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Measurement of E2-E( strength in the isovector giant resonance (GQR-GMR) region
of 28Si nuclei through the (e, ¢'n) reaction
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We have measured the 2#Si(e, ¢'n) reaction in the excitation energy range 21.5-40.5 MeV at three effective
momentum transfers, 0.38, 0.49, and 0.60 fm~!. The E1 and E2-EO components were separated based on
their different momentum-transfer dependences. The E1 strength obtained was found to agree with that of
photoreactions in shape and strength. The strength of the £2-E0 component at low excitation energies was very
small when compared with that of the (e, ¢’ p) reaction. At higher excitation energies, the E2-E0 component
has a bump structure at about 26-30 MeV and it is suggested that it has an isovector character by comparison
with (e, ') reaction data. This is supported by results of a 2*Si(’Li,’Be)*® Al experiment. The E2-EO strength
of 37.9(£4.7)% in the isovector E2 energy-weighted sum rule is exhausted in the excitation energy range

22.5-40.5 MeV.
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I. INTRODUCTION

The giant resonance is a fundamental manifestation of the
collective motion of nucleons in a nucleus and is characterized
by a variety of oscillation modes that can be classified by
three quantum numbers, multipolarity (L), isospin (T), and
spin (S). In this paper, we study the electric isovector giant
monopole and quadrupole resonances (IVGMR, IVGQR),
which are represented by transitions with AL =0 and 2,
respectively, satisfying both AT =1 and AS = 0. Although
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these are basic modes, experimental data for them are still
scarce for light nuclei. The restoring force for these vibration
modes depends on the isospin symmetry-energy; in heavy
nuclei, the contribution of the symmetry-energy in the nuclear
volume dominates, whereas the surface effect is expected
to be important in light nuclei [1]. Hence the systematics
of the excitation energy is dependent on nuclear mass, and
experimental data of the energy for light to heavy nuclei is
desired to help better understand the IVGMR and IVGQR.

The IVGMR has been observed through the (7, 7% [2],
(n, p) [31, (3C,’Nn) [4], ("Li,’Be) [5,6], and (*He,tp) [7]
reactions. The IVGQR has been studied by electron scattering
[8] and photoreactions [9]. The systematics of the excitation
energies accumulated from experimental data in medium-
heavy to heavy nuclei are 59.247/6 and 130A~!/3 MeV
for the IVGMR and IVGQR, respectively [10]. These give
excitation energies of 34 and 43 MeV for the IVGMR and
IVGQR in 28Si. These energies are about 13 and 24 MeV
higher than the experimentally obtained centroid energies
of the isoscalar giant monopole and quadrupole resonances
(ISGMR, ISGQR) [11] with AT = 0.

In this paper, we report experimental results for the E2-EQ
strength distribution in 288 obtained by the (e, ¢'n) reaction,
which may contain IVGQR and/or IVGMR components.
For 2Si(e, ¢/ p) experiments [12], a larger E2-EQ strength
than that for the («, @' p) reaction has been reported for the
excitation energy region from 14 to 22 MeV. In this energy
region, both the ISGMR and ISGQR are believed to exist and
the excessive strength in the (e, ¢’ p) reaction was interpreted
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as being due to the IVGQR and/or IVGMR. This may suggest
large overlaps of the isoscalar and isovector excitations of the
GMR and/or GQR in 28Si nuclei. However, the experiments
were performed for a limited range of excitation energy and
the whole structures of the IVGMR and IVGQR were not
explored. On the other hand, it has been suggested that the
IVGQR and IVGMR appear at 27 and 31 MeV with widths
of 3.5 and 4.0 MeV, respectively, in the 28Si(’Li,’Be)*®Al
reaction [5]. These widths are too narrow to have strengths
in the ISGMR and ISGQR region for 28Si(e, ¢’ p) [12]. Both
the experimental data for the IVGMR from the (*, 7%
reaction and those for the IVGQR from electron scattering
and photoreactions show a trend of increasing width of
the resonances as the mass number decreases from heavy
to medium-heavy nuclei. In medium-heavy nuclei, a recent
%ONi("Li,’Be)®Co experiment [6] shows a width of 10 MeV in
%0Co for the IVGMR, and electron scattering and photoreaction
experiments [8,9] have shown widths of 10—15 MeV for the
IVGQR in *°Ca. These results suggest that the widths of the
IVGMR and IVGQR in 2Si are wider than 10 and 10-15 MeV,
respectively.

