzcoar ZJ—(Z 2 123264 0 —7— B, )Co ai,z]p r,
2v5 162V5
p4(7") [ 340031‘ 2‘/—(—ﬁ2 33?3234 1001 B )a,rz]p (7’),

with C=0.5¢,(%)/(r""). These transition charge
densities can be regarded as generalizations of
the Goldhaber-Teller model to include the nuclear

TABLE I. Reduced transition probabilities B(C1, t)
and percentage of the isovector energy-weighted sum
rule S;. The errors are +10%, —20%. The (v,n) data
were taken from Ref. 14,

Present (v,7)
E, B(C1,1) S, E, Sy
(MeV) (e*m?) ®  MeV) %)
9.1 0.11 1.1
10.2 0.039 0.44
10.8 0.10 1.2
11.6 0.054 0.71
13.7 0.043 0.67
14.4 0.077 1.2
15.0 0.026 0.45
16.7 0.22 4.2 16.9 0.16
17.1 0.12 2.3 17.3 0.29
17.6 0.015
18.3 0.84
18.9(17.7-19.5) 0.75 15.9 18.8 1.1
19.2 0.79
20.0(19.5-20.3) 0.33 7.5 20.1 2.0
204 0.29
20.3-21.4 0.28 6.5 20.9 1.2
21.4-25.0 0.77 20.0 21.5 0.41
22.4 0.27
23.1 2.0
25.0-28.0 0.39 10.5 25.0 4.2
27.5 3.2
16.5—
28.0 16.7
28.0-31.0 0.22 6.5
31.0-34.0 0.16 5.8
9.0-34.0 3.69 84.9

I
deformation.”® In the present analysis, the de-

formation parameters 3,=+0.45 and 8,=- 0.06
were adopted.®® Figure 7 shows the predicted
dipole form factors for K =0, 1, and the quadru-
pole form factor for K=0, 1, and 2.

Since the quadrupole form factors for K =0 and
K =1 have almost identical ¢ dependence, only four
sets of the combinations were searched in the ex-
pansion with [K(dipole), K(quadrupole)]=(0, 0),
0,2), (1,0), and (1,2), using the same form fac-
tors for the octupole and higher multipole form
factors. The shaded area of Fig. 8 shows the
envelope of the results of using these four com-
binations. As can be seen in the figure, the spec-
tral shape of the multipole components did not
vary much as a consequence of this procedure, in
spite of the different ¢ dependence of the form
factors for different K numbers.

The result of the multipole expansion indicates
that almost all peaks in the spectra are a com-
posite of different multipolarities. For instance,
two bumps between 16.1 and 17.9 MeV are inter-
preted as a composite of dipole excitations at
16.7 and 17.1 MeV, quadrupole excitations at 16.9
and 17.3 MeV, and octupole excitations at 16.5 and
17.1 MeV. To investigate this feature of the data
further, the form factors were also obtained after
subtracting a phenomenological continuum shape®’
with functional dependence of a(w - wo)‘/z, to ac-
count for the continuum or quasielastic scattering
underlying resonances. Some of the form factors
obtained are shown as triangles in Figs. 9 and 10.
These form factors cannot be explained by a pure
multipolarity, but strongly suggest a superposition
of at least two multipole excitations.
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TABLE II. B(C2,t) and percentage of the isoscalar quadrupole EWSR S,. The errors are
+10% up to 15.7 MeV, +20% above 16 MeV in excitation energy. B(C2,t) for the two lowest
states were taken from the (e,e’) work of Ref. 22. The a-particle scattering data were taken
from Ref. 7. S, for the a~capture reaction were calculated by Bertrand et al. (Ref. 7) using
the data of Ref. 3. The previous (e,e’) data were taken from Ref. 12.

