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Interplay between single-particle and collective excitations in argon isotopes populated
by transfer reactions

S. Szilner,! L. Corradi,? F. Haas,? D. Lebhertz,? G. Pollarolo,* C. A. Ur,” L. Angus,6 S. Beghini,S M. Bouhelal,? R. Chapman,6
E. Caurier,? S. Courtin,? E. Farnea,’ E. Fioretto,? A. Gadea,>” A. Goasduff,? D. Jelavié-Malenica,' V. Kumar,® S. Lunardi,’
N. Mirginean,?® P. Mason,’ D. Mengoni,>® G. Montagnoli,” F. Nowacki,? F. Recchia,’ E. Sahin,>2 M.-D. Salsac,>’

F. Scarlassara,’ R. Silvestri,? J. F. Smith,® N. Soié,! A. M. Stefanini,? and J. J. Valiente-Dobén>

'"Ruder Boskovié Institute, HR-10002 Zagreb, Croatia

2INFN - Laboratori Nazionali di Legnaro, I-35020 Legnaro, Italy

3IPHC, CNRS/IN2P3 and Université de Strasbourg, F-67037 Strasbourg Cedex 2, France
4INFN and Universita di Torino, I-10125 Torino, Italy
SINFN and Universita di Padova, I-67037 Padova, Italy
School of Engineering, University of the West of Scotland, Paisley PAl 2BE, United Kingdom
TIFIC, CSIC-Universidad de Valencia, E-46071 Valencia, Spain
8Horia Hulubei National Institute of Physics and Nuclear Engineering, RO-77125 Bucharest-Magurele, Romania
9CEA, Centre de Saclay, IRFU/SPhN, F-91191 Gif-sur-Yvette, France

(Received 23 February 2011; published 25 July 2011)

New y transitions have been identified in argon isotopes in **Ar + 2%Pb multiple transfer reactions by
exploiting, in a fragment-y measurement, the new generation of magnetic spectrometers based on trajectory
reconstruction coupled to large y arrays. The coupling of single-particle degrees of freedom to nuclear vibration
quanta was discussed. The interpretation of the newly observed states within a particle-phonon coupling picture
was used to consistently follow, via their excitation energies, the evolution of collectivity in odd Ar isotopes. The
proposed level schemes are supported by the results of sd-pf shell-model calculations, which have been also
employed to evaluate the strength functions of the populated states.
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I. INTRODUCTION

A significant amount of experimental data on heavy ion
transfer reactions collected in the last decade have been shown
to be quantitatively described in the reaction model which
includes elementary degrees of freedom, surface vibrations,
and single particles [1]. It is through the excitation of the
elementary modes that energy and angular momentum are
transferred from the relative motion to these intrinsic degrees
of freedom and that mass and charge are exchanged among the
two partners of the collision. This exchange leads to the pop-
ulation of moderately neutron-rich nuclei [2] in the region of
the nuclear chart where challenging aspects in the behavior of
the nuclear structure have been foreseen [3]. The revival
of transfer reaction studies benefited from the construction
of the new generation large solid-angle spectrometers based
on trajectory reconstruction that reached an unprecedented
efficiency and selectivity. The coupling of these spectrometers
with large y -ray arrays allowed the identification of individual
transitions and excited states, their population pattern, and
decay modes via particle-y coincidences (see, e.g., [4—10] and
references therein).

The coupling of single-particle degrees of freedom to
nuclear vibration quanta is essential for the description of many
basic states in the vicinity of closed shells. The effects of such
coupling are largely unexplored, in particular, whether and to
what extent a population of states of particle-phonon nature is
present in isotopic chains reached via multiple-particle transfer
mechanism. In this work we address this question through
studies of argon isotopes populated by the neutron pick-up
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reactions in “°Ar + 2%8Pb. Results will be discussed within
the sd—pf large-scale shell-model calculations. The strength
functions calculated in the shell-model framework will be used
to infer on the structure of the strongly populated states.

