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Isoscalar giant resonances have been measured in the unstable °®Ni nucleus using inelastic alpha
and deuteron scattering at 50A MeV in inverse kinematics with the active target MAYA at GANIL.
Using alpha scattering, the extracted isoscalar giant monopole resonance (ISGMR) centroid was
determined to be 21.14+1.9 MeV and the isoscalar giant quadrupole resonance (ISGQR) to be 15.9+
1.3 MeV. Indications for soft isoscalar monopole and dipole modes are provided. Results obtained
with both (a,a’) and (d,d’) probes are compatible. The evolution of isoscalar giant resonances along
the Ni isotopic chain from *°Ni to %8Ni is discussed.

PACS numbers: 21.10.Re,24.30.Cz,21.60.Jz,24.50.+g,21.60.Ev

I. INTRODUCTION

Measurement of the isoscalar giant resonances (ISGR),
and in particular the isoscalar giant monopole resonance
(ISGMR) plays an important role in constraining the nu-
clear equation of state [1]. More precisely, the energy of
the ISGMR, that corresponds to a succession of compres-
sion/expansion phases of the atomic nucleus, also called
the breathing mode, where all the protons and neutrons
oscillate in phase, can be linked to the nuclear-matter
incompressibility. The nuclear-matter incompressibility
has been constrained in the last decades using measure-
ments in stable nuclei that are made up only with sym-
metric matter or slightly asymmetric matter (in a local
density approximation picture). However, measurements
in unstable nuclei are lacking in order to study the evolu-
tion of the nuclear-matter incompressibility as a function
of the neutron-proton asymmetry. Recently, it has been
shown that measuring the energy of the ISGMR provides
information on the ability to compress the matter around
the average density of nuclei, which is typically 70% of
the saturation density [2, 3]. The present work empha-
sizes the importance of measuring the ISGMR in different
nuclei at several neutron-proton asymmetries and several
densities.

Moreover, an isoscalar monopole mode at lower en-
ergy, called soft monopole mode, has been predicted
in neutron-rich nuclei by several relativistic and non-
relativistic models [4-6]. Recently calculations with an

exact treatment of the continuum [7] have also predicted
monopole strength in the same energy region. However,
this mode is found to be characterized with a larger width
and turns out to originate mainly from the continuum
background. Such a soft monopole mode has not yet
been observed.

Experimentally, the measurement of giant resonances
in unstable nuclei is a challenging task which has until
now been mainly dedicated to the study of the isovector
giant dipole resonance (IVGDR) and the isovector pygmy
dipole resonance (IVPDR). Photons being a relevant
probe to excite the IVGDR and the IVPDR, Coulomb
excitation with absorption of a virtual photon has been
used, for example, to study the IVGDR and IVPDR in
neutron-rich O, Ne, Sn isotopes and in %®Ni [11]. In
these studies, the invariant-mass method was used, re-
quiring the detection of all the decay products. These
experiments yielded evidence for the appearance of a low-
energy dipole mode the nature of which is still under
discussion; it may correspond to an oscillation of a neu-
tron skin against a nucleus core and possibly mixed with
isoscalar dipole strength [12, 13].

In the case of the isoscalar response, the first measure-
ment was performed on the N = Z unstable 5Ni nucleus
and deuteron as probe. The ISGMR has been measured
at 19.3+0.5MeV and the isoscalar giant quadrupole res-
onance (ISGQR) at 16.2 + 0.5MeV [14]. The isoscalar
giant dipole resonance (ISGDR), a second-order mode
corresponding to the so-called squeezing mode [8, 9], has



never been measured in an unstable nucleus. It should be
noted that in Ref. [10], relativistic random-phase approx-
imation (RRPA) calculations indicate some substantial
isoscalar dipole strength in ®Ni.

Measuring the scattering of radioactive nuclei from
light probes requires the use of inverse kinematics and
the detection of very low-energy light charged particles.
Therefore, a pioneering technique, using an active target
as a detector and the missing-mass method, has been de-
veloped for measuring the ISGR with a deuteron probe
[14]. This innovative technique has been used again for
the present experiment and will be described below.

In addition to the challenge of measuring for the first
time the ISGR in a neutron-rich nucleus, there are other
goals for this study. These are i) to understand the evo-
lution of the nuclear-matter incompressibility along an
isotopic chain, and i) to check for the prediction of a
soft monopole mode as well as the prediction of a soft
isoscalar dipole mode in neutron-rich nuclei. As a soft
monopole mode is predicted in ®*Ni [4, 5, 7] and as the
only measurement of ISGR in an unstable nucleus has
been done in 55Ni [14], ®®Ni is a nucleus of choice in or-
der to address these questions. Therefore, we present
here the first measurement of the isoscalar giant reso-
nances in a neutron-rich unstable nucleus, 8Ni.

The experiment was performed at Grand Accelérateur
National d’Tons Lourds (GANIL), Caen, France. During
a first part, the active target with filled with He gas to
study the inelastic scattering of °*Ni on alpha particles,
and during a second part, the active target was filled with
Dy gas to study inelastic scattering on deuteron. Both
measurements were performed with a %®Ni beam at an
energy of 50A MeV. In the present work, the analysis of
the ISGR using both the alpha and the deuteron inelas-
tic scattering will be reported. Some of the results on
the isoscalar monopole response with the alpha-particle
probe presented here have previously been published [15].

