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Large proton contribution to the 2+ excitation in 2°Mg studied by intermediate energy
inelastic scattering
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Coulomb excitation of the proton-rich nucleus 2’Mg was studied using a radioactive 2’Mg beam at 58 A MeV
impinging on a lead target. The reduced transition probability B(E2; O;S. — 27) was extracted to be
177(32) ¢ fm*, which agrees with the theoretical predictions by a cluster model assuming '°O+2p +2p
structure, a mean-field approach based on the angular momentum projected generator coordinate method, and
the USD shell model. The ratio of the neutron-to-proton multipole matrix elements M, /M, in the mirror nucleus
200 was deduced to be 2.51(25) with the M, value evaluated from the measured B(E2) value for Mg with the
help of isospin symmetry. The results confirm the large M, /M, value previously reported in 2’0, leading to the
dominant role of the four valence nucleons in the 2 excitation and persistence of the '°0 core in O and *Mg.
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Manifestation of nuclear collectivity and shell closure in
a wide range of nuclei has recently drawn much interest
as seen by the recent development of exotic-beam based
experiments. The E2 reduced transition probability B(E2)
for the 0F, — 27 transition in even-even nuclei is one of the
fundamental quantities that measures the degree of nuclear
collectivity. Furthermore, the neutron and proton multipole
matrix elements M, and M, have been discussed in terms
of the relative importance between the neutron and proton
contributions to the transition, where M,(M,) is defined as
My(Mp) = {Jsl En(p)r} Y5 (2)11J;). These multipole elements
are especially important for neutron- or proton-rich nuclei,
since their protons and neutrons can collectively behave in
different ways. While M,,, which reflects the motion of protons
in the nucleus, is directly related to B(E2) as B(E2; J; —
Jr) = ezM; /(2J; + 1), My, for neutrons is often determined
indirectly by comparing M, with another observable, typically
proton inelastic scattering result which has a sensitivity to
M, or by comparing results obtained with different hadronic
probes having different sensitivities to My, and M,. An alter-
native method uses B(E?2) in the mirror nucleus. Assuming
isospin symmetry, M,(M,) for a transition is equal to M, (My)
for the corresponding transition in the mirror partner.

Recently, the neutron multipole element M, for the 0, —

2] transition in 2°0 was extracted using the proton inelastic
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scattering results of Jewell et al. [1] and Khan et al. [2].
Compared with the adopted B(E?2) value of 28(2) e? fm* for
200 [3], they deduced | M, | values of 15(2) fm? and 17(4) fm?,
respectively, from proton inelastic scattering and the help
of the Bernstein prescription [4] on the relative sensitivity.
These M, values yield the ratio of M,/M, of 2.9(4) and
3.25(80), respectively, suggesting dominant role of the four
valence neutrons for the 2] excitation in 2°O. These two
results were later reanalyzed by Khoa using a compact folding
model for the inelastic scattering process, and a larger | M| of
22(2) fm?, which resulted in M, /My = 4.2(3), was extracted
as an average [5]. This suggests the existence of systematic
uncertainties in extracting the M, value, possibly caused by
insufficient knowledge on the mechanism of proton inelastic
scattering; an independent determination of M, is therefore
desirable.

In the present article, we report on the first measurement
of B(E2;0} — 2f) for Mg, the mirror nucleus of *°O,
using intermediate-energy Coulomb excitation. As discussed
above, the M, value for 2°0 is deduced from the measured
B(E2; O;S. — 2{) by assuming isospin symmetry.