II. EXPERIMENT AND DATA ANALYSIS

An “°Ar beam was extracted by an ECR ion source and
accelerated by means of the superconducting ALPI accelerator
of the Laboratory Nazionali di Legnaro at Ep,, = 255 MeV
onto a 300 ug/cm? 2%Pb target. Projectile-like fragments
have been identified with the large solid-angle magnetic
spectrometer Prisma [11] placed in the vicinity of the grazing
angle (61, = 54°). We here briefly recall the Prisma detector
system. A position-sensitive microchannel plate detector [12]
is placed at the entrance of the spectrometer, providing a start
signal for time-of-flight measurements and position signals.
Ions pass through the optical elements of the spectrometer
(a quadrupole and a dipole) and enter a focal plane [13] which
is made of a parallel plate of multiwire type, providing timing
and position signals with resolutions similar to the entrance
detector. At the end of the focal plane is located an array
of a transverse field multiparametric ionization chambers,
providing nuclear charge (via AE) and total energy (E). The
described detector system gives all the necessary information
for the complete ion identification, which is performed via
an event-by-event reconstruction of the trajectory inside the
magnetic elements [14].
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FIG. 1. Mass distribution of argon isotopes populated in
YOAr + 208Pp at Ej = 255 MeV and at 6, = 54° in coincidence
with y rays. A mass resolution of AA/A ~ 1/160 was obtained. The
insert displays the same mass distribution in logarithmic scale.

To illustrate the achieved mass resolution the mass dis-
tribution of argon isotopes populated by neutron transfers
was plotted in Fig. 1. One sees the dominance of neutron
pick-up channels with a weaker population of neutron stripping
channels, as expected from optimum Q-value arguments. In the
neutron pick-up sector the yield drops almost by a constant
factor by each transferred neutron as an independent particle
mechanism would suggest [15]. The dependence of the yields
on the number of transferred neutrons is very similar to
the ones observed in other studied systems [1,16,17]. In the
present case a deeper insight may be achieved by measuring
the individual y-ray transitions and thus to study how the
relevant degrees of freedom acting in the reaction dynamics
define the final single excited state distributions. We remind
that the secondary fragments are detected and therefore the
final isotopic distribution is affected by evaporation processes.
These processes influence more significantly the neutron
stripping channels [16,17], thus, in the forthcoming analysis
we focus on neutron pick-up channels.

The y rays were detected with the Clara array [18], which
consists of 24 HP-Ge clover-type detectors situated in the
hemisphere close to the target and opposite Prisma. The total
photopeak efficiency is of the order of 3% for E = 1.33 MeV.
The fragment-y coincidence obtained from the coupling of
Clara with Prisma allows us to attribute to each specific
reaction product its characteristic y rays. Doppler correction
is obtained from the knowledge of the reconstructed velocity
vector, with typical y-ray energy resolutions of 0.6%—0.9%
over the whole velocity distribution.

The y spectra of 40414243 Ar corresponding to the On, +1n,
+2n and +3n channels, respectively, have been plotted in
Fig. 2. The strongest observed transitions and new transitions
that have been identified in this work, (9/27 — 7/27),
(11/2= — 7/27) in #'Ar and “*Ar, and (67 — 47) in A,
will be discussed in more detail in the following sections.
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FIG. 2. Doppler corrected y -ray spectra for “>41:4243 Ar populated
in “ Ar + 2%8Pb by detecting the On, +1n, +2n, and +3n channels in
Prisma and the coincident y rays in Clara. The strongest transitions
are marked in the figure, with the spin and parity as listed in Ref. [19].
New transitions that have been identified in this work, (9/27 —
7/27),(11/2= — 7/27)in*' Ar and ®*Ar, and (6* — 47) in *>Ar, are
listed in more details in Table I, together with the here preferentially
assigned spin 4* for the 2413-keV state in *Ar[(3~, 4%) in Ref. [19]].
The label “Pb” refers to the wrongly Doppler corrected y rays of the
heavy partners.

III. POPULATED STATES AND SHELL-MODEL
CALCULATIONS

A. Structure of even Ar isotopes

In “°Ar the strongest observed transitions are from 2%, 4T,
and 6% yrast states, with a very strong population of the 27
state. In addition to them, we also observe a weaker feeding
of the 3~ state and of the nonyrast 2+ and 0% states.