The contribution of the direct-knockout process has been
extracted for the '°O(e, ¢/ po) reaction data [13], which was
taken at a momentum transfer similar to that of the present
paper. It is suggested that this process increases from an exci-
tation energy of 22 MeV in '°0, which is close to the energy of
the ISGQR peak in 28Si. Therefore the direct-knockout process
may interfere with the observation of the IVGMR and/or
IVGQR, which are located at higher energies than the ISGQR.
Neutron coincidence measurements under the present electron
scattering conditions, in which the longitudinal component of
virtual photons is dominant, could give a lower contribution
from the direct-knockout process compared with the (e, ¢’ p)
reaction.

II. EXPERIMENT

Measurements were performed using 150- and 198-MeV
continuous electron beams from the Stretcher Booster Ring
at the Laboratory of Nuclear Science (LNS) of Tohoku
University. The duty factor and beam current were 80-90%
and 150-300 nA, respectively. A target of chemically pure
silicon (92.2% 28Si) with a thickness of 118.8 mg/cm? was
used.

Scattered electrons were momentum analyzed by a double-
focusing magnetic spectrometer and detected by a combination
of a vertical drift chamber (VDC) in the focal plane and three
layers of 5, 5, and 8-mm thick plastic scintillation counters
behind the VDC. The VDC provided information on the
momentum of the scattered electrons and the scintillation
counters were used for fast signals of the electron arm. The
spectrometer was set at a scattering angle of 28° at incident
energies of 150 and 198 MeV and 35° at 198 MeV. These
correspond to the effective momentum transfers [14] ges of
0.38, 0.49, and 0.60 fm™!, respectively, and are similar to
the values in the 28Si(e, ¢’ p) experiment [12]. The excitation
energy range was from 21.5 to 40.5 MeV.

Emitted neutrons were detected using eight neutron detec-
tors, which were placed at 58°, 83°, 108°, 133°, 158°, 213°,
238°, and 263° to the electron beam direction. These were
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placed in the plane defined by the incident electron beam and
detected scattered electrons. Each detector consisted of NE213
liquid scintillator in an aluminum cylindrical vessel of 103 x
180 mm ¢ and a 5-in. photomultiplier tube. The detectors
were placed 0.85 m from the target and the neutron energy
was determined by the time-of-flight method. The detectors
were shielded by concrete, paraffin, and lead from the huge
number of y rays and neutrons in the experimental hall.
Plates of 2®Bi with a thickness of 4 or 6 cm were placed
in front of the detectors to absorb scattered electrons and
y rays from the target. In order to remove remaining y-ray
events in the offline analysis, we made two measurements
of the signals from the neutron detectors; one used pulse
shape discriminator modules and the other used the charge
comparison method. The detection threshold for neutrons was
set to 1.7 MeV and the detection efficiency was determined
by a combination of the code TOTEFF [15] and experimental
data using a 2>2Cf neutron source near the detection threshold.
The data were obtained using the data acquisition system
“NewKoala” [16], which has been newly developed for high
counting-rate (e, ¢’ X) experiments at LNS.

III. ANALYSIS AND DISCUSSION

A. Missing energy spectra

Figure 1 shows the missing energy spectra at certain
excitation energies for the 28Si(e, e'n)?’Si reaction. Neutrons
populate two main groups of the 2’Si levels. The first group is
near the 2’Si ground state: ng (17.18 MeV), n; (17.96 MeV),
and n; (18.14 MeV). The other group is at higher missing
energies, from n3 (19.34 MeV) to about 25 MeV. In the
spectrum with an excitation energy of 33.5 MeV, the latter
group is distributed around about 22 MeV.

In this paper, we analyze the region of missing energy from
no to 25 MeV. However, only events with missing energy below
w — 3 MeV were analyzed in the excitation energy from 21.5 to
27.5 MeV, to avoid large statistical uncertainties due to the low
detection efficiency of the neutron detectors near the threshold.
Here, w is the excitation energy. The present analysis does not
include np decay since its threshold is 24.64 MeV, which is
close to the maximum missing energy in the analysis. The
threshold energy of 2n decay is 30.49 MeV and therefore this
decay channel is also excluded.