Present (a, ') (@,vq) (e,e’)
E, B(C2, 1) S, E, S, E, S, E, S,
MeV) (e’fm*) B  MeV) %) (MeV) )  (MeV) (%)
1.37 446 13.3 1.37 12.4
4.23 22.8 2.1 4.23 2.4
7.34 0.9 0.2
9.38 9.4 1.9 9.30 2.4
10.6 7.6 1.7
11.2 9.7 2.4 11.38 0.6
11.8 6.8 1.8
12.6 12,52 0.6
12.8} 20.0 5.6 12.8 3.5 12.8 4.0 12.99 0.6
13.1 13.1 3.6 13.1 2.8
13.9 11.3 3.4 13.9 3.0 13.9 0.4
14.7 10.7 3.4 14.5 3.3
14.9 2.5
15.2
} 11.0 3.7 15.8 0.6
15.7
16.6 2.3 16.5 1.1
16.9 7.5 2.7 17.0 5.3
17.3 19.0 7.1 17.4 8.4 17.4 1.2
17.8 3.1
18.2 2.5 18.2 0.5
19.3 6.3 2.6 18.8 4.8
19.1 2.0
19.6 5.2
20.1 10.0 4.3 20.0 2.3 20.0 1.0
20.4 6.8
20.8 2.1 0.9 21.1 2.7)
21.3 7.8 3.6 21.4 (2.8)
22.4 8.4 4.1 21.7 5.4
22.7-25.0 20.6 10.1 24.0 7.9
25.0-28.0 29.4 17.0
28.0-31.0 28.5 18.3
31.0-34.0 10.0 7.0
0-34.0 705 117
IV. RESULTS AND DISCUSSION of the other experimental results are compared
with the present results in Tables I-IIL
A. Results and comparison with other experiments (i) The 9.4 MeV peak contains transitions to the
9.1 MeV 17, 9.38 MeV 2" states, and a higher
The results of the present analysis will be dis- multipole component (3724). An E2 transition
cussed in this section peak by peak and compared has also been reported at around 9.30 MeV in the
with other experimental results with special em- (e,e’) (Ref. 12), (p,p") (Ref. 9), CHe,*He') (Ref.
phasis on the quadrupole and octupole states. The 11) reactions, and in the recent analysis®® of the
high-lying quadrupole and octupole states of 2*Mg 120 MeV a-particle scattering data of Ref. 7. The
have been recently studied extensively by inelastic present result of 9.4+1.0 ¢” fm* is in agreement
scattering of *He particles' up to 11.5 MeV in ex- with the 11.7+ 1.8 ¢*fm* in the (e, e’) reaction of
citation energy, by inelastic electron scattering'? Ref. 12, in contrast with the strengths 'of 5.9 ¢* fm*
up to 14 MeV, and by 70 MeV a-particle scatter- and 3.5 e fm* reported %n the (*He,®He') and the
ing'® up to 19 MeV. Recent measurements using recent analysis of (o, @ ) studies,*® respectively.
120 MeV « particles” have covered almost the (ii) The 9.92 MeV peak is almost a single reso-

entire giant resonance region up to 27 MeV. Some nance, and the form factor indicates a hexadeca-
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TABLE III. B(C3,t) and percentage of the isoscalar
octupole EWSR S3. The errors are +10% up to 16.5
MeV, +25% above 17 MeV. B(C3) for the lowest two
states were taken from previous (e, e’) work of Ref.
12. The result of the (p,p’) was taken from Ref. 9.

Present (p,p")

E, B(C3,1) S, E, S5

(MeV) 10% eXm® %) MeV) %)

7.62 1.33 5.3 7.616  4.99

8.36 1.90 8.2 8.356  4.26
9.1 0.04 0.2
10.3 0.26 1.4

10.9 0.47 2.7  11.157 1.24

11.318  0.31

11.7 0.71 4.3 12.016  0.58

12.4 0.24 1.5 12.261  0.39

12.663  0.39

12.850  0.30

0.77

13.344  0.33

13.440  0.60
13.7 0.21 1.5
14.3 0.31 2.3
16.5 0.78 6.6
17.1 0.18 1.6
17.9 0.18 1.7
18.5 0.36 3.5
19.1 0.13 1.3
19.8 0.34 3.5
20.7 0.12 1.3
21.1 0.23 2.5
21.6 0.20 2.2
22.0 0.42 4.8
22.8 0.18 2.1
23.4 0.41 4.9
23.9-25.0 0.26 3.3
25.0-28.0 1.04 9.3
28.0-31.0 0.92 14.1
31.0-34.0 1.51 25.5
0-34.0 12.7 115

pole transition as shown in Fig. 9. No 4" state
has been reported in the literature®® so far at this
excitation energy.

