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Investigation of the isoscalar response of 2*Mg to °Li scattering
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Background: **Mg is a strongly deformed nucleus in the ground state. Deformation effects can be observed
in the structure of the isoscalar giant monopole and quadrupole resonances. >*Mg is also a nucleus that is
well known to present different types of cluster-oscillation modes. Both giant resonances and cluster states are
strongly populated by isoscalar transitions.

Purpose: To extract the £0, E1, and E2 transition strengths via Li scattering. The SLi probe is a powerful
tool for investigating the isoscalar nuclear response with a very favorable ratio of resonance-to-continuum
background.

Method: Double-differential cross sections of SLi inelastic scattering, at the beam energy of 100 MeV /u, were
measured in the excitation-energy range 10-40 MeV and scattering angles 0—3°. A multipole-decomposition
analysis was performed for extracting the isoscalar £0, E'1, and E?2 strength distributions.

Results: The extracted multipole strengths were compared with predictions from consistent quasiparticle random
phase approximation calculations. The theoretical predictions are in fair agreement with the experimental data.
The EO strength was also compared with results from antisymmetrized molecular dynamics calculations found
in the literature. A few peaks in the experimental data might be associated with clustering in **Mg.
Conclusions: Ground-state deformation effects were observed in the isoscalar giant monopole resonance
(ISGMR) and isoscalar giant quadrupole resonance (ISGQR) distributions. The ISGMR strength is split in
two peaks around 19 and 28 MeV. The ISGQR exhibits a pronounced peak at 20 MeV with a broadening at
the low-energy region, similar to predictions from microscopic calculations. Signatures of excitation of cluster
states were observed in the £0 response. Further studies including particle-decay measurements will be required
to confirm the nature of the observed peaks.
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I. INTRODUCTION

Nuclear collective excitations are an important source of
information about the structure and bulk properties of nu-
clei [1]. Compression modes like isoscalar giant monopole
and dipole resonances are of particular interest because
their energies are directly related to the nuclear-matter
incompressibility [2-4] with significant consequences in
many astrophysical phenomena [5].

Isoscalar giant resonances have been investigated for a
large number of nuclei over the range Z = 6—92 during
the last decades [6-17]. Very interesting properties have
been observed, such as overtone modes [18,19], off-shell nu-
clei softness [17,20], deformation effects [21,22], and many
others. In particular, deformation effects in isoscalar giant res-
onances have recently been attracting a renewed interest due
to the availability of fully consistent microscopic calculations
and new experimental techniques that improve the sensitivity
for the extraction of the resonance strengths, especially for
light-mass nuclei. For instance, a splitting of the isoscalar
giant monopole resonance (ISGMR) strength of *Mg, due
to its strong ground-state deformation, has recently been ob-
served [23]. This effect can be understood as a mixing of the
ISGMR with the K* = 0" component of the isoscalar giant
quadrupole resonance (ISGQR) producing a two-peak struc-
ture in the ISGMR strength. In addition, >*Mg exhibits other
interesting excitation modes such as cluster states that are
expected to be present in N & Z light-mass nuclei [24]. For
example, cluster states as °Ne +«a, '>C+ '2C, or 042«
configurations can be studied from the excited >*Mg nucleus.
It has been proposed that cluster states are strongly populated
by isoscalar monopole or dipole transitions [25-27]. There-
fore, measurements with a good precision are required for
identifying these states and the giant resonances simultane-
ously.

Inelastic scattering of « particles at intermediate energies
is a well-established technique that has been extensively em-
ployed in the investigation of isoscalar giant resonances for
many years [6—17]. Alternatively, experiments using Li scat-
tering have also proven to be a good method for investigating
the isoscalar strength [28]. °Li experiments have an important
advantage because of the better ratio between the resonance
peak and the continuum [29]. As °Li has a low particle emis-
sion threshold (S, = 1.47MeV), the breakup probability of
the projectile is enhanced with the dominant channel d + «.
This reduces considerably the background component from
the continuum and provides a better way to extract the strength
up to high excitation energies.

In this work, the isoscalar giant resonances and a pos-
sible signature of clustering in 2*Mg were investigated via
®Li scattering experiments. In combination with the favorable
ratio of resonance-to-continuum background, the isoscalar
EOQ, E1, and E2 transition strengths were reliably extracted.
The experimental data were compared with previous o-
scattering experiments and with theoretical predictions to
settle a discussion about deformation effects and clustering
in 2*Mg.