The experiment was carried out using a part of the RIBF
(RI Beam Factory) accelerator complex operated by RIKEN
Nishina Center and Center for Nuclear Study, University
of Tokyo. A radioactive Mg beam was produced by
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fragmentation of a 1354 MeV 2*Mg beam, provided by the
RIKEN Ring Cyclotron, bombarding a 1.35-mm-thick nickel
target. The secondary beam was isotopically separated by
the RIKEN projectile-fragment separator (RIPS) [6] using an
aluminum energy degrader with a thickness of 691 mg/cm? and
a wedge angle of 3.3 mrad placed at the dispersive focus F1.
To improve the purity of 2°Mg, an RF deflector [7] was placed
around the first achromatic focus F2. The beam particles were
identified event by event with the Bp-time-of-flight (TOF)-AE
method by using a parallel plate avalanche counter (PPAC)
and a 0.3-mm-thick plastic scintillator placed, respectively,
at 552 and 95 cm upstream of the final focus F3, where
the secondary target was placed. By the use of the nickel
target instead of the usually employed beryllium target, the
number of contaminant particles was reduced and the purity
of 2°Mg was improved by a factor of 6. A further purity
improvement of a factor of 3 was achieved by the RF deflector.
A typical 2°Mg-beam intensity at F3 was 0.5 kcps, which
was about 9% of the total secondary-beam intensity. The
major contaminant particles were '°0O, '"F, and '®Ne whose
intensities were approximately 19%, 14%, and 20% of the
secondary-beam intensity, respectively. As a secondary target,
a 226-mg/cm>-thick lead plate was used to populate excited
states in 2’Mg. The average beam energy in the center of the
target was 58 A MeV. By way of two PPACs placed at 120 and
150 cm upstream of F3, the reaction point on the target and
incident angle with respect to the beam axis were measured
event by event. Their spreads at 1o were respectively 8 mm
and 8 mrad in the horizontal direction, and 6 mm and 8 mrad in
the vertical direction. Measurement with a 118-mg/cm?-thick
carbon target was also performed to evaluate the contributions
of nuclear excitation.

Scattered 2°Mg were detected by an array of nine silicon
telescopes arranged in a 3 x 3 matrix placed 65 cm down-
stream from the target. Each telescope consisted of six layers
of ion-implanted silicon detectors with an individual thickness
of 500 um and an effective area of 50 x 50 mm?, mounted
on 56 x 56 mm? frames. The silicon detectors in the first
and second layers had 5-mm pitch strip electrodes in the
vertical and horizontal directions, respectively, to measure
the scattering angle. Particle identification was performed by
the A E-E method.

Sixty-eight Nal(Tl) scintillators (DALI) [8] were placed
around the target to detect deexcitation y-rays from the
reaction products. The detection efficiency was determined
by comparison with '¥’Cs, ®°Co, and ?*Na calibrated sources,
and agreed with results of the Monte Carlo simulations using
the GEANT3 code [9] within the uncertainty of the source
activity, 3%. Based on the full-energy peak efficiency thus
obtained for each detector, the total detection efficiency was
obtained by considering the Doppler shift. It was, for example,
14.2% for a 1.61 MeV y-ray emitted from a source moving
with the velocity of 0.34c. Lead shields with a thickness of
5 cm surrounded the Nal(T1) array for background reduction.
Further reduction was achieved by selecting prompt y-ray
emission with the Nal(T1) timing measured relative to the beam
arriving at the target. Remaining background was measured
without the target in place.
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FIG. 1. y-energy spectra after correcting for the Doppler shift in
(a) the Mg +Pb and (b) **Mg + C inelastic scattering. The solid
curves represent the best fit by the simulated line shape (dashed
curves) and an exponential background (dotted curves).

Figure 1 shows the energy spectra of y rays measured for
the lead (a) and carbon (b) targets when both the beam particle
and reaction product are identified as 2’Mg. The Doppler-shift
correction is applied to obtain these spectra. A strong y-line
at 1.61(6) MeV is seen in the two spectra. This y-line may
correspond to the one at 1.598(10) MeV reported by Gade
et al. [10] in their study of in-beam y -spectroscopy following
two-neutron removal from 2*Mg. They assign the line to the
20 — Ogs. transition in 2’Mg. The y-line around 0.1 MeV
in Fig. 1(a) may originate from the Pb target. The dashed
curves in Fig. 1 show the detector response for the 1.61-MeV
y-rays obtained by Monte Carlo simulations using the GEANT3
code, which included intrinsic energy resolution, position, and
size of the Nal(Tl) detectors, and took the Doppler effect into
account. The simulated response was normalized using a x>
minimization procedure to best fit the observed y -ray spectra.
The background was assumed to be a single exponential,
which probably originated from neutrons and y rays from the
target. As shown in Fig. 1, the experimental spectra around the
1.61 MeV peak are well reproduced by the fits.