Section II introduces the experimental setup and the
techniques used to study giant resonances using an ac-
tive target. In section III and IV, the results for the
O8Ni(a,a’)%8Ni* and %®Ni(d,d’)**Ni* experiments are pre-
sented and, finally discussed in section V.

II. EXPERIMENTAL SETUP AND ANALYSIS
A. Experimental setup

The %Ni beam at 504 MeV was obtained by fragmen-
tation of "°Zn at GANIL. The beam, with an energy of
62.3A MeV, impinged on a “Be fragmentation target of
29 mg/cm? thickness and the 58Ni was selected using the
Ligne d’Tons Super Epluchés (LISE) spectrometer [16]. A
560 um thick achromatic degrader of “Be was placed be-
tween the two LISE dipoles. The average beam intensity
of 8Ni was 4 x 10% pps with a purity of 75% =+ 6%.

Isoscalar giant resonances are best studied using in-
elastic scattering of isoscalar particles around 50A MeV

[1] with, for example, alpha or deuteron probes. The use
of the (a,a’) reaction to study isoscalar giant resonances
provided useful results in stable nuclei like in the Sn iso-
topic chain, for example [17]. When studying unstable
nuclei, inverse kinematics must be used with the unsta-
ble beam impinging on a He or D target which entails
additional technical difficulties.

Figure 1 displays the inelastic scattering angular dis-
tributions calculated within the distorted-wave-Born ap-
proximation (DWBA). Transition densities for °*Ni were
calculated within the microscopic random-phase approxi-
mation (RPA) [18] using the Skyrme SkI2 interaction [19]
with a nuclear-matter incompressibility Ko, = 241 MeV.
The code FRESCO [20] was used to calculate the an-
gular distributions with diagonal and transition poten-
tials calculated using the code DrpoT [21]. For the
O8Ni(a,a’)%®Ni* reaction the potentials were generated
using the single-folding model and a Gaussian nucleon-
alpha interaction with parameters determined from fit-
ting the ®Ni(a,a) elastic scattering data at 43A MeV
[22] with a similar procedure. For the %®Ni(d,d”)5®Ni*
reaction the potentials were determined microscopically
within the double-folding model using the M3Y effective
nucleon-nucleon interaction and a deuteron density cal-
culated with the Hulthén wave function [23].
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FIG. 1. (Color online) Angular distribution predictions cal-
culated in the DWBA approximation for the monopole exci-
tation at 21 MeV, the dipole at 15 MeV and the quadrupole
at 17 MeV. (a) For the **Ni(a,a’)%®Ni* reaction. (b) For the
58Ni(d,d’)*®*Ni* reaction. Both reactions have been performed
at 50A MeV. For all these predictions, microscopic RPA tran-
sition densities are used to calculate the angular distribution.



Fig. 1 shows that the maximum cross section for each
reaction is reached below 0o = 8°, which corresponds
to very low energies of the recoiling alpha particle or
the recoiling deuteron particle. In order to measure an
excitation-energy spectrum from 0 to 30 MeV and be-
tween 0° and 8° in the center-of-mass (c.m.) frame, it is
necessary to detect alpha particles between 300keV and
4MeV at angles from 0° to 90° in the laboratory frame
for the %®Ni(a,a’)%®Ni* reaction, and deuterons between
400keV and 3 MeV at angles from 0° to 90° in the labo-
ratory frame for the *®Ni(d,d”)%¥Ni* reaction.

Considering an exotic beam with a low production rate
and the fact that recoiling particles have as low as a
few hundred keV energy, this experiment cannot be per-
formed with a standard setup composed of a solid target
and recoiling-particle telescopes. This challenging exper-
iment has been made possible using an active target,
where the gas inside is both the target and the detec-
tion gas providing both a low-energy detection threshold
and a reasonable thickness simultaneously.

The active target MAYA [24] developed at GANIL
(Fig. 2) is a time projection chamber (TPC), which has
an active volume of 28 x 25 x 20 cm? filled with the gas
used as a target, i.e. He gas at 500 mbar (with 5% of
CF, as a quencher) for the ®*Ni(a,a’)%®Ni* reaction and
Dy at 1 bar for the ®®Ni(d,d’)%Ni* reaction. The pres-
sure was adjusted for each reaction in order to detect the
recoiling particles up to 8° in the c.m. frame. Both the
incoming and scattered 5®Ni* and, the scattered alpha
particle or deuteron, ionize the gas along their trajec-
tory inside MAYA. The potential difference between the
Frisch grid and the top of the detector (cathode) allows
the electrons coming from the ionization to drift towards
the Frisch grid. Another high voltage is set on the anode
which consists of 32 wires placed below the grid. The
avalanches on the wires induce a signal on a matrix of
32 x 32 hexagonal pads connected to GASSIPLEX chips
[24]. The pad plane thus provides a two-dimensional pro-
jection of the trajectories of the incoming and outgoing
particles involved in the reaction. To determine the re-
action plane, i.e. the third dimension, the arrival time of
the electrons on the wires is registered for each wire. All
the high voltage values used for each studied reaction are
given in Fig. 2. The energies deposited by the beam and
the recoiling alpha or deuteron particles were equivalent
in both reactions. However, the nature of the gas and
the pressure conditions allow to have a better amplifica-
tion in the mixture He4+CF4 compared to Ds. Therefore,
in the 8Ni(a,a’)%8Ni* experiment, an electrostatic mask
[25] was placed 1 cm below the beam in MAYA to absorb
the electrons resulting from the ionization of the gas by
the %8Ni beam. This device reduces the amount of elec-
trons collected on the central wires due to the ionization
by the %8Ni beam particles and thus increases the sensi-
tivity to the recoiling alpha particle, avoiding saturation
of the GASSIPLEX. In the second part of the experi-
ment %8Ni(d,d’), the amplification was weaker and the
mask was not required.