The residual states for the ng,n;, and n, decays have
spin-parities of J™ = 5/2%,1/2%, and 3/27, respectively. They
correspond naively to the states with unpaired 1ds,5, 2512, and
1d3 ;> shell neutrons in 27Si nuclei, respectively. The strengths
of ny and n;, are comparable, although the peaks cannot
be separated due to the limited missing-energy resolution.
This is similar to the case of py and p;, in the *8Si(e, ¢'p)
experiment [12]. The strength of the group in the missing
energy region from n3 to about 25 MeV is almost as great
as that of ng;, at excitation energies of 28.0 MeV and
higher in Fig. 1. A similar population has been observed in
a quasi-free (e, ' p) experiment for 28Si [17]. Moreover, the
angular correlations of the analyzed events exhibit forward
peaked structures, as shown in Fig. 2. These results suggest that
direct decay from the one-particle-one-hole state of the giant
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B. Separation of E1 and E2-E( components

22.0 MeV I
10 — K—> As shown in Fig. 2, the angular correlations of neutrons
'11" were fitted with Legendre polynomials to obtain form factors.
51 il The following function was used with five free parameters,
assuming EO, E'1, and E2 longitudinal transitions:
d’o Ao{1 + by Pi(x) + by Pa(x)
=5 = 4o 10 (x 202 (x
L i m“ dwd$2.d%,
f ‘ + b3 P3(x) + by Py(x)}, (M
0 1 1 | 1 1 1| 1
28.0 MeV 010 x = cos(bh).
4 — k—

Cross Section (nb/MeV? sr?)

Missing Energy (MeV)

FIG. 1. Missing energy spectra for the 28Si(e, ¢'n)*'Si reaction
at gy = 0.49 fm~'. Shown are averaged cross sections for all the
neutron detectors. The values in the figure represent excitation
energies. The arrows indicate the missing energy regions that are
analyzed. The lower limit of each arrow is defined so that ny is fully
included. The short lines above each spectrum represent the energy
levels of the residual nucleus ?’Si, containing levels corresponded to
no(17.18 MeV) to ngg (26.25 MeV).

resonances dominates the 28Si(e, ¢'n) reaction, as expected for
light nuclei.

Here, Pi(x), P»(x), P3(x), and P4(x) are Legendre polynomi-
alsand A, by, by, b3, and b, are fit parameters. The angle of the
neutrons (6,) is taken with respect to the momentum-transfer
direction. Interference of the large longitudinal transition
with small transverse transition could be included in the
angular correlations, which are represented by terms with
associated Legendre polynomials Pll (%), le (x), P3l (x), and
P/ (x). Among these functions, P} (x) and P; (x) can affect the
parameter Ao because the integrated values of these functions
are not zero in the measured angular region. The effect of
P} (x) was found to be negligible compared with the statistical
uncertainty in the fits. In this analysis, the deviation of Ay
for fits with and without Pl1 (x) was taken into account in the
systematic uncertainty.

We separated the form factor |F(ges, w)|?, obtained by
dividing 47 A by the Mott cross section, into E1 and E2-EQ
components based on their momentum-transfer dependences.
The dependences of the E0 and E2 form factors in electron
scattering are too similar for them to be separated. The
transverse transition was ignored in this process since the
longitudinal transition dominates. In order to take into account
the different kinematic factors Vi for each ¢ and w, the
separation was performed using the form factors divided by V¢,
with the factor Vi defined by ((E; — Er)> — ¢%)*/q*, where ¢
is the momentum transfer and E; and E; are the initial and
final electron energies, respectively.