Possible feeding from unknown higher excited states to
the 2| state is expected only from states located below the
proton-decay threshold at 2.65 MeV, 1.04 MeV above the 2
state, because the y-decay branch of unbound states is usually
extremely small. Since no y-lines below 1.04 MeV are seen
in the present experiment (see Fig. 1) and in the two-neutron
removal experiment [10], there might be no bound excited
state above 1.61 MeV, and the feeding from higher states can
be ignored. This is also consistent with the energy of 3.57 MeV
for the second excited state (4,) in the mirror nucleus 2°O.

Figure 2 shows the angular distribution of the scattered
20Mg measured in coincidence with the 1.61 MeV y rays
associated with the 2°Mg + Pb inelastic scattering. The curves
represent the results of Monte Carlo simulations, where
events were generated with probabilities proportional to the
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FIG. 2. Angular distribution of scattered Mg measured in
coincidence with the y-line at 1.61 MeV for the 2°Mg + Pb inelastic
scattering reaction. The curves represent results of Monte Carlo
simulations using the optical potential parameters of 7O + 2%Pb [12].
See text.

theoretical £ = 2 angular distributions calculated using the
coupled-channel code ECIS79 [11]. Three different optical-
potential parameter sets, which were determined from the
elastic-scattering data of 170 4-208py at Epp = 84A MeV
[12], 2°Ne + 2%Pb at Ep, = 40A MeV [13], and “°Ar + 2Pb
at Epp, =41A MeV [14], were employed, while only the
result with the 7O +2%Pb potential is shown in the figure.
In the calculation, the Coulomb- and nuclear-deformation
parameters, BS and BY, are involved as the coupling
strength. The former is related to B(E2;07, — 27) as

,62C = 47~/ B(E2; Ogs. — ZT)/3ZeR2, and ﬁg] measures the
nuclear excitation strength. The dashed and dotted curves in
Fig. 2 correspond, respectively, to the Coulomb and nuclear
components with A5 and BY obtained by a procedure to be
described later. The theoretical curves are obtained by taking
into account the response of the detection system simulated by
Monte Carlo simulations which will also be described later. As
seen in the figure, the experimental angular distribution is well
reproduced by the calculation assuming an angular momentum
transfer £ = 2. This puts on firmer ground the 2 assignment
to the 1.6 MeV state proposed by Gade et al. [10].

To extract the B(E2;07, — 27) value, the nuclear ex-
citation component should be evaluated together with the
dominant Coulomb-excitation amplitude, which is responsible
for B(E2) in the 2’Mg + Pb inelastic scattering. The analysis
was made using two independent procedures. The first one
is to use ,82C or B(E2) from the mirror nucleus 2°0. As
discussed earlier, the neutron multipole matrix element M,
is extracted from B(E2) for the mirror nucleus if isospin
symmetry is assumed. The nuclear deformation parameter ,351 ,
which is used to calculate the nuclear excitation contribution,
can be related to the M, and M, values with the help of the
Bernstein prescription [4] as follows. The ratio of the nuclear
deformation length 6 = ,B;I R for the experimental probe F
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to the Coulomb one 8, = 5 R is given by

5p 1+ (bl /bE)(My/My)
— = ; M
8 1+ (bf/bE)(N/Z)

where an(p) is the interaction strengths of the probe F with
neutrons (protons) in the nucleus. For the nuclear excitation
in **Mg + Pb inelastic scattering, the ratio b} /bl could be

evaluated as bf(p) =7 pbg(p) + N pb;‘(p), where Zr and N are
the proton and neutron numbers of the probe F' (Pb). By using

b /by = by /by = 3 for proton and neutron scattering around
the present energy [4], b} /b] was estimated to be 0.81 for Pb.