B. Missing-mass analysis

1. Reconstruction of the range and the scattering angle 0 of
the reaction in the laboratory frame

The reconstruction of the range of the recoiling parti-
cle, a or d, and of the scattering angle 6 follows several
steps :

1. The trajectory of the 58Ni* scattered nucleus is
reconstructed using the global fitting method de-
scribed in Ref. [26] (due to the beam energy and
the position resolution, incoming %®Ni and scat-
tered °®Ni trajectories are not distinguishable). A
straight-line trajectory is determined by minimiz-
ing the orthogonal distance of the center of the pads
weighted by their charge to the line.

2. A “typical” beam track is subtracted from each
event. This “typical” beam track corresponds to an
average of all the beam tracks observed when there
was no reaction in the chamber. This subtraction
allows to isolate the recoiling particle track.

3. The fit of the trajectory of the recoiling particle
on the pad plane is performed in two steps. Tak-
ing only into account the pads with a charge higher
than 80% of the maximum charge, a first fit is done
using the global fitting method. In the second step,
for each pad with a non-zero charge, the distance
between the pad and the trajectory resulting from
the first fit is calculated. If the distance is smaller
than two times the mean distance, calculated con-
sidering the pads taken into account for the first
fit, the pad is taken into account for the second fit.
The second fit is done with the selected pads using
the same global fitting method. It should be noted
that a minimum of five pads with a non-zero charge
are required for the final fit.

4. These three first steps yield the scattering angle
0>p projected on the pad plane. Events with 65p
between +10° and 4+95° on the left side of MAYA,
and between —10° and —95° on the right side of
MAYA have been selected. This cut allows to fo-
cus on elastic and inelastic scattering events, and
rejects tracks which are too close to the beam.

5. The three first steps also yield the vertex position of
the reaction on the pad plane. Events with a vertex
within 3.5 cm of the entrance or exit of MAYA have
been rejected. This effectively removes reactions
occurring in the entrance window and avoid drift
field inhomogeneities due to the presence of silicon
detectors.

6. The charges induced on the pads are projected
along the recoiling particle trajectory, allowing to
deduce the position of the Bragg peak projected on
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FIG. 2. (Color online) Experimental setup: the active target MAYA used to study both ®*Ni(a,a’)**Ni* and ®*Ni(d,d’)%®Ni*

reactions.

the pad plane. It should be noted that the projec-
tion of the charges is done in the direction of the
most perpendicular axis of the pad with respect to
the trajectory [26].

7. Finally using the time on each wire, the third
dimension is reconstructed. Only particles that
stopped in the active volume of MAYA have been
selected.

Finally, the range of the recoiling particle as well as the
scattering angle 6 are determined event by event. In the
case of the %Ni(a,a’)%Ni* reaction, the extracted range
as a function of the total charge deposited for a track
allows to select the recoiling o particle and to remove
tracks due to reactions on C or on F nuclei. However,
in the case of the %8Ni(d,d’)%®Ni* reaction, the resolu-
tion was not sufficient to distinguish deuterons coming
from the inelastic scattering, from protons arising from
deuteron breakup (see section TV A).

2. Reconstruction of the excitation energy of ** Ni* and of
the scattering angle Ocar in the c.m. frame

The energy of the recoiling alpha particle (or deuteron)
is deduced from its range in the gas using SRIM tables
[27]. The feasibility of the trajectory reconstruction de-
pends on the number of pads fired, which sets a thresh-
old of 600 keV for the detection of the recoiling alpha,
and 500 keV for the deuteron. Fig. 3 displays the kine-
matics obtained for both the %®Ni(a,a’)®*Ni* and the
68Ni(d,d”)%®Ni* reactions.

Data are then transposed to the c.m. frame using
two-body kinematics before being corrected for efficiency.
The ACTARsim package was used to evaluate the effi-
ciency. This simulation was developed for the future ac-
tive target ACTAR and validated using comparisons be-
tween simulated and experimental data [28]. One thou-
sand events were simulated per 1 MeV steps in excita-
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FIG. 3. (Color online) (a) Scatter plot of recoiling alpha en-
ergy versus scattering angle in the laboratory frame for the
58Ni(a,a’) ¥ Ni* reaction. (b) Same for recoiling deuterons for
the %Ni(d,d’)%®*Ni* reaction.

tion energy of % Ni* and per 1° steps in angle in the c.m.
frame. They were then subjected to the same analysis as
the one used for physical events. A matrix of efficiency as
a function of the angle in the c.m. and of the excitation
energy of %Ni* is obtained and is used to correct the
experimental data. This efficiency calculation includes



both geometrical and reconstruction efficiency. It evolves
from 10% at low angles in the c.m frame (0., = 1°),
that corresponds to short tracks, to 60% at larger angles
in the cm. (6.,,. = 6 — 7°), that corresponds to long
tracks. Fig. 4 displays the reconstructed physical events,
corrected for efficiency, as a function of the angle in the
c.m. frame and the excitation energy of °®Ni*. Due to
different pressure conditions, the angular coverage in the
c.m. frame and the covered range in excitation energy
of ®Ni* are different for the two experiments (Fig. 4 (a)
and (b)).
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FIG. 4. (Color online) (a) Reconstructed events transformed
in the c.m. frame and corrected for geometrical an reconstruc-
tion efficiency for the ®*Ni(a,a’)*®*Ni* reaction. (b) Same for
the %®Ni(d,d’)%*Ni* reaction.