II. EXPERIMENT

Measurements of inelastic scattering of °Li particles
were performed at the Research Center for Nuclear Physics
(RCNP), Osaka University. The present data are part of
a (°Li, °Li' +y) experiment aiming to probe the isovector
magnetic dipole transition strengths in the SLi inelastic-
scattering channel [30]. In this paper, we report about the
singles ( °Li, °Li") data recorded during the experiment. De-
tails of the experimental setup and procedure are explained in
Refs. [28,30]. A brief description of the experiment is outlined
below.

A 100-MeV /u °Li beam was transported achromatically
from the ring cyclotron to the Grand Raiden target posi-
tion with an energy spread of 1.5 MeV in FWHM (full
width at half-maximum). The beam intensity was monitored
throughout the measurements and was approximately 1 pnA.
The target was a self-supporting 9.86-mg/cm?-thick foil of
isotopically enriched (>99%) **Mg. The Grand Raiden spec-
trometer [31], placed at 0° relative to the beam axis, was
operated in the under-focus mode [32] to optimize simulta-
neously the angular resolutions in the dispersive [2.8-mrad
(FWHM)] and nondispersive [10.3-mrad (FWHM)] planes.
The unreacted beam was stopped in a 0° Faraday cup, which
was placed at 12 m downstream of the focal plane [32].
The inelastically scattered °Li particles were momentum-
analyzed and identified by the focal-plane detection system.
Two position-sensitive multiwire drift chambers (MWDCs)
and three plastic scintillators were used for particle identifi-
cation and reconstructing their trajectories [30]. By utilizing
the positions from both MWDCs, the angles in the dispersive
and nondispersive directions were determined. A calibration
measurement was performed by using a sieve slit for the
determination of the parameters of a ray-trace matrix for re-
constructing the scattering angles at the target from position
and angle measurements in the focal plane [33]. The mo-
mentum reconstruction of the °Li ejectiles was calibrated by
measuring the elastic-scattering peak from a **Nb(°Li, °Li)
reaction at several magnetic rigidities.

Three plastic scintillators in the focal plane (with thick-
nesses of 3, 10, and 10 mm) served to extract energy-loss
signals and the time-of-flight that was measured relative to the
radio-frequency signal of the AVF cyclotron. A 12-mm alu-
minum plate was placed in between the second and the third
scintillators in order to improve the particle-identification ca-
pabilities. °Li particles were stopped in this plate, whereas
d and « particles from SLi breakup punched through and
deposited energy in the third scintillator. Therefore, the signal
from this detector was used as a veto to remove the contribu-
tion from °Li breakup in the offline analysis. No instrumental
background was present in the measurements around 0° scat-
tering angle, and a subtraction through a parametrization of
the instrumental background or through a side-band analysis
was not necessary [28].

With the above Grand Raiden settings, inelastic scattering
of SLi particles at forward angles between # = 0° and 3° was
achieved. The magnetic-rigidity settings of the spectrometer
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FIG. 1. On the top, angular distributions for the ( °Li, SLi") reaction on 24Mg at different excitation energies. The experimental data were
fitted with MDA using DWBA calculations for angular-momentum transfers of AL = 0—3 (lines). On the bottom, double-differential cross
sections for center-of-mass scattering angles at 0.64°, 1.46°, and 2.28°. The stacked histograms show the MDA results for monopole (red),
dipole (blue), quadrupole (green), and higher order (yellow) contributions.

covered excitation energies (E,) from 10 to 40 MeV. Absolute
cross sections were determined on the basis of calibration runs
in which the beam intensity was measured with a Faraday
cup inserted before the reaction target in between runs. The
normalizations from these calibration data were then applied
to the other runs. The uncertainty in the absolute cross sections
determined with this procedure was estimated at 20%, which
was dominated by the read-out accuracy of the Faraday cup in
the calibration runs due to the relatively low current.