The strong line at 1208 keV dominates the +2n channel.
In addition to this line we also observe lines at 1150.4(3),
1277.5(3), and 1887.5(6) keV. From the adopted levels of
2Ar [19] we recognize the 1278- and 1888-keV transitions as
the nonyrast 25 — 2 and 47 — 2 transitions, respectively.
Invoking the particle-y -y coincidences depicted in Fig. 3 for
the region around 1200 keV, we attributed the observed y rays
to the de-excitation of the 2%, 4T, and 6" yrast sequence,
with excitation energies of 1208.4(6) keV, 2413(1) keV,
and 3563(1) keV, respectively. [In Ref. [19] the level at
2414.0(6) keV is given as (37,4%), where (¢, p) studies
have preferences for 4*]. The y rays of the transitions
21 — 0f, and 4 — 2] have very similar energies, which
have been extracted from the particle-y-y spectra as 1208(1)
and 1205(1) keV, respectively. From the intensity of y lines and
taking into account the y gated spectra, the 1150.4(3)-keV line
was attributed to the 6 — 4] transition. More details about
these states are presented in Table I. All these transitions,
according to our present attribution of spin and parity, are
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FIG. 3. y-ray spectra in coincidence with *?Ar zoomed in the
range of interest (top panel), and with additional gates (particle-
y-y coincidences) on 1205-1208-keV (middle panel) or 1150-keV
(bottom panel) transitions. The 1208(1)- and 1205(1)-keV lines are
in coincidence with each other, and at least one of them, probably
both, are in coincidence with the 1150.4(3)-keV line.

depicted in Fig. 4 together with the Ohw sd-pf large-scale
shell-model (SM) calculations [20,21]. The recently developed
SDPF-U effective interaction, with the valence space of the full
sd shell for the protons and the full pf shell for the neutrons,
was used. The results of SM calculations agree well with the
experimental energy spectrum, both for the observed adopted
transitions [19], and for the energies and spins of 41 and 6%
yrast states.

Looking at the spectra of the even argon isotopes we notice
the strong population of the 27 state. From the reaction model
we know that the excitation and transfer processes are mediated
by the well-known single-particle form factors for the fermion
degrees of freedom and by the collective form factors, for the
vibrational modes. By comparison of the measured and SM
calculated energy spectra we learned that the SM framework

TABLE I. New y transitions identified in the present work, and
some of the known transitions or levels according to Ref. [19] to
which additional information is added. The label A stands for the yet
unknown 7/2~ — 5/2~ transition in *Ar.

Isotope E, (keV) E; (keV) JT Ey (keV) J’}

HAr 1629.7(3) 1629.7(3) (11/27) 0.0 7/2~

1504.8(6) 1504.8(6) (9/27) 0.0 7/2-

2Ar 1150.403) 3563(1) 6%) 2413(1) (41
1205(1) 2413(1) 4+  1208(1) 2+

BAr 762.3(4) 7623(4)  (3/27) 0.0 5/2-

1527.4(5) 1527.4(5)+A (11/27) A (7/27)

1859(2)  1859(Q)+A  (9/27) A (7/27)
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FIG. 4. The experimental (left) and SM calculated (right) level
scheme of “*Ar, populated via +2n channel. Relative y-ray intensities
(left) are indicated by the width of the arrows. Only y transitions
observed in our measurement are plotted. The energy, spin, and parity
of levels, their branching ratios, and energy of transitions, where
known, are as in Ref. [19]. We propose (67) for the new state at
3563 keV, and the spin (4) for the 2413-keV state [(37,4%) in
Ref. [19]]. SM calculations for all positive parity states with the
energy up to 3323 keV are plotted (right).