(iit) The 10.3 MeV peak essentially consists of
an E2 transition at 10.6 MeV and an E3 transition
at 10.3 MeV. The 2* state was also reported at
10.35 MeV with a strength of 11 €*fm* in the
(*He, ®*He) reaction,’’ and at 10.36 MeV with 5.1
&*fm* in the (@, a’) reaction.3®> The present result
of 7.6 +0.8 e*fm* is comparable to these results.
A 2% doublet at 10.32 and 10.35 MeV was also ob-
served in the (p,p’) reaction® with a strength of
12.9 &*fm*. The 3~ state may correspond to the
state identified as 4* at 10.35 MeV in the (e, e’)
reaction.'?

(iv) The 10.9 MeV peak includes transitions to
11.2 MeV 2%, 10.9 MeV 3~, and 10.8 MeV 124
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ok 24
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L . J
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108

FIG. 7. Dipole and quadrupole form factors for the
different K numbers as well as Tassie model (c,f,) for
2%

Mg.

states. A triplet at 11.0 MeV was observed by the
(e, e') reaction'? from which 10.93 MeV has been
assigned as 2*. The 2" states at 10.92 and 11.01
MeV were also observed by the (p,p') reaction.®
In the (e, e’) and the CHe, He) reactions," octu-
pole transitions were found at 11.1 MeV with
strengths of 620 e°fm® and 320 ¢°fm°®, respectively,
which can be compared with the present value of
470 +47 €*fm® Also a 3~ state at 11.19 MeV with
a strength of 310 ¢*fm® was reported in the (@, a’)
reaction.®?

The present result shows a large contribution
from the higher multipole component at 10.8 MeV.
The (p,p’) experimental result also indicated
1=4 transitions at 10.57, 10.65, and 10.82 MeV.
The present analysis shows, in addition, a con-
tribution from the dipole transition at 10.8 MeV.

(v) The 11.7 MeV peak is made up from transi-
tions to 11.8 MeV 2* and 11.7 MeV 3~ states. No
quadrupole transitions were reported in the (e, e')
reaction. On the other hand, 2* states at 11.96
and 11.99 MeV were observed in the (p,p’) reac-
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Top: radiatively corrected inelastic spectrum, The so-

1lid curve is the sum of the multipole components plus the transverse excitation, Lower part: decomposition of the
spectrum into longitudinal dipole (C1), quadrupole (C2), octupole (C3), and multipoles higher than hexadecapole

[EC1(1=4)]. The solid curves show the result of the decomposition using the Goldhaber-Teller and Tassie models.
Dotted areas indicate possible deviations due to the combinations of the form factors of K =0,1 for the dipole, and

K=0, 1, and 2 for the quadrupole excitations,

tion, but the extracted sum strength of 3.8 €*fm*
is lower than the presently obtained value of 6.8
+0.7 e*fm*. The recent analysis of the (a,a’) re-
action®® shows 2* states at 11.51 and 11.70 MeV
with a sum strength of 9.2 e*fm*. In the (e,e’)
reaction,'? states were observed at 11.86, 11.99,
and 12,39 MeV. All these transitions display an
octupole ¢ dependence, of which the sum strength
of 480 e*fm°® for the former two transitions is
comparable with the present result of 710 + 70
efm®. The reported octupole strength of 93 e*fm®
at 12.01 MeV from the (p,p’) reaction® is far
lower than these value.

(vi) The 12.7 MeV peak. As can be seen in Figs.
3-6 and Fig. 8, this broad bump is clearly a com-
posite of at least four transitions; E2 transitions
at 12.6, 12,8, and 13.1 MeV, and an E3 transition
at 12.4 MeV. The 2* states with a large trans-
verse contribution have been reported at 12.52
and 12.99 MeV in the (e, e’) reaction.'? Notice,

however, that the quadrupole strengths obtained
here are extracted by a decomposition of the longi-
tudinal excitations. In the (p,p’) reaction,® 2*
states were found at 12.40, 12.47, 12,57, 12,73,
12.81, 13.08, and 13.18 MeV with a total strength
of 21.3 ¢*fm*, which is in good agreement with the
strength of 20.0+2.0 *fm* determined here. This
is also in agreement with the (@, @) reaction,’
where 2* states were identified at 12.8 and 13.1
MeV, with some contribution from hexadecapole
transitions. An octupole transition is found at
12.4 MeV in the present analysis. However, the
result of the (p, p') reaction indicates several
1=3 states in this energy region. The present
analysis also indicates a possible 4* state at 12.7
MeV. The 4" states were reported at 12.50 and
12.64 MeV by the (p,p’) reaction.