The momentum-transfer dependences of the E'1 and E2-EQ
components were assumed to not be affected by the excitation
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FIG. 2. Angular correlations of neutrons at g, = 0.49 fm~!. The excitation energy is written in each plot. The neutron angle is taken with
respect to the momentum-transfer direction for electron scattering. The solid lines show Legendre-polynomial fits, as explained in the text.
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FIG. 3. Examples of E1 and E2-EQ separation at excitation
energies of 23.0, 26.0, and 33.5 MeV. The dashed and dotted
lines show form factors with respect to the effective momentum
transfer, calculated by the Goldhaber-Teller [18] and Tassie [19]
models, respectively. Each amplitude was determined to best fit the
experimental data. The solid line is the sum of each amplitude.

energy, as shown by the following equation:

| F(qett, @)/ Vi(g, ®)
= ag1(®) - |Fei1(qe)* + apa-£0(@) - | Fea-go(qe))*. (2)

Here, the parameters ag(w) and ag;-go(w) are proportional
constants of |Fei(qerr)|> and |Fga-go(gerr)|?, respectively.
The functions |FE](qeff)|2 and |FE2_E0(qeff)|2 represent the
dependences of the E1 and E2-EQO form factors on the
momentum transfer, where the Goldhaber-Teller [18] and
Tassie [19] models were employed. In these models, the charge
radius of the ground state of 28Si was used as the transition
charge density radius. Figure 3 shows fits using Eq. (2) at
certain excitation energies. The dashed and dotted lines show
the E'1 and E2-EQ components, respectively, and the solid line
represents their sum.

Figure 4 shows a comparison of the decomposed E1 form
factor with two sets of 28Si(y, n) + (y, np) + (v, 2n) data
[20,21]. The closed circles show the form factor of the present
data at gefr = 0.49 fm~'. For the photoreaction data, Siegert’s
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FIG. 4. Comparison of obtained E1 form factors at geg =
0.49 fm~!' with photoreaction data. The closed circles show the
present results and the diamonds and dots represent the reduced form
factors of the two sets of 22Si(y, n) + (y, np) + (v, 2n) data [20,21].
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theorem [22] was used to transform the transverse transition
probability to a longitudinal transition probability at a photon
point, and then the Goldhaber-Teller model [18] was employed
to deduce the form factor at g.r = 0.49 fm~! from the photon
point. In the figure, the diamonds and dots show the two sets of
reduced photoreaction data. The above procedure is based on
the assumption that the photoreaction data are dominated by
the E'1 excitation. Details of the procedure have been described
in a previous paper [23]. The isovector giant dipole resonance
in 28Si has a peak at about 20 MeV, as shown in Fig. 4. Both
form factors for the two sets of photoreaction data decrease
as the excitation energy increases in the present experimental
energy region. They are similar in shape and strength to the
present data. Therefore, we regard the separation of the £'1 and
E2-EQ0 components as having been successfully performed in
this analysis.

C. E2-E0 component

The E2-EOQ strength distributions obtained are shown in
Fig. 5, together with results measured by different probes. The
excitation-energy dependence of the E2-EOQ form factor for
the (e, ¢'n) reaction presented in Fig. 5(a) is different from
that of the E'1 form factor shown in Fig. 4. The present E2-EQ
strength has a bump structure from 26 to 30 MeV.

In Fig. 5(a), the present E2-EQ form factors are compared
with measured values for 2Si(e, ¢’ p) and 28Si(e, ¢'a) [12],
at and below the lowest measured excitation energy in the
present experiment. The (e, ¢'p) and (e, ¢'a) data include
all proton and o decay channels. The E2-EQ strength of
28Si(e, ¢'p) increases with excitation energy up to about
17 MeV and fluctuates but remains high at 23 MeV, while
that of 28Si(e, ¢'«) decreases from 20-23 MeV. The present
E2-EQ strength is suppressed compared with the (e, ¢’ p) data
in which even the pg | » decay channel has a strength half that
of the total (e, ¢’ p) strength.

Figure 5(b) compares the present E2-EQ strength repre-
sented by the strength in the isovector E2 energy-weighted
sum rule (EWSR) [24] with the E2 and EO strengths in the
(ar, o) reaction [11], which is sensitive to isoscalar excitations.
In the figure, the strengths of the latter reaction are scaled
down to allow comparison of the dependences on the excitation
energy. In the excitation energy region above 22.5 MeV, the EQ
and E2 strengths in (o, @’) decrease gradually as the excitation
energy increases. On the other hand, the (e, ¢'n) strength
increases up to about 26 MeV. This difference implies that
the present E2-EOQ strength contains an isovector excitation.