III. DATA ANALYSIS

Differential cross sections for inelastic scattering off >*Mg
were obtained for angles between 0° and 3° in E, intervals
of 0.4 MeV. Figure 1(top) shows examples of angular distri-
butions at selected energy regions. Double-differential cross
sections of different multipolarities for energies between 10 to
40 MeV at certain angles are also presented in Fig. 1(bottom).
These were determined via a multipole-decomposition analy-
sis (MDA) [34], which was performed for each bin in E, by
fitting the differential cross section with a linear combination
of distorted-wave Born approximation (DWBA) distributions
for angular momentum transfers as

dZU exp dZU DWBA
_ E 1
(deE) XL:“L( ")<de15> RS

where a;(E,) is the fraction of energy-weighted sum rule
(EWSR) for each multipole and the superscripts (exp and
DWBA) denote the experimental and theoretical cross sec-
tions. These theoretical cross sections were obtained assuming
100% exhaustion of the EWSR for each multipole. The dis-
torted wave Born approximation (DWBA) calculations were
performed with the code CHUCK3 [35]. The transition poten-
tials were obtained using a double-folding formalism with
the M3Y-Paris nucleon-nucleon interaction [36]. A density-
dependent term (BDM3Y1) was included to account for the
reduction of the strength of the interaction as the density of

the medium increases [37]. The ground-state density distri-
bution used in the folding analysis for **Mg was taken from
Ref. [38]. The resulting double-folding potential was used in
the real and imaginary parts of the optical model (OM). The
respective depths of the OM potential were adjusted to fit the
elastic scattering data from Ref. [39]. The uncertainty due to
the choice of the OM was estimated to be less than 6% in the
different angular momentum components. The total system-
atic uncertainty in the multipole strengths was dominated by
the MDA errors. Parametrizations for the transition densities,
sum rules, and deformation factors employed in this analysis
are described in Ref. [1].

Figure 1(top) shows the multipole components fitted to an-
gular distributions at selected excitation energies. The stacked
histograms (in colors) in Fig. I(bottom) represent the con-
tributions of each multipolarity extracted from the MDA. As
can be seen, the monopole and quadrupole components have a
significant contribution at the most forward angles. The L = 0
strength is concentrated in the range from 10 to 40 MeV, while
L =2 extends up to 30 MeV. L = 1 and L > 3 strengths are
dominant mostly at the largest scattering angles measured and
high-excitation energies.

IV. RESULTS AND DISCUSSION

The strength distributions as fractions of the EWSRs for
the different multipolarities were extracted from the fitted
ap(E,) coefficients in the MDA with the following expres-
sions [1,4]:

2R A (12
Fo(E) = A k), ©))
3H%A 25
Fs (Ey) = m<11(74) — ?("2)2 - 106(72>>a1(Ex),
(3)
th 2, .2L-2
Fs, ., (Ex) = F— LQ2L + 1)*{r*=""ar(E,), 4)

X
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where m, A, and (V) are the nucleon mass, mass number
and the Nth moment of the ground-state density, respectively.
The parameter € is obtained from the centroid-energy sys-
tematics of the ISGMR and ISGQR distributions [1] as € =
(4/EISGQR+5/EISGMR)h2/3mA. Results of the monopole,
dipole and quadrupole components are presented below.

A. Monopole strength

The isoscalar EO strength of >*Mg has been measured in
several experiments, including « [23,40,41] and OLi [29,39]
inelastic scattering. However, the results of these experiments
differ significantly in terms of the EWSR exhaustions and the
shape of the strength distributions. For instance, the reported
EOQ distributions exhibit a maximum value at different energies
between 16 to 20 MeV, and their exhausted EWSRs vary
from 57 to 106%. It is still not clear what the origin of these
discrepancies is, in particular the large differences observed in
previous SLi-scattering experiments. A possible reason could
be the method used for the instrumental and continuum back-
ground subtraction. The present data offer a new test for the
isoscalar strength of 2*Mg, with the advantage of an efficient
background suppression provided by the experimental tech-
nique and the favorable resonance-to-continuum ratio of the
®Li probe.