Two independent analyses were then performed for
each reaction. In the first one, reconstructed events are
projected on the x axis in slices of .., = 1°, and each
excitation-energy spectrum is fitted with several contri-
butions with Lorentzian shape and a background. This
method is called the fitting method. In the second one,
events are projected on the y axis in 2 MeV slices, and
each angular distribution is fitted with a background and
a linear combination of predicted angular distributions
for different multipolarities. This method is called the
multipole-decomposition analysis (MDA).

II. (a,0’) RESULTS

From decades of studies on stable nuclei, (a,a’) is
known as the best probe for measuring ISGR, as both
the spin and the isospin of the transition are equal to
0 for this probe [1]. In inverse kinematics, with an ac-
tive target, an additional difficulty arises, i.e. the He gas
requires a quencher in order to serve as a detection gas
in the active target, so the target is no longer pure (He
with 5% of CF4). The other difficulty is the necessity of
masking the beam, as explained in section II.

A. Background

The origin of the background in inelastic scattering re-
mains somewhat puzzling [1], but is generally considered
as a mixture of contributions from the knock-out pro-
cesses, overlapping resonances, multi-step processes and
high multipolarity states. It has been described by many
different shapes over the years. We decided to use the
simplest shape, a flat background, and to set the height of
the background at the maximum value compatible with
the data, i.e. the minimum of the spectrum between 12
and 30 MeV for each angle in the c.m. frame. In this
way, the background may be overestimated and physical
events may be lost. For example, the angular distribu-
tion of this background will follow a monopole shape at
small angles in the c.m. frame. However, this method en-
sures that the data above this background are of physical
origin.

B. Fitting analysis

The excitation-energy spectrum of %8Ni obtained for
the %8Ni(a,a”)%Ni* reaction and corrected for efficiency
is displayed in Fig. 5 (a). A fit of the elastic scattering
peak gives a 2MeV FWHM resolution, which is an up-
per limit since the first-excited states are included in this
peak. A zoom in the region of ISGR (Fig. 5 (b)) shows
different structures whose intensities depend on the c.m.
angle. The excitation-energy spectrum obtained at each
angle in the c.m. has been fitted with a linear combi-
nation of the flat background described above and four
resonances corresponding to the observed peaks around
13 MeV, 16 MeV, 21 MeV and 26 MeV. Fig. 5 displays
the result of the fit of the excitation-energy spectrum for
all angles (b) and at each angle in the c.m. frame ((c¢) to
(2))-

Three resonances have been identified with this
method, and their centroids are given in Table I. Error
bars are based on the dispersion of the extracted cen-
troids at each angle in the c.m. frame. The additional
resonance around 26 MeV is most probably a combina-
tion of L = 0,1, 3 multipolarities, as already observed in
this mass region for stable isotopes [1, 30]. Considering
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FIG. 5. (Color online) (a) Excitation-energy spectrum of ®*Ni
obtained for the *®Ni(a,a’)**Ni* reaction, for all angles de-
duced from the alpha kinematics and corrected for efficiency.
(b) Same with a zoom on the ISGR region. The background
is represented with a green dot-dot-short-dashed line. The
fitted resonances which are expected to be of monopole char-
acter are represented with a red solid line, and the one that
is expected to be of quadrupole character is represented in
blue long-dashed line. The resonance at higher energy, com-
posed of several multipolarities L = 0,1, 3, is represented in
black dot-long-dashed line. The solid black line corresponds
to the sum of all contributions. From (c) to (g) the same at
Ocym = 3.5°, 4.5°, 5.5°, 6.5°, 7.5°. In (c) and (d) there is no
data at low energy due to geometrical acceptance as shown
in Figure 4 (a).

the present statistics, it is not relevant to try to extract
the individual contributions to this structure.

For a given resonance, studying the evolution of the
peak intensity as a function of the c.m. angle, provides its
angular distribution. We have fitted the angular distri-
bution of the resonance at 12.9 MeV with different multi-
polarities, the resonance at 15.9 MeV assuming an L = 2
multipolarity, and the resonance at 21.1 MeV assuming
an L = 0 multipolarity (Fig. 6). The fits were performed
using the DWBA predictions (Fig. 1) of the model de-

58Ni(a,0’) 8 Ni* | *¥Ni(d,d’)** Ni*

Resonance 1 1294+1.0 12.6 £ 0.3
Resonance 2 159+1.3 15.4+£1.6
Resonance 3 21.1+1.9 20.8 £ 0.6

TABLE I. Centroid of the resonances measured in the
%8Ni(q,0’)%®Ni* experiment (left column) and in the
58Ni(d,d’)*®Ni* experiment (right column). These resonances
have been obtained by fitting the excitation-energy spectra
shown in Fig. 5 and Fig. 10.