(vii) The 13.8 MeV peak is composed of 13.9
MeV 2%, 13.7 MeV 37, and 13.9 MeV, 124 states.
The observed position and the strength of 11.3
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+1.0 €*fm* for the 13.9 MeV E2 transition is in transitions; however, no quadrupole states were

good agreement with the (a, a’) reaction.” A re- reported in this energy region.

cent analysis however suggests®> EQ nature for (x) The region of 16.1-17.9 MeV is a dipole res-

this transition. onance dominant at low momentum transfers. The
(viii) The 14.7 MeV peak consists of transitions present results show 2% states at 16.9 MeV (7.5

to 14.7 MeV 2* and 14.3 MeV 3~ states. Our +£0.7 e?fm?) and 17.3 MeV (19.0 +2.0 ¢*fm*), and

B(C2) value of 10.7+1.1 ¢*fm* is in agreement with 3~ states at 16.5 and 17.1 MeV. The 2* states

the total strength of 13.3 €*fm* reported for E2 were observed at 16.6, 16.9, 17.4, and 17.8 MeV

transitions at 14.5 and 14.9 MeV in the (a, a’) in the (@, a’) reaction,” of which the 16.9 and

reaction.”*® 17.3 MeV levels agree with the present assignment
(ix) The rvegion of 14.8—16.1 MeV comprises of 2*. The sum strength of 23.3 ¢’fm* agrees with

transitions to 15.2 MeV 2" and higher multipole the present results.

excitations at 15.4 and 15.9 MeV. The 15.2 MeV (xi) The vegion of 17.9-20.5 MeV is dominated

by the giant dipole resonance at 18.9 and 20.0 MeV.
In addition, the present analysis shows 2* states
at 19.3 and 20.1 MeV, and 3~ states at 18.5 and

2* state was also reported in the (@, @’) experi-
ment by Yang ef al.'® The recent analysis of the
(@, a’) reaction® indicates three hexadecapole
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19.8 MeV. The (@, @’) work™ 3 shows several 2*
states in this region, and strength of these states
amounts to 37 ¢°fm®. The present result indicates
only two 2* states with a sum strength of 16.3
e’fm*®. On the other hand, two octupole resonances
were separated in the present analysis which do
not appear in the (a, a’) experimental result.

In summary, the present results for transitions
from 9 to 21 MeV are generally in agreement with
the available experimental results from other
work, lending confidence to the validity of the
method of the multipole expansion employed here.
Except for the existence of octupole transitions in
our data, our results are in particularly good
agreement with the recent (o, a’) results of Ref.
1.

B. Giant dipole resonance

Prominent dipole resonances are revealed at
16.7, 17.1, 18.9, and 20.0 MeV by the present
analysis. The GDR strength exhausts 85% of the
isovector dipole EWSR when integrated up to 34
MeV. The (y,n) cross section' is compared with
the presently obtained spectrum at the lowest mo-
mentum transfer in Fig. 3. The Goldhaber-Teller
model was used for the ¢ dependence to project
out the (y,n) cross section at ¢ =0.37 fm~'. As
seen in the figure, the inelastic electron spectrum
at low-momentum transfer has a very similar
shape to the (y,n) cross section. The (y,n) cross
section integrated up to 28 MeV exhausts only 16%
of the classical dipole sum rule,' whereas the
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present result indicates that approximately 60% of
the EWSR is depleted in the same energy region.
Comparison of the obtained C1 strength with the
projected (y,n) cross section suggests that the
proton emission cross section is about 4 times
larger than the (y,n) cross section, with almost
the same shape. The existing literature on the
(v,p) measurement'® also indicates that the cross
section peaks around 20 MeV in excitation energy,
with a magnitude about twice as large as the (y,n)
cross section.

Since **Mg is strongly deformed among sd-shell
nuclei, a splitting of the GDR into at least two
components corresponding to the values 0 and 1
of the quantum number K may be expected in
analogy to the heavy deformed nuclei. Indeed two
theoretical calculations have predicted such split-
ting for the GDR of **Mg. The calculation by
Nilsson ef al.,** employing the random phase ap-
proximation and Nilsson wave functions, predicts
a K =0 component at 17 MeV and two K =1 reso-
nances at between 22 and 26 MeV. Bassichis and
Scheck®® predict the K =0 resonance at 16.9 MeV
and the K =1 resonance at 26.5 MeV, as a result

of a Hartree Fock self-consistent field calculation.