The extracted ISGMR strength distribution in this experi-
ment is shown in Fig. 2. The EO distribution exhausts 51 +
5% of the EWSR in the energy range 10—40MeV. It is im-
portant to note that the energy resolution of this experiment is
about 1.5-MeV FWHM. For comparison, the most recent re-
sults from «-inelastic scattering experiments at TAMU (Texas
A&M University) [41] and RCNP [23,42] are also plotted in
the top panel of Fig. 2. The EO strength distribution obtained
from the RCNP experiment exhausts 57 + 7% of the EWSR,
which is consistent with our result. The EOQ strength distribu-
tion obtained from the TAMU experiment exhausts 73 £ 8%
of the EWSR in the same energy range. The excess of strength
in the latter case could be associated with the parametrization
employed for the background subtraction, as it has been ob-
served in other experiments [43,44]. As can be seen, the shape
of the EO distributions differ mostly in the energy range from
14 to 20 MeV. While the TAMU data have a broad distribution
with strong components at 14, 17 and 19 and 22 MeV, the
RCNP data exhibit a two-peak structure with centroids at 16
and 24 MeV. In fact, theoretical calculations predict that the
ISGMR of **Mg has a two-peak structure due to its large
prolate ground-state deformation [23,45]. The EO strength
extracted in this experiment shows a similar shape with two
main components, a narrow peak located at E, ~ 19 MeV
and a broad peak at E, ~ 28 MeV that extends up to high
excitation energies. It is important to note that the position
of the low energy peak in our experiment is 3 MeV higher
than the value reported in Refs. [23,42] with the (o, a’) RCNP
data.

The extracted EO response was fitted by a superposition
of five Lorentzian functions in the energy range from 10 to
40 MeV. In this case, the number of Lorentzians correspond
to the same number of bumps observed in the data. The
fitted parameters are presented in Table I. As can be noted,
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FIG. 2. ISGMR strength function. (Top) The experimental data
are compared with results from «-scattering experiments of Refs.
[23,41] (bars). The data were fitted using a superposition of
Lorentzian functions. (Bottom) Comparison with theoretical predic-
tions from AMD [26] and fully consistent QRPA calculations. The
QRPA distribution was shifted upward by 2 MeV.

the strength is exhausted mainly by two peaks [19.1(2) and
27.8(3) MeV] that are the principal components of the IS-
GMR, while other smaller contributions could be a signature
of cluster vibrations in *Mg. Antisymmetrized molecular dy-
namics (AMD) calculations predict the existence of molecular

TABLE 1. Parameters of Lorentzian fits for the EOQ, E1, and E2
strength distributions of **Mg.

L[A] E, [MeV] I' [MeV] EWSR [%]
0 11.8+ 0.1 1.5+ 04 0.3+ 0.1
143+ 0.1 1.7+ 04 20+ 05
19.1+ 0.2 46+ 0.5 174+ 3.1
234+ 03 44+ 09 6.5+ 1.5
27.8+ 03 93+ 14 255+ 29
1 12.1£ 0.1 0.8+ 0.3 02+ 0.1
135+ 0.1 09+ 0.2 23+ 0.7
148+ 0.2 1.7+ 0.6 32+ 12
179+ 0.1 1.8+ 0.5 58+ 24
2124+ 0.2 48+ 1.6 283+ 14.0
26.1+ 03 6.0+ 25 453+ 204
2 114+ 0.1 09+ 02 20£ 0.6
148+ 0.1 2.1+ 0.6 10.0+ 4.2
184+ 04 3.6+ 1.1 26.5+ 10.7
217+ 09 45+ 23 295+ 172
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states at energies near the cluster-decay thresholds [26,46].
For instance, in the case of 24Mg, molecular states such as
Ne +a, ">C+'2C, or na condensation are expected to be
present in the isoscalar EO response. An AMD calculation
for the isoscalar monopole strength of **Mg was taken from
Ref. [26]. This AMD calculation is plotted in the bottom part
of Fig. 2. Here, the distribution was scaled by the respective
EWSR ratio and folded with a Lorentzian function using an
energy-dependent width [47]

Ao for £/ < Eyy
A= {Ao taE ~Ey)  forE > Ey O

to account for the energy spread and coupling to complex
configurations that increase with the excitation energy. The
parameters Ag = 0.1 MeV, Ey, = 9.3MeV, and a = 0.38
were chosen to reproduce the experimental strength distribu-
tion. The AMD 07 states at 9.3, 11.7, and 13.2 MeV have
a large overlap between °Ne 4+, '>C + '?C, and mean-field
configurations [26]. In particular, the 11.7 MeV state seems to
be consistent with the Lorentzian-peak fitted in the low-energy
region. The peak at 14.3 MeV can be associated with a 0*
state due to the '>C + !>C configuration, which is predicted
by the AMD calculations at 15.3MeV. At higher excita-
tion energies, AMD calculations also predict the existence of
Sa-pentagon+a cluster-states immersed in the ISGMR dis-
tribution [26]. A possible candidate for this exotic «-cluster
configuration is the peak at E, = 23.4 MeV, although further
measurements including «-decay data will be required to fully
identify this state from the ISGMR mode.