scribed at the beginning of section II. In Fig. 6 (al)
the angular distribution of the resonance at 12.9 MeV
is well described by the shape of an L = 0 prediction.
However, the angular range covered in this experiment,
[Ocm. = 4.5°, Oc.m. = 8.5°], is less characteristic than at
lower angles, and it is difficult to reject an L =1 (Fig. 6
(a2)) or L = 2 (Fig. 6 (a3)) nature of the resonance. In
Fig. 6 (b), fitting the angular distribution of the reso-
nance located at 15.9 MeV with an L = 2 multipolarity
seems reasonable, but this has to be confirmed with the
MDA analysis since the angular distribution of an L = 2
resonance is not as characteristic as the one of an L =0
resonance. The angular distribution for the resonance at
21.1MeV (Fig. 6 (c)) is well described assuming an L = 0
multipolarity. It should be noted that this 21.1 MeV res-
onance only corresponds to the first part of the ISGMR,
considering the whole ISGMR involves both this reso-
nance at 21.1MeV and the L = 0 strength in the large
bump around 26 MeV. However, as mentioned above, the
26 MeV bump is not relevant for a detailed analysis, given
the present uncertainties.

C. MDA

For each bin of 2 MeV of %3Ni excitation energy, the an-
gular distribution is fitted by a linear combination of the-
oretical angular distributions of L = 0, 1,2 multipolari-
ties and the flat background described above. Fig. 7 dis-
plays this analysis for each slice between 10 and 24 MeV.

In the [20 MeV,22 MeV] slice, the L = 0 multipolarity
dominates, confirming the nature of the resonance ob-
served at 21.1 MeV in the fitting method. In Fig. 7 (d)
(16 to 18 MeV energy slice), there is some L = 2 strength
which is not observed in Fig. 7 (¢) (from 14 to 16 MeV)
or in Fig. 7 (e) (from 18 to 20 MeV), indicating that the
L = 2 strength is localized around 17 MeV of excitation
energy of 98Ni, in agreement with the fitting analysis. In
the [12MeV,16 MeV] region the fit gives L = 0and L = 1
contributions of similar amplitudes.

The energy dependence of the magnitude extracted
from the fit for a given multipolarity gives access to the
strength distribution for this multipolarity. Fig. 8 dis-
plays this strength distribution for L = 0 (a), L = 1
(b) and L =2 (c). Due to large error bars coming from
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FIG. 6. (Color online) (a) Experimental angular distribution
extracted for the resonance at 12.9 MeV and fitted assuming
an L = 0 multipolarity (al), L = 1 multipolarity (a2), or
L = 2 multipolarity (a3). (b) The same for the resonance at
15.9 MeV assuming an L = 2 multipolarity. (c) The same for
the resonance at 21.1 MeV assuming an L = 0 multipolarity.

difficulties to measure the beam intensity, and from the
possible background overestimation, absolute exhausted
percentage of energy-weighted sum rules could not be ex-
tracted.

Fig. 8 (a) shows that the ISGMR is located between
19MeV and 27MeV, with a mean energy at 23.4 MeV,
given by m/mgo where my is the moment of order 1 and
mg the moment of order 0. The shape is spread as ex-
pected and a fragment is clearly observed at 21 MeV in
agreement with the result of the fitting method which
already allowed identifying this first part of the ISGMR.
The higher energy part cannot be identified with the
same accuracy, due to its mixing with larger multipolari-
ties components. It is, therefore, difficult to estimate the
total width of the ISGMR. An increase of the strength
around 14 MeV is observed, with a similar increase in
the case of the L = 1 multipolarity (Fig. 8 (b)). This
observation, already made in discussion Fig. 7 (a, b and
¢) shows that the resonance observed at 12.9MeV with
the fitting method could be a superposition of the soft
isoscalar monopole mode and isoscalar dipole strength.
The resolution of the present setup does not allow to sep-
arate these two contributions. In the case of the L = 2
multipolarity, the MDA shows that there is a concentra-
tion of quadrupole strength around 17 MeV (Fig. 8 (c)),
confirming that the resonance observed at 15.9 MeV in
the fitting method is in part composed of the ISGQR.
The complementary contribution, in equivalent propor-
tion, is the ISGDR, as shown in Fig. 7 (d).
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FIG. 7. (Color online) (a) Experimental ®®*Ni angular dis-
tribution extracted in 2 MeV broad bins of excitation energy
and fitted with a linear combination of L = 0, 1, 2 theoretical
angular distributions and a background. The solid black line
corresponds to the sum of all contributions.

IV. (d,d’) RESULTS

Using a deuteron probe in inverse kinematics has ad-
vantages. The first advantage is that the first minimum
of the L = 0 angular distribution is located at an an-
gle larger than for the inelastic alpha scattering case
(Fig. 1), i.e. O.,, = 7° instead of 0.,,. = 3°. Another
advantage is that neither a quencher (so Do is a pure
target) nor a beam mask is required. The drawback of
this probe is that a deuteron breakup background is ex-
pected. It is, therefore, relevant to compare the quality
of the results obtained by inelastic deuteron scattering,
with those from inelastic alpha scattering described pre-
viously.