Figure 5(c) compares the present results with the AS =0
component in the 28Si(’Li,’Be)?® Al reaction [5]. The contri-
bution from the isovector giant dipole resonance is subtracted
in the 28Si(’Li,’Be)?8 Al spectrum and therefore the isovector
EO and E2 should be the main transitions. The dashed line
represents the 28Si(’Li,’Be)*® Al spectrum normalized to the
present data in the excitation energy region of 28.5-32.5 MeV.
Both the present data and the 28Si("Li,”Be)?® Al data increase
as the excitation energy increases from 24 to 30 MeV. This
result supports the interpretation that the bump structure from
26 to 30 MeV for (e, ¢'n) includes an isovector excitation,
as suggested by the comparison with the («, @’) reaction in
Fig. 5(b).
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FIG. 5. Comparison of present E2-E(0 form factors at geg =
0.49 fm~! and strength of the isovector E2 energy-weighted sum
rule with other experimental data. The closed circles show the
present results. (a) Comparison with the £2-EQ form factors of the
28Si(e, ¢’ p) (dashed line) and ?$Si(e, ¢’a) (dotted line) reaction data
taken at ¢ = 0.49 fm~! [12]. (b) Comparison with the E2 (dashed line)
and EO (dotted line) strengths of the («, o) reaction in the isoscalar
energy-weighted sum rule [11]. An arbitrary scaling factor of 1/3 has
been applied for both the dashed and dotted lines. (c) Comparison
with the strength distribution of the AS =0 component in the
288i("Li,’Be)?® Al reaction, in which the contribution from the iso-
vector giant dipole resonance has been already subtracted [S]. The
dashed line represents the 28Si(’Li,’Be)?® Al data normalized to the
present data in the excitation energy region of 28.5-32.5 MeV.

The strength for the present data shown in Fig. 5(b) is
37.9(+4.7)% of the fraction of the isovector E2 EWSR in the
excitation energy region from 22.5 to 40.5 MeV. The strength
of the isovector E2 EWSR from the (e, ¢’) experiment for
excitation energies of 20-30 MeV has been reported to be
10% at least and 35% at most, depending on the estimate of the
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background [25]. The present E2-EOQ strength for excitation
energies of 22.5-30.5 MeV corresponds to 21.2(+4.0)% of
the isovector E2 EWSR and accounts for most of the (e, e')
strength, even though the proton decay channels are not
included. We also evaluated the fraction of the present E2-EQ
strength in the summed strengths of the isovector EQ and E2
EWSRs, since the £2 and EO components cannot be separated
in the present experiment. In order to perform this evaluation
in a unit of the E2 reduced transition probability [B(E2)],
the EO reduced transition probability [ B(E0)] obtained from
the £EO0 EWSR was transformed to that of E2 using the
following relation, d B(E2)/dw = 25/16x-d B(EQ)/dw [26].
The fraction was found to be 25.2(£3.1)%.

IV. CONCLUSION

We have measured the 28Si(e, ¢'n) reaction in the 28Si
excitation energy range 21.5-40.5 MeV and at effective
momentum transfers of 0.38, 0.49, and 0.60 fm~!. There are
two dominant populations in the missing energy spectra. One
group is near the ground state of >’Si and the other is located
around a missing energy of 22 MeV. Events with missing
energy below w — 3 MeV in the excitation energy region from
21.5 to 27.5 MeV and events with the missing energy less
than 25 MeV in the excitation energy above 27.5 MeV were
analyzed.

The E1 and E2-EO0 components show quite different
shapes. The E1 strength decreases as the excitation energy
increases and its shape and strength are largely in agreement
with photoreaction data. On the other hand, the E2-EQ strength
increases from 22 to 26 MeV as the excitation energy increases
and has a bump structure at an excitation energy about
26-30 MeV.

The present E2-EQ data and («, &) strength distributions
differ. The former increases as the excitation energy increases
above 22 MeV and the latter decrease. This result implies
that the present E2-EQ strength contains an isovector ex-
citation. This is also supported by a comparison with the
288i("Li,’Be)*® Al data, which shows an isovector E2-EQ
strength distribution similar to the present result. The present
E2-EQ strength exhausts 37.9(£4.7)% of the isovector E2
energy-weighted sum rule in the excitation energy region from
22.5 to 40.5 MeV. This implies that a large fraction of the
isovector monopole and/or quadrupole resonances exists, the
strength of which has a bump structure from 26 to 30 MeV.
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