describes well the observed energies, therefore we looked
more closely at the SM calculated wave functions and the
occupational probabilities for different orbitals, especially of
the ground states and 2% states. These states, as will be
demonstrated below, act as cores in the odd isotopes when
a neutron is added. The overlap of their wave functions with
the wave functions of the states in odd isotopes will be used
in the construction of the strength functions (see Sec. IV).
About 90% and 80% of squared amplitudes of these wave
functions are with the two and four neutrons in f/, for “*Ar
and *?Ar, respectively. The main component of the proton
configuration is (ds /2)6(s1 /2)2(d3 /2)2; it amounts to 75% and
55% for the 07 state, and 71% and 49% for the 27 state in “°Ar
and *?Ar, respectively. With the addition of neutrons a single
s1/2 proton promotes to the dz/, orbital. When moving from
“Ar to *?Ar the occupation probability of s1/, decreases by
8%. The growing importance of this proton configuration [i.e.,
(s12)'(d32)*] is related to the characteristic of the SDPF-U
interaction which causes a narrowing of the gap between the
s1/2 and d3/, proton orbitals [21], when going toward more
neutron-rich argon isotopes. In our SM calculations within
sd-pf space, the depletion of s;,, strongly contributes to the
increase of collectivity in the Ar isotopes with neutron number
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FIG. 5. The experimental and SM calculated level scheme of ' Ar
populated via the +1n channel for positive parity states (left), negative
parity states (middle), and calculated (right) are plotted. Relative
y-ray intensities (left and middle) are indicated by the width of the
arrows. Only y transitions observed in our measurement are plotted.
The energy, spin, and parity of levels, the branching ratios, and the
energy of transitions, when known, are as in Ref. [19]. For the new
levels we propose the following assignments: (9/27) and (11/27).
SM calculations for all negative parity states with the energy up
to 2119 keV are plotted (right). Positive parity states could not be
generated in the chosen 0fiw valence space.

from 20 to 28. In the following we will discuss in more details
how this evolution could be followed also in the odd argon
isotopes.

B. Structure of odd Ar isotopes

In “'Ar, one-neutron pick-up channel, the negative parity
low-lying 3/2, state with a pronounced single-particle char-
acter, is strongly populated (see Figs. 2 and 5). In addition to
the known y transitions of the low-lying states, we observe
a strong line at 1629.7(3) keV, which we attribute to the
population of the yet unknown 11/27 state. From particle-y-y
coincidences this line turns out not to be connected with other
observed lines, thus it is understood as a transiti(ln to the
ground state. A 1.64-MeV state was seen in the *’Ar(d, p)*' Ar
reaction [22] and attributed to a 3/2; state. However, this state
was weakly excited and the 3/2~ angular distribution was only
qualitatively reproduced by the DWBA calculations [22]. In
the present work SM calculations predict the 3 /25 state at the
much higher energy of ~3 MeV.

The 7/2 ground state of *'Ar is well described by a
neutron in the f7/, orbital. By coupling this particle state with
the 27, one expects a multiplet of states (3/27, ..., 11/27).
The reaction mechanism does not populate the components
of the multiplet uniformly but favors the high-spin stretched
configuration. At low bombarding energies the transfer process
maximizes the transferred angular momentum to allow a
good matching between the orbital angular momentum of the
involved states [23,24].

Thus we interpret the transition at 1629.7(3) keV in *' Ar
as the decay from the 11/27 to the ground state. This agrees
well with the SM calculation. On a similar basis, large angular
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FIG. 6. The experimental and SM calculated level scheme of +’ Ar,
populated via +3n channel for negative parity states (left and middle)
(being the absolute position of the 7/2~ unknown, only relative
position is indicated) and calculated in SM (right) are plotted. Relative
y-ray intensities (left and middle) are indicated by the width of the
arrows. Only y transitions observed in our measurement are plotted.
SM calculations for all negative parity states with the energy up to
2000 keV are plotted (right).

momentum transfer and SM calculations, the new observed
y transition of 1504.8(6) keV is tentatively attributed to the
9/27 — 7/27 decay. The new experimental results for this
isotope are also listed in Table I. A very good agreement
between the experiment and SM calculated negative parity
states, is reflected in a one-to-one correspondence between the
calculated and observed levels.

Available information about spin and parity of 43 Ar is very
scarce, coming solely from the 8~ decay study [25] and (p, p’)
reaction [26]. A recent measurement [27] performed via laser
spectroscopy sets the spin of the ground state as 5/27. In
the present work several new transitions have been identified,
which are depicted in Figs. 2 and 6. In odd Ar isotopes, with
neutrons filling the f7/2-ps/> shell, one sees a characteristic
pattern of three low-energy 7/27,5/27, and 3/2~ states. The
here observed 762-keV transition was previously in Ref. [19]
attributed to the decay of the (3/2]) state to the 5/2~ ground
state.