A. Background

In the 8Ni(d,d’)%Ni* reaction, the background is dom-
inated by deuteron breakup [14]. Indeed, considering
the charge resolution, it was not possible to distinguish
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FIG. 8. (Color online) (a) Monopole strength distribution in
58Ni resulting from MDA. (b) Same for dipole strength. (c)
Same for quadrupole strength.

scattered deuterons from inelastic scattering **Ni(d,d’)
and protons from deuteron breakup ®®*Ni(d,p). We have,
therefore, used the experimental cross section of deuteron
breakup on ®Ni in direct kinematics at 504 MeV [29] to
simulate and estimate this background. First, protons
are generated in direct kinematics, following the exper-
imental cross section, using a Monte Carlo simulation.
In a second step, these simulated events are transformed
from the direct to the inverse kinematics frame and then
to the c.m. frame. Finally, this deuteron breakup distri-
bution is corrected for efficiency, including geometrical

and reconstruction efficiency as described in section II.
Fig. 9 displays the simulated proton distribution coming
from the deuteron breakup as a function of the angle in
the c.m. and the excitation energy of %®Ni.

Gc.m.[deg]
o N JT o o

1 l 1 1 l L1
0 10 20 30
E*(*Ni)[MeV]

FIG. 9. (Color online) Proton distribution coming from the
deuteron breakup on ®®Ni, corrected for efficiency.

The breakup contribution is maximum around an ex-
citation energy of 10 MeV and around 6. ,, = 5°, which
is not the region of interest for isoscalar giant resonances.
This breakup background is normalized to the data, by
maximizing its contribution without exceeding the phys-
ical data. It should be noted that since the deuteron
breakup angular distribution is known, only one normal-
ization factor, obtained at 6. ,,,. = 6.5° where the breakup
background fits the experimental data, was necessary.

B. Fitting analysis

The fitting methods described for the *®Ni(a,a’)%®Ni*
reaction have been applied in the same way to the
68Ni(d,d’)*®*Ni* reaction. Fig. 10 (a) displays the global
excitation-energy spectrum corrected for efficiency and
fitted with a linear combination of several resonances
and the simulated background. The fit of the elastic
peak gives a resolution around 3 MeV FWHM and for the
same reason as for the 8Ni(a,a’)%8Ni* experiment, it is
only an upper limit. Because of the smaller acceptance
in excitation energy for the ®®*Ni(d,d”)%¥Ni* reaction, we
distinguish only three structures instead of the four ob-
served in Fig. 5, the large structure around 26 MeV is
missing. The excitation-energy spectrum has also been
fitted in the same way at different angles of 2.5°, 3.5°,
4.5° and 5.5° in the c.m. frame (Figs. 10 (b) to (e)).

Three resonances are identified at 12.6, 15.4, and
20.8 MeV (Table I). In the same way as in section II1.B,
one can evaluate the multipolarity of each resonance by
studying the evolution of its area as a function of the
angle in the c.m. frame. The resonance at 12.6 MeV



Do B (@)
= 1
< 2000 .
i) ]
€ 1000 =
S 1 ~
8 ol L=0
0 5 10 15 20 25 —_———L=2
E*(68Ni) [MeV] Background
A00 [ T T T T T T T T T T T T T T
i b) Bcjm.=2.5°T c) Bc.m.=3.59]
00k (b) Bcm T (c) Bc.m ]
200 -+ -
%} L N i
S 1001 -+ -
a4 I L 8
@ O e e R Fhi AR RAERR RN
S T i e) Bc.m.=5.5%]
3 300~ — (e) Be.m -
ot B
200 -
100 -
0 G510 15 20 25 0 5 10 15 20 25
E*(68Nii) [MeV] E*(68Ni) [MeV]
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%8Ni obtained in the %®Ni(d,d”)*®Ni* reaction, for all angles
deduced from the deuteron kinematics and corrected for ef-
ficiency. The subtracted background is represented with a
green dot-dot-short-dashed line. The resonances resulting
from the fits are represented with a red solid line (L = 0),
and with a blue long-dashed line (L = 2). The solid black
line corresponds to the sum of all contributions. Figs. (b) to
(e) show the same fit at different angles in the c.m. frame,
from 2.5° to 5.5°.

and the one at 20.8 MeV are fitted in Fig. 11 assuming
an L = 0 multipolarity (DWBA), and the resonance at
15.4MeV with an L = 2 multipolarity. The angular dis-
tribution for the resonance at 15.4 MeV is not presented
because the fit is not conclusive, since all the points are
associated with large errors bars and are almost compat-
ible with zero. Due to the flat behavior of the L = 2
angular distribution (Fig. 1), it is not possible to dis-
entangle it from the background. It has been concluded
that the ®®Ni(d,d")®Ni* experiment is not sensitive to the
ISGQR. More generally, because of the low statistics and
the small angular coverage, it is difficult to draw strong
conclusions in the case of the (d,d’) results, but the an-
gular distributions for both the resonances at 12.6 MeV
and at 20.8 MeV match the L = 0 shape, in agreement
with the (a,a’) results.
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FIG. 11. (Color online) (a) Experimental angular distribution
extracted for the resonance at 12.6 MeV and fitted assuming
an L = 0 multipolarity. (b) The same for the resonance at
20.8 MeV.