The collective excitation modes in 2*Mg were in-
vestigated within the microscopic mean-field-based quasi-
particle random-phase approximation (QRPA). A consis-
tent axially-symmetric-deformed Hartree-Fock-Bogoliubov
(HFB) 4+ QRPA approach using the DIM Gogny interaction
[48,49], has been employed to calculate the L = 0, 1, and 2
strength distributions of *Mg. Here, the single-particle wave
functions are expanded in an optimized harmonic-oscillator
basis with a large configuration space that included 15 major
shells. In this case, the number of major shells employed is
higher than the one used in Ref. [50] for the same nucleus.
The new consideration allows for a better accuracy in the
microscopic description of excited states in such a strongly
deformed nucleus. In this approach, the intrinsic deformation
of 2*Mg ground state (8 = 0.5) was predicted by the HFB
calculations as the minimum of the potential energy surface.
The resulting model-space configuration allowed to build co-
herent two-quasiparticle (2-qp) excitations and the respective
transition probabilities in the QRPA calculation. The ISGMR
distribution from QRPA is shown in the bottom panel of
Fig. 2. This distribution was scaled by the respective EWSR
ratio and also folded with a Lorentzian function using the
energy-dependent width of Eq. (5) with the same parameters.
It is important to note that DIM + QRPA calculations for
monopole and dipole strengths are systematically shifted by
energies between 1 to 3 MeV with respect to the experimental
distributions for a wide range of nuclei [28,51,52]. Therefore,
the presently predicted QRPA energies were shifted (upward)
by a constant factor of 2 MeV to account for a small energy
displacement originating from the coupling between gp states
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FIG. 3. ISGDR strength function. (Top) Same as Fig. 2. The
data were fitted using a superposition of Lorentzian functions in
the energy range from 10 to 26 MeV. (Bottom) Comparison with
QRPA calculations showing the respective 0~ and 1~ components.
The QRPA distributions were shifted upward by 2 MeV.

and phonons. As can be seen, the calculation is fairly consis-
tent with the experimental data. The deformation effects lead
to a double-peak distribution due to coupling to the K™ = 0F
component of the ISGQR. The same effect was investigated
in Ref. [23] by comparing spherical and deformed QRPA
calculations.

B. Dipole strength

The E1 response of **Mg was also extracted from the
MDA. Figure 3 shows the experimental distribution in the
energy domain from 10 to 40 MeV. Due to the limited angular
range covered in the experiment, the systematic uncertainties
for excitation energies above 30 MeV are high and the sep-
aration between the L = 1 and L > 3 components becomes
difficult (see Fig. 1). This E'1 distribution exhausts 81 4= 6%
of the EWSR in the energy range 10—30 MeV and 188 & 29%
in the range 10—40 MeV. The distribution is also compared
with results from (o, @’) data measured at TAMU [41] and
RCNP [42] [Fig. 3(top)]. The overall shape of the ISGDR
(isoscalar giant dipole resonance) in the three distributions
is similar up to 30 MeV, but the exhausted strength of the
present data is about 22% to 38% higher than the (o, &)
distributions in the same energy domain. It is important
to mention that the continuum background was subtracted
from the TAMU’s data by using a background parametriza-
tion, whereas this procedure is not performed with the data
measured at RCNP. The low energy region of the distri-

014607-5



J. C. ZAMORA et al.

PHYSICAL REVIEW C 104, 014607 (2021)

bution, below 16 MeV, contains a contribution from a few
1~ states that were investigated in a recent work [53]. As
shown in Table I, this region was fitted by three Lorentzian
peaks centered at 12.1, 13.5, and 14.8 MeV. The strong
11.9 MeV (11% exhausted EWSR) reported in Ref. [53] was
not observed in our data. This state seems to be inconsistent
even with the («, «’) data from TAMU and RCNP experi-
ments which exhaust about 2% of the EWSR at the same
energy. However, the fitted peak at 13.5 MeV is consistent
with the reported state 1~ at 13.2 MeV in Ref. [53].