Neutron deformation BY is related to 85 by Eq. (1), since M, is
given from the known M, value for 200 and |M,| is obtained
from ,Bg. Thus, |[M,| is determined by adjusting the /32C or
B(E?2) value to reproduce the experimental cross section [15].

The second method to evaluate the nuclear excitation effect
is to use the Mg+ C inelastic-scattering data. Since the
contribution of the Coulomb excitation is negligibly small, the
/3;‘1 value can be determined by reproducing the experimental
cross section of 2°Mg + C inelastic scattering.

To compare the experimental and calculated yield, the
detection response was evaluated by Monte Carlo simulations
using the code GEANT3 as mentioned. The beam size and
angular spread of the beam at the target, and the finite
angular acceptance of the silicon telescopes were taken into
account. The latter yields the detection efficiencies of 67(1)%
and 81(3)%, for 2°Mg 4 Pb and 2°Mg + C, respectively. The
quoted errors stem from the choice of optical potential.

The experimental cross sections of the Mg+ Pb and
2'Mg + C inelastic scatterings were deduced from the y-
ray yields to be 105(10) and 20(2) mb, respectively. The
quoted errors are dominated by the statistical uncertainties
associated with the fit, while the systematic errors, which
are mainly due to the uncertainties in the y-ray efficiency
calculations(3%) and the error in the detection efficiency for
scattered particles, are added in quadrature. By employing
the first procedure for evaluation of the nuclear excitation
contribution, ,BZC was deduced to be 0.48(2), 0.41(2), and
0.43(2) using the 170 + 2%8Pb, 'Ne + 2°8Pb, and *’Ar + 2%®Pb
potential parameters, respectively. With the second procedure,
the resultant ,32C values were 0.46(3), 0.47(3) and 0.47(3),
respectively, for the three optical potentials. Since the second
method is expected to be less reliable due to the expected
uncertainties regarding the use of the same ﬂgj value for the
carbon and lead targets and the large potential dependence in
20Mg + C analysis, the results are used only to evaluate the
error. By taking an average of the three values deduced with
the Bernstein prescription, we determined ﬂzc to be 0.44(4);
the error evaluated by taking the maximum deviation of the
above S5 values. The corresponding B(E2; 0f, — 27) value
for 2°Mg is 177(32) e? fm* or | M| of 13.3(12) fm?.

The extracted |M,| value for 2OMg leads to the same value
of the neutron multipole matrix element |M,| for °O based
on isospin symmetry as discussed earlier. The value 13.3(12)
fm? is slightly smaller than but agrees within the errors with
15(2) fm? and 17(4) fm? reported by Jewell e al. [1] and Khan
et al. [2], who applied the Bernstein prescription to extract the
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multipole elements from the proton inelastic-scattering data.
It should be noted that the error is smaller for the present
result obtained by using the mirror B(E2). On the other hand,
the |M,| value of 22(2) fm? extracted by Khoa [5] using
the compact folding model is inconsistently larger. From the
present experimental data, the M,/M, value in *’Mg or the
M, /M, value in 2°0 was extracted to be 2.51(25) by using
the known |M,| value for 200. It is again consistent with the
two earlier results of 2.9(4) and 3.25(80) by Jewell et al. [1]
and Khan er al. [2], respectively, but smaller than 4.2(3) by
Khoa [5]. The present result confirms qualitatively the larger
M, value for the 07—2" transition in *°0 compared with M,
reported in the earlier studies. For a more detailed discussion,
the disagreement with the Khoa’s results with a microscopic
analysis needs to be understood. Systematical uncertainties in
analyzing the reaction process, and possible isospin violation
in the transition, and so on, should be carefully examined.