C. MDA

The MDA has also been performed in the case of the
68Ni(d,d”)%®Ni* data. The fit of the angular distribution
for each slice of 2 MeV of excitation energy has been per-
formed with a linear combination of the breakup back-
ground, an L = 0 and an L = 2 contribution. This exper-
iment is not sensitive enough to add an L = 1 multipo-
larity, unlike in the %8Ni(a,a”)%¥Ni* experiment. Fig. 12
displays the MDA for all the slices of 2MeV wide be-
tween 10 and 24 MeV. Over the full range of excitation
energy, the L = 2 contribution is negligible compared to
the L = 0, confirming what has been observed in the fit-
ting method. At low energies, especially around 11 MeV,
the data points are not well fitted, possibly due to the
presence of L = 1 strength in this region which is not
taken into account.

Fig. 13 displays the monopole strength of %Ni ob-
tained from the %®Ni(d,d’)%¥Ni* reaction. Even if
this analysis is not straightforward, an increase of the
isoscalar monopole strength around 21 MeV emerges
which confirms the observations of the %®Ni(c,a’)58Ni*
experiment, and the results of the fitting method for
O8Ni(d,d’)*®Ni*. It can also be noted that there is a weak
broad structure between 14 and 18 MeV, in the same re-
gion where the soft isoscalar monopole mode is observed
in the 8Ni(a,a”)%Ni* experiment.



' (b) [12-14] MeV/

———— e —— —_

i) | | e
= (d) [16-18] Me\/
3 3
s
o, 10k E
g .
8 10'12 | : \: |
(e) [18-20] Me (f) [20-22] MeV.
102§ B

s

(0) [22-24] MeV

/

L=0 .
———L=2 10 2 4 6 8 10
Background ec_m_[deg]

FIG. 12. (Color online) Experimental ®*Ni angular distribu-
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V. DISCUSSION

The ISGR in %¥Ni have been measured through
two inelastic scattering reactions ®*Ni(a,a’)*®*Ni* and
68Ni(d,d’)*®Ni* using the active target MAYA as a de-
tector. The active target MAYA was successfully used
with a mixture of (He+CFy4) to measure the inelastic «
scattering, and with Dy to measure inelastic deuteron
scattering, both in inverse kinematics. The statistics
were higher for the a-scattering measurement than for
the deuteron-scattering measurement. This is explained
by a larger cross section, and mainly by the pressure and
high voltage conditions used, allowing for a better am-
plification in (a,a’) than in (d,d’). The statistics in the
68Ni(d,d”)%®Ni* experiment, the angular and excitation-
energy coverage and resolution are too limited to provide
conclusive results. As a consequence, the %®Ni(d,d”)%®Ni*
is considered here more as a cross check of what has been
observed in the 8Ni(a,a”)%Ni* experiment, than as an
independent analysis. The final results on the ISGR in
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FIG. 13. (Color online) Monopole strength distribution re-
sulting from MDA.

68Ni are deduced from the analysis of ®®*Ni(a,a’)*®Ni*
scattering experiment.

The two complementary analyses, the fitting method
and the MDA, in the ®Ni(a,a”)%¥Ni* experiment allow
to identify ISGMR strength. The dominant component
is observed at 21.1 MeV, and the L = 0 multipolarity is
clearly identified both from the angular distribution of
the fitted peak and in MDA. This result has been con-
firmed by the %Ni(d,d")%®Ni* experiment. The ISGQR is
measured at 15.9MeV by the fitting method. However,
it seems to be mixed with ISGDR strength, so that it is
possible that the evaluated error bar of 1.3MeV on its
centroid is underestimated. The ISGQR is not observed
in the %Ni(d,d")%®Ni* experiment. It should be noted
that the shape of the angular distribution is less charac-
teristic for the ISGQR than that for the ISGMR, which
makes its separation from the background and the mul-
tipolarity assignment less certain than for the ISGMR.
A possible indication of a soft isoscalar monopole reso-
nance is found at 12.9 £ 1.0 MeV, in the fitting method
in %Ni(a,a’)%Ni* reaction. The presence of L = 0
strength in this energy region is confirmed by the MDA
in the %®Ni(a,a’)®Ni* and %®Ni(d,d’)**Ni* experiments.
However, the MDA in ®Ni(a,a’)®®Ni* also shows that
isoscalar dipole strength is mixed with the soft monopole
in this energy region. It is the first time that indications
of the ISGDR are observed in an unstable nucleus. MDA
in %Ni(a,a’)%®Ni* yields some isoscalar dipole strength
around 15MeV and between 18 MeV and 24 MeV. This
is reasonable according to the large spreading of isoscalar
dipole strength predicted in reference [10]. Following the
one presented in this paper, a dedicated experiment to
measure the ISGDR in an unstable nucleus (°°Ni) has
been performed at GANIL with the same setup [31]. Ta-
ble I presents a comparison between the results of the
two present experiments and the other results for the Ni
isotopic chain.