Cluster states in the isoscalar E'1 response are predicted to
be populated by asymmetric configurations such as 2°Ne +«
[27,54]. Therefore, the peaks at 12.1, 13.5, and 14.8 MeV
(see Table I) are expected to carry part of this cluster con-
figuration. The dipole strength increases beyond the energy
of 26 MeV, but the results from « inelastic scattering data
exhibit a decreasing trend above this energy region. There-
fore, the Lorentzian fitting was performed only up to the
excitation energy of 26 MeV. The QRPA calculations are
shown in Fig. 3(bottom). The QRPA strength was scaled by
the EWSR ratio with the experimental data in the energy
range 10—40MeV. The same folding procedure of Eq. (5) was
employed for this distribution. The 0~ and 1~ components
are also plotted in the same figure. Both distributions were
shifted by 2 MeV (upward), as it was performed for the L = 0
calculation.

C. Quadrupole strength

The ISGQR strength obtained from the MDA is presented
in Fig. 4. The extracted E2 response exhausts 89 £ 17% of
the EWSR in the energy range 10—40MeV. The ISGQR
strength obtained from « inelastic scattering experiments at
TAMU [41] and RCNP [42] are shown in Fig. 4(top). As
can be seen, the three distributions have a similar shape
up to 20 MeV. Above 20 MeV, the RCNP data exhibit a
large strength over the other distributions, which might be
caused by the continuum-background contribution. The IS-
GOQR strength here presented has a pronounced peak that is
consistent with the centroid energy 64A~!/3MeV from sys-
tematics [1].

Cluster-structure states are not easily correlated with the
isoscalar quadrupole strength, sometimes the 2% band can
be interpreted as “°Ne +a configurations with a cluster-core
excitation of 2°Ne(2%) [55]. Therefore, the peaks that were
fitted in the E2 strength distribution need to be investigated
in finer detail to deduce evidence for a possible contribution
from molecular configurations. A comparison with QRPA
calculations is shown in the bottom part of Fig. 4. The present
QRPA distributions were shifted by 2 MeV (upward), as it
was done for the L =0 and L = 1 calculations. The same
folding procedure of Eq. (5) was employed for QRPA results.
The K™ = 0", 17, and 2" components are also presented in
the figure. The total QRPA strength is in good agreement
with the experimental distribution. The strong ground-state
deformation effects are clearly visible in the ISGQR strength
that exhibits a broadening in the low-energy region due to the
K™ = 07" coupling with ISGMR states.
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FIG. 4. ISGQR strength function. (Top) Same as Fig. 2. (Bottom)
Comparison with QRPA calculations showing the respective K™ =
0", 1%, and 2" components. The QRPA distributions were shifted
upward by 2 MeV.

V. SUMMARY

Inelastic scattering of °Li particles at 100 MeV/u off
2*Mg was measured at scattering angles between 0° and 3°.
Measurements free of instrumental background and the very
favorable resonance-to-continuum ratio of °Li scattering en-
abled the precise extraction of the isoscalar EO, E1, and E2
strength distributions in 2*Mg. A multipole-decomposition
analysis was performed in the excitation-energy range from 10
to 40 MeV to extract the contributions from transitions associ-
ated with the transfer of different units of angular momentum.
The obtained ISGMR distribution exhibit a two-peak struc-
ture, which can be explained by the strong deformation of the
ground state of 2*Mg. Due to the ISGMR K™ = 0" coupling
with the corresponding E2 component, the ISGQR distribu-
tion also exhibits a broadening at the low-energy region. New
(°Li, °Li’) measurements at larger scattering angles will be
helpful to reduce the systematic uncertainties, in particular,
for the higher L transfers.

State-of-the-art QRPA calculations are in fairly good
agreement with the data and confirm the ground-state defor-
mation effects. Additionally, a few other peaks were observed
in the strength distributions. AMD calculations are also in
good agreement with the data and suggest the existence of
strong cluster states in the £0 response that can be associated
with the observed peaks. Further studies including particle-
decay measurements will be required to confirm the nature of
these resonances.
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