In the present analysis, the x* map for the dif-
ferent combinations of K numbers does not show
any preference for the particular KX numbers be-
cause of the complexities arising from other
multipole transitions. However, since most of the
K =1 strength is predicted by the theoretical cal-
culations to lie above 20 MeV, the spreading
strength at higher excitation energy (>20 MeV) in
this experiment may be attributed to the K =1
transition.

Several additional weak dipole states between 10

and 16 MeV were identified in the present analysis.

Their total strength of 0.5 ¢°fm? is comparable to
the value found in *°Ne (Ref. 8) in the same exci-
tation energy region. The dipole states of *Mg
are known to exist at 9.15, 11.39, and 11.8 MeV.%
The (o, @”) work by Yang et al.'° has shown that
each state has a deformation parameter °

= 0.0027, which corresponds to 1.3 €*fm?® of the
reduced transition probability. Furthermore, the
angular distributions of the 9.15 and 11.39 MeV
were measured in the (p,p’) experiment,® from
which it was concluded that these dipole transi-
tions exhaust an appreciable fraction of the iso-
scalar dipole sum rule. However, the currently
identified dipole transitions are isovector type,
because the ¢ dependence of the isovector dipole
form factors was adopted in the multipole expan-
sion. It is plausible to assign 17, T =1 for the
several peaks in the spectra at low momentum
transfer, as it is noted that the 7'=1 isobaric
analog states in **Mg have been identified®® at

from 9.52 to 12.67 MeV excitation energy. Due to
the correction of the center of mass motion, C3-
like ¢ dependence for the isoscalar dipole transi-
tions®” is required in the analysis. Therefore,
some possibilities of the existence of the isoscalar
dipole transitions cannot be excluded among the
currently identified octupole transitions.

C. Quadrupole resonance

Over twenty five quadrupole resonances could be
identified by the multipole expansion. The quadru-
pole strength exhausts the isoscalar quadrupole
EWSR when integrated up to 34 MeV. As may be
seen in Fig. 8, there is considerable fragmenta-
tion of the strength between 9 and 34 MeV. In
addition, a broad concentration of the quadrupole
strength may exist between 19 and 31 MeV, where
half of the isoscalar quadrupole EWSR is ex-
hausted.

The present result may be compared with the
inelastic electron scattering results on the adja-
cent nuclei >°Ne,® where several prominent quadru-
pole peaks were found between 11 and 17 MeV,
as well as a broad quadrupole excitation starting
at arcund 17 MeV. Therefore, it may be con-
cluded that at least for the deformed pair of sd-
shell nuclei 2°Ne and **Mg, the GQR have similar
features, namely a spreading of the resonances
with relatively well defined clusters on the low
energy side and a broad resonance at the higher
excitations (217 MeV).

The distribution of quadrupole strength obtained
here is compared in Fig. 11 to the results from
a-particle scattering and a-capture reactions.
The strength obtained in the present (e, e’) exper-
iment appears more spread out than the strength
from the (@, @’) work.” Although there is an
agreement between the two experiments as to the
positions of strongly excited quadrupole states at
12.8, 13.1, 13.9, 16.9, 17.3, and 20.1 MeV within
100 keV, some disagreements were found in a
more detailed comparison. For instance, the
quadrupole states at 16.6 and 18.2 MeV observed
in the (a, a’) reaction were not confirmed in the
present analysis, which instead indicated the exis-
tence of octupole states at 16.5 and 18.5 MeV.

It is also clear from Fig. 11 that the quadrupole
strength observed in the a-capture reaction is
considerably smaller than that from the (e, e’)
and (a, a') reactions. In the excitation energy
region between 10 and 20 MeV, 33% and 50% of the
EWSR are found in the (e,e’) and (a, @) reac-
tions, respectively, while only 12% of the EWSR
is exhausted by the (a,y,) data. This fact, as
suggested by Bertrand ef al.,” indicates that an
appreciable fraction of the decays of the GQR
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occurs through other channels beside ground state
alpha transition.