The expected 7/27 state is still missing. Very recently, in
“Be+%S fusion evaporation reaction a y ray of 201 keV was
reported [28] and attributed to the 7/27 — 5/2, transition

in $3Ar, as it could not be assigned to any other nucleus in
the fusion channels. A 200-keV transition should have been
observed in our particle-y measurement.

The (strong) line at 1527.4(5) keV is a good candidate
for the 11/27 to 7/2~ transition. The proton scattering mea-
surement [26] reported in “*Ar an excited state at 1.61 MeV,
which decays by a strong E?2 transition. The main conclusion
of Ref. [26] is that this is a negative parity state that is
dominated by a configuration where the valence neutrons
occupy the fp shell. Taking into account the main conclusion
of Ref. [26] and the new results of Ref. [25], we attribute for
this state a spin of 11/2 decaying via a 1527-keV transition.
The missing 7/27 — 5/2, transition should appear in a
low-energy region, below 100 keV. This agrees well with
the SM calculation, which predicts in “*Ar an inversion of
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the two lowest states, 7/27 and 5/27, which are almost
degenerated, within 17 keV. Thus, we attribute the 1527 keV y
ray to the 11/27 — 7/27 transition, with the 7/27 — 5/2, ¢
transition yet to be identified (labeled as A in Table I).
Looking at the wave function a similar argument holds for
the 9/2; state, which has a strong 2T ® f7/2 component,
very similar to 9/2] in *'Ar. Thus we tentatively attribute
the here observed 1859(2)-keV y ray to the 9/2, — 7/27
transition.

The low statistics for this channel did not allow one to
establish coincidence relationships between the observed y
lines, as was done for *' Ar and *?Ar. Nevertheless, the close
resemblance of the unknown energies with the attributed states
in other odd Ar isotopes, and with the respective even-even
cores suggest that the two transitions form the beginning
of a structure built on the 7/2~ state. The SM calculated
and here proposed assignment for 11/2~ agree well. As it
turns out, the unobserved SM calculated negative parity states,
have a weak single-particle contribution (1/2] and 5/2;), or
their single-particle contribution is very fragmented (3/2~
states). These will be discussed in more detail in the next
section.

IV. SINGLE-PARTICLE AND COLLECTIVE EXCITATIONS

To better understand the structure of states in argon isotopes,
we felt it would be interesting to calculate the strength
functions of the odd isotopes in the framework of SM by
using the Lanczos method and pivot states that corresponds
to the creation of neutron in vpy 2, vp3/2, vf7/2, and vfs5,, on
the 0 ground state of “°Ar (left top panels in Fig. 7) and
“2Ar (right top panels in Fig. 7). They have been calculated
through an iterative procedure, and using the overlap relation
between the obtained eigenstates of the SM Hamiltonian and
the pivot states [20,29]. The same procedure was applied to
calculate the strength functions of a neutron in vf7,,, coupled
t03/27,5/27,7/27,9/27,and 11/2~, on the 27 state of “°Ar
and **Ar (bottom panels in Fig. 7). Taking into account that
the two configurations plotted in the top and bottom panels of
Fig. 7 exhausted most of the strength of the low-lying 3/27,
5/27, and 7/27 states, we will explore in more detail what
is the dominant component of their wave functions. It turns
out that a large part of the 7/2; wave function in *' Ar can be
understood as 07 ® f5 /2, with a much weaker component of
27 ® f7)2. In the case of ¥ Ar, the 7/2" state, displays a more
equilibrated sharing between the 07 ® vf7, and 2T Q@ vf7,
components. The overlap between the wave functions of 5/27
and 2 ® f7 is very large, whereas most of the strength of
the 0t ® f5/, component is in 5/27 states with excitation
energies of ~5-6 MeV. The 5/2] state has a very weak
single-particle contribution. The top panels of Fig. 7 clearly
display a concentration of single-particle strength in 3/2, of
#I Ar. The single-particle strength is more fragmented in 4> Ar,
leaving the 3 /2] state as the one with the largest single-particle
strength. The strength function of the 1/2~ states shows that
their single-particle strength is fragmented over several 1/2~
states.
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FIG. 7. The strength functions SFSM(E) calculated in the SM
framework. They are displayed as percents of the strength function
sum rule integrals in each panel. The top panels display the strength
functions of the creation of a neutron in py,», p3/, f5,2, and f7,, on
the 0" ground state of “°Ar (left) and *?Ar (right). The bottom panels
show the strength functions of a neutron in f7/, coupled to the 2%+
state of “*Ar (left) and **Ar (right) for the states 5/2~, 7/2~, and
11/2-.