There are a few theoretical studies on the nuclear structure
of 2°0 and ’Mg. Descouvemont performed a three-body
cluster model calculation, assuming the '°0+2p +2p con-
figuration for °Mg, with the generator coordinate method
(GCM) [17]. The extracted B(E?2) values were 209 ¢ fm* and
148 €2 fm* with the Volkov V2 [18] and Minnesota [19] forces,
respectively. Rodriguez-Guzman et al. calculated B(E2) by a
mean-field approach using the angular momentum-projected
generator coordinate method (AMPGCM), to be 180 ¢* fm*
[20]. These results agree with the value 177(32) e¢? fm*
obtained in the present study. They are also consistent with the
corresponding | M,,| values for the mirror nucleus 2°O reported
by Jewell et al. [1] and Khan ef al. [2], but smaller than the
one by Khoa [5]. Shell-model calculations for B(E2) were also
carried out with the USDA and USDB effective interaction [21]
using the code OXBASH [22]. By using effective charges of
ep = 1.3eand e, = 0.5¢, the results 165¢? fm* and 172¢* fm?,
respectively, were obtained for *’Mg, which again agree
with the B(E2) value extracted in the present experimental
study.

The M,/M, (M,/M,) value of 2.51(25) for 20O (**Mg)
is considerably larger than the “collective” limit, N/Z = 1.5,
suggesting a dominant role of the valence neutrons (protons).
The extracted M,/M, value can be understood with a simple
picture where the '°O core is inert and only the four valence
nucleons are responsible for the 21 excitation. If the effects
beyond the particle-hole excitation in the active shells are
accounted for by the effective charges, the M,/ M, (My/M,)
ratio for 2°0 (**Mg) should be equal to e, /e, as in the above
shell model calculations, resulting in the ratio of 2.6 which
is in excellent agreement with the present result of 2.51(25)
in the case of using standard values e, = 1.3e and e, = 0.5e.
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This leads to a picture that the shell closure persists in the
mirror pair 2°0O and °Mg. It should be noted that further
reduction of the effective charge, which was reported recently
in the neutron-rich nuclei '>B and "B [23-25] and might be
necessary to reproduce low B(E2) values reported for the
0*—27 transition in '®C [26,27], is not necessary in this case.
This conclusion is consistent with the mean-field calculations
by Rodriguez-Guzman et al. [20], where the potential energy
surface exhibits a deep minimum in the spherical shape in
contrast to heavier magnesium isotopes.

To summarize, we have measured the reduced transi-
tion probability B(E2; Ogs. — 2;“) for Mg by studying
intermediate-energy inelastic scattering of 2’Mg with lead and
carbon targets in inverse kinematics. The measured energy
1.61(6) MeV of the deexcitation y-rays is consistent with
1.598(10) MeV determined in a two-neutron removal study
[10]. The angular distribution is consistent with the angular
momentum transfer £ = 2, confirming the 2* assignment to the
1.6 MeV state in the same study. The extracted B(E2; 05 —

2;“) value is consistent with the theoretical predictions with
the three-body cluster model by Descouvemont [17], the
mean-field calculations by Rodriguez-Guzman et al. [20], and
the USD shell model. The ratio M,,/ M, for the mirror nucleus
200 was obtained by evaluating M, from the measured B(E2)
value assuming isospin symmetry in the mirror transitions.
The extracted large ratio of 2.51(25) is essentially consistent
with the earlier results obtained by coupling proton inelastic
scattering data with the known B(E2) value for 2°0, and
indicates that valence nucleons play the major role in the
excitation. The M, /M, ratio is close to the ratio of standard
effective charges, e}, /ey, suggesting the persistence of the N =
7 = 8 shell closure in 2°0 and 2OMg. However, there remains
some disagreement among the M, /M, ratios extracted from
different experiments with different methods; particularly, the
result obtained by analyzing the inelastic scattering data with
a folding model [5] is inconsistent with other experimental
results including the present one. Further investigation on
the reaction mechanism is desirable for more quantitative
understanding of the nuclear structure of 2’0 and *’Mg, and
for discussion on possible isospin violation effects.
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