The spreading of the GQR in sd-shell nuclei has
been also discussed in recent theoretical works.
On the basis of the generator-coordinate method,
Abgrall et al.?® have found that the nuclear defor-
mation has a dominant role in the spreading of the
GQR. As shown in Fig. 12, their calculation pre-
dicts the major three components of the GQR to
be at 13, 22, and 28 MeV. The present experi-
mental result, however, apparently indicates
more splitting of the GQR in **Mg. Using the ro-
tating two-center harmonic potential, Lemmer and
Toepffer*® recently have shown that the quadrupole
strength splits into K =0, 1, and 2 components,
and predicts about ten resonances in the 10 to 32
MeV excitation energy region. As seen in the
comparison of Fig. 12, this calculation is in closer
agreement with the data in the sense of fragmen-
tation of the quadrupole strength. The theory also
predicts®® a K =2 transition around 26 MeV, which
depletes half of the isoscalar EWSR. Since the
obtained quadrupole strength amounts to half of
the EWSR between 20 and 34 MeV, the major part
of the quadrupole strength above 20 MeV might be
attributed to the K =2 excitation.

D. Octupole and higher multipole resonances

One of the interesting features of our data is
that approximately twenty octupole resonances

were separated between 9 and 25 MeV. Although
the reduced transition probability for each octu-
pole resonance is approximately one order of mag-
nitude smaller than that of the well-known 7.62
and 8.36 MeV octupole states, the entire octupole
strength exhausts the isoscalar octupole EWSR
when integrated up to 30 MeV.

Recently nine high-lying octupole states were
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FIG. 12, Comparison with the theoretical calculations
for the quadrupole strength as percentages of the EWSR.
The upper part shows the present result, The quadru-
pole strength above 20 MeV is also shown as a histo-
gram, The lower part shows theoretical predictions.
The solid lines with K number are the results of the two-
center shell model calculation by Lemmer and Toepffer
(Ref. 39), and the dashed lines are the results of Abgrall
et al. (Ref, 38),
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observed by inelastic proton scattering® between
11.1 and 13.5 MeV, as shown in Table III. In-
cluding strong octupole transitions at 7.61 and
8.36 MeV, the total octupole strength from such
work amounts to 775 e*fm®, depleting 13% of the
isoscalar EWSR. The octupole strength from the
present work amounts to 950 e*fm® for the same
energy region. The recent analysis of the (a, a’)
data shows,® on the other hand, four octupole
states between 10 and 15 MeV, depleting 5% of the
EWSR. Also, an upper limit of about 15% of the
EWSR was reported*® for the compact octupole
group between 4 and 14 MeV in ?’Al. The angular
distribution could be fitted in this case by a
superposition of the quadrupole and octupole ex-
citations.

Shell structure effects on the high-lying octupole
states in spherical nuclei has been discussed re-
cently.?®*1"%3 In the harmonic oscillator model,
the isoscalar octupole strength is split into two
components at 1 and 3%w, with roughly equal
strength of the reduced transition probabili-
ties.?®417%% Recently observed concentrated octu-
pole resonances at around 30/A‘/3 MeV in medium
and heavy nuclei were reported to exhaust in the
range of 3 to 2 of the expected 1%#w isoscalar
octupole strength,'® and thus has been interpreted
as a counterpart of the collective low-lying 17w
octupole transitions.

In contrast with the case of medium and heavy
nuclei, the present results show that the 17w
octupole transitions are distributed in a wide en-
ergy region currently studied, in addition to the
two low-lying octupole states at 7.62 and 8.36 MeV.
Furthermore, since 37%w states are expected to be
broader in the lighter nuclei,*® it may be concluded
that the isoscalar 3%w excitations are also ob-
served in the present experiment, especially at
higher excitation energies above 20 MeV, where
octupole resonances seem broader. On the other
hand, because most of the isovector strength is
expected theoretically above 30 MeV,?8'*? these
transitions probably constitute a nuclear contin-
uum located beyond the excitation energies cur-
rently investigated.