In Ref. [30] presented in Table II, the ISGDR in °Ni
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N BN ONi 92Ni SN BN
5ONi(d,d’)*Ni* 8 Ni(a,a’) 8 Ni* SONi(a,a)°Ni* | 92Ni(a,0’)%2Ni* | **Ni(a,a’)**Ni* | ®Ni(a,a’)®Ni*  ®Ni(d,d’)*®Ni*
[14] 30] (32] 130] 133] (33] This work
soft ISGMR. E. (MeV) Fit®® 129+ 1.0|Fit 12.6 +0.3
Ec (MeV) MDA 14.3+0.5
ISGMR E. (MeV) ||Fit 19.5|Fit  18.43 +£0.15 Fit  17.62+0.15 Fit  21.1+1.9|Fit 20.8+0.6
EWSR (%) 827yt 67152
E. (MeV) ||[MDA 19.3 +£0.5|MDA  19.20%0:13 | MDA 19.9707|MDA  18.04%0:3) MDA 234+14
EWSR (%) 136 + 27 85713 92+4 82713
ISGDR E. (MeV) Fit  17.4240.25 Fit  16.01 £0.20 Fit®® 12.9+1.0
peak 1 EWSR (%) 4+2 6+3
ISGDR Ec (MeV) Fit  34.06 £0.30 Fit 36111520 MDA?® 20.7 4+ 0.6
peak 2 EWSR (%) 86 + 12 120 + 16
Ec (MeV) MDA®  27.787037 | MDA 30.8717 |[MDA® 24.93 +0.46
EWSR (%) 68172 98+2 72417
ISGQR E. (MeV) ||Fit 16.5|Fit  16.64 +0.12 Fit  16.05 £ 0.12|Fit 15.81 + 0.40 |Fit 15.60 £ 0.30|Fit 159+ 1.3|Fit 154+ 1.6
EWSR (%) 81+ 10 71+10 78+ 14 90 + 16
E. (MeV) ||[MDA 16.2+0.5|MDA  16.317017 MDA 16.370:5 MDA 15.841518 MDA 17410
EWSR (%) 76 + 13 82+ 10 7343 71410

TABLE II. (Color online) Soft ISGMR, ISGMR, ISGDR and ISGQR centroids and EWSR measured along the Ni isotopic
chain. The unstable nuclei are highlighted in gray, corresponding to reactions studied in inverse kinematics with the active
target MAYA. “This MDA includes peak 1 and peak 2 of reference [30] and the full [11-29 MeV] range without distinction of
peak 1 and 2 for the present experiment. “°This resonance mixes L = 0 and L = 1 contributions.

and in %°Ni is found fragmented, whereas the ISGQR is
well fitted with a Gaussian function. These two typical
shapes for ISGDR and ISGQR are also observed in our
68Ni experiment. In the same reference, the ISGMR is
observed with a tail at high energy in °®*Ni and °Ni. This
asymmetry of the ISGMR is typical of nuclei in this mass
region but the ISGMR measured here in ®®Ni is more
fragmented than what is observed for stable nuclei. In
addition, the centroid of this ISGMR in %8Ni is located at
higher energy than what is expected along the Ni isotopic
chain, but also associated with large error bars.

The widths derived from the fitting method for the
68Ni(a,a’)%® Ni* experiment are extracted with large un-
certainties. This is mainly due to the evaluation of the
background, and to a lesser extent to the limited statis-
tics. As the background is maximized in order to make
sure that the background subtracted data obtained above
are really physical, the widths of the resonances are ar-
tificially decreased. Widths are less straightforward to
extract than centroids and this is a clear limitation of
the technique used in this experiment.

More generally, the present experiment lies at the limit
of what is possible to study in ISGR with this setup.
In %8Ni, the isoscalar monopole and dipole strengths are
much more fragmented than in stable nuclei. Due to the
present excitation energy resolution, resonances in the
same region overlap and it becomes delicate to separate
their contributions using the fitting method. Moreover,
the use of MDA raises a significant issue, i.e. how to an-
alyze the strength in an energy region where RPA tran-
sition densities for the soft modes are not predicted, in
contrast to the Giant Resonance case?

VI. CONCLUSION

We have studied the ISGR for the first time in the
unstable neutron-rich nucleus ®*Ni. This work has been
performed by studying the two inelastic scattering re-
actions %®Ni(a,a’)%Ni* and %*Ni(d,d’)’®Ni* in inverse
kinematics, and using a dedicated detector, the active
target MAYA. The ISGMR, has been found fragmented
with a fragment clearly identified in both reactions at
21.1MeV. The ISGQR has been measured only in the
%8Ni(a,a’)%8Ni* experiment at 15.9MeV. For the first
time, a possible indication of a soft monopole mode
around 13-14 MeV and of an isoscalar dipole strength in
the same region has been obtained as well as isoscalar
dipole strength in the 18-24MeV region. These are
promising results for the physics of ISGR in exotic nuclei.

Several issues owing to the limitation of the detection
setup for low-energy recoiling particles have been raised,
i.e. the energy and angle resolutions, recoiling particle
trajectories close to the beam trajectory, the complex
strength distribution pattern expected in exotic nuclei
and the extraction of resonance widths. This points to-
wards the necessity of an upgrade of active-target setups,
as well as alternative methods such as storage ring with
windowless gas-jet target and detector telescopes [34].
The next generation of active targets, based on more re-
cent technologies like gas electrons multiplier (GEM) [35]
or micro mesh gaseous (MICROMEGAS) detector [36],
and associated with high granularity pad plane, will per-
mit to increase the efficiency. In particular, a better reso-
lution will be obtained for short tracks, which correspond
to small angles in the c.m. frame, where the cross section



is higher and the angular distribution is more characteris-
tic for a given multipolarity. So, it will offer a better sen-
sitivity to the different multipolarity contributions. The
pad plane will be connected to a new generation electron-
ics, that will allow to connect a large number of channels
and have a more selective trigger. Several active targets
encompassing such developments are being constructed
worldwide [28, 37-39], which promise a bright future for
ISGR studies of nuclei far from stability.
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