Evidence for the existence of a considerable
number of multipole resonances higher than hexa-
decapole is clearly seen in Figs. 6 and 8. These
higher multipole resonance consist of C4, C5,
and C6 transitions. The major part of these higher
multipole resonances are considered to be hexa-
decapole, judging from the momentum transfer
regions currently studied. As is seen in Figs. 6
and 8, several separated bumps at 9.92, 10.8,
12.7, 13.9, and 15.4 MeV were found in the spec-
tra as well as a rather continuous part above 20
MeV in excitation energy. Among these bumps, a

relatively well-separated peak at 9.92 MeV is a
C4 excitation. In Fig. 9, the ¢ dependence for the
C4-form factor was taken from the best fit form
factor® of the 6.00 MeV, 4* state in **Mg. The
reduced transition probability B(C4, ) for the
state were found to be (1.0+0.1) X 10* €*fm®. The
strength of these higher multipole resonances are
considerably large; approximately 45% of the iso-
scalar hexadecapole EWSR is exhausted up to 34
MeV if we assume the whole spectrum consists of
only hexadecapole transitions.

Over ten /=4 transitions were observed between
9 and 13.5 MeV in the (p,p’) reaction,® exhausting
4% of the isoscalar EWSR. The positions of the
multipole states with /24 obtained in this work do
not fully agree with the (p,p') data, due in part to
the fact that the present (e, e') data contain other
multipole transitions higher than hexadecapole.
However, the 10.8 MeV peak may correspond to
the /=4 transitions at 10.57 and 10.65 MeV, and
the 12.7 MeV peak may correspond to a combina-
tion of E4 transitions at 12.85, 12.97, and 13.05
MeV observed in the (p,p’) reaction.®

V. CONCLUSION

The giant resonance regions of inelastic electron
scattering spectra from **Mg have been decom-
posed into dipole, quadrupole, octupole, and
higher multipole transitions by the method of
least squares using appropriate ¢ dependence for
each multipole transition.

Prominent dipole resonances are revealed at
16.7, 17.1, 18.9, and 20.0 MeV. The giant dipole
strength exhausts 85% of the isovector dipole
EWSR. The dipole strength is spread over the
whole region of excitation energy currently stu-
died, in contrast with the theoretical predictions
of a concentration of the K =1 dipole strength
around 25 MeV.

Over twenty-five quadrupole resonances were
separated between 9 and 34 MeV, which consist
of relatively well resolved peaks up to 17 MeV,
and a broad distribution of strength centered at
around 25 MeV. These characteristics are con-
sidered a common feature of the quadrupole dis-
tribution of deformed sd-shell nuclei. The total
quadrupole strength exhausts the isoscalar quadru-
pole EWSR.

Approximately twenty octupole resonances were,
moreover, identified between 9 and 25 MeV. The
octupole strength is again very much fragmented;
the total strength, however, exhausts the iso-
scalar EWSR. The octupole transitions consist
possibly of 3%Zw excitations as well as 1%w excita-
tions. Evidence for the existence of higher multi-
pole transitions such as hexadecapole resonances
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is also found in the excitation energy region be-
tween 9 and 34 MeV.
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FIG. 11. Distribution of the quadrupole strength in 2Mg obtained by various reactions. The strengths are shown both
by lines and histograms as percentages of the isoscalar EWSR. The latter were obtained by integration over 1 MeV
intervals. Top: the @y decay channel. The data were taken from Ref. 3, Middle: results of a scattering, The hatched
area was taken from Ref. 7, whereas the dashed line was taken from the data of Ref. 10. Bottom: present (e,e’)

result,
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FIG. 2. The spectra for backward scattering and the
transverse components. Top: spectrum obtained by 102
MeV electrons through 155°, The shaded area above 20
MeV excitation energy is the envelope of the measured
points, Middle: the transverse component with energy
width Aw =200 keV at ¢=0.90 fm™, obtained by match-
ing-g measurements at 102 MeV 155° and 200 MeV 55°.
Bottom: same atg¢=1,13 fm"! from data at 125 MeV 155°
and 200 MeV 75°.
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FIG. 8. Results of the multipole expansion for 200 MeV 45°. Top: radiatively corrected inelastic spectrum, The so-
1lid curve is the sum of the multipole components plus the transverse excitation. Lower part: decomposition of the
spectrum into longitudinal dipole (C1), quadrupole (C2), octupole (C3), and multipoles higher than hexadecapole
[ECI(I=4)]. The solid curves show the result of the decomposition using the Goldhaber-Teller and Tassie models.
Dotted areas indicate possible deviations due to the combinations of the form factors of K=0,1 for the dipole, and
K=0, 1, and 2 for the quadrupole excitations.