The bottom panels of Fig. 7 show a large concentration
of 2% of *°Ar and *?Ar coupled to the neutron in f;; in the
11/2~ states. The 11/2 state, with a dominant 2% @ vf7,
stretched configuration, should decay to the 7/2 state of the
dominant 0" ® vy /2 structure, with an E2 strength similar
to the one of the 2t — OV transition in A — 1 even isotopes.
This is supported by the SM calculated B(E?2) values; they
turn out to be 48.65 e*fm* and 70.27 ¢*fm* for 2 — 0. for

40Ar and **Ar, respectively, whereas for the 11/ 20 = T7/27
in “"Ar and “Ar they are 53.17 e*fm* and 85.40 ¢*fm?,
respectively. For B(E2) calculations the standard effective
charges e, = 1.5¢ and e, = 0.5¢ have been used. Of course,
SM predictions of E2 strength need to be validated by
experiments.

Here we make an attempt to understand the feeding of the
states populated via transfer mechanism from the study of
experimental yields. In Table II are reported the intensities
for different states in *! Ar and 43 Ar. Those for *! Ar have been
obtained by subtraction of the feeding from above in agreement
with the level scheme of Fig. 5. Those for **Ar, because of
poorer statistics (see Fig. 6), are just the measured intensities.
The intensity of each transition was normalized to the strongest
transition in each isotope, and corrected for the efficiency of the
y array. From Table II we see that the states with a pronounced
single-particle character are strongly excited by the transfer
mechanism (i.e., the 3/25 state in *' Ar and the 3/2; state in
#Ar). On the other hand, the 5/2; state in *' Ar, which has a
small single-particle component, turns out to have a negligible
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TABLE II. Experimental intensities of the populated excited
states, IPXP, for *' Ar and **Ar. In the case of *'Ar the intensities
have been obtained by subtractions of the feeding from above in
agreement with the level scheme presented in Fig. 5. In the case of
43 Ar, according to the level scheme presented in Fig. 6, no subtraction
was applied. The intensity of each transition was normalized to the
strongest transition in *! Ar and 43 Ar, and corrected for the efficiency
of the y array. Quoted errors take into account the statistic (*' Ar and
43 Ar) and subtraction procedure (*' Ar). The label A stands for the yet
unknown 7/2~ — 5/2~ transition in **Ar.

Isotope Jr E [EXP
(keV) (%)
41 Ar 12 2398 (1)
3/27 516 30(6)
3/25 1354 100(3)
9/27) 1505 8(1)
(11/2°) 1630 272)
BAr 3/2° 763 64(21)
9/25) 1859+A 37(15)
(11/2°) 15274A 100(16)

direct feeding at least within the relatively large errors of such a
procedure. We here remind that in this fragment-y coincidence
measurement we cannot extract the ground-state population,
but from Q-value matching conditions it is foreseen to be
strong.

In addition to the states of single-particle character, we
also see from Table II that for ! Ar we populate significantly
the 11/27 state, with about one-third of the strength of the
strongest populated single-particle state. As discussed before,
for this state the shell-model strength function calculations
point to a large concentration of 2% of “’Ar coupled to the
neutronin f7,,. On a similar basis we interpreted the 1527-keV
y in $Ar as the E2 transition from the strongly populated
11/2~ state. The population of these states is not unexpected
because the importance of the nuclear vibration quanta and
its coupling to the single-particle degrees of freedom was
recognized in the reaction model [30].

The properties of the particle-phonon states should be to a
large extent determined by the properties of the corresponding
phonon states. The comparison of the measured and SM
calculated energies for the 2™ and 11/2~ states of argon
isotopes in the range N = 20-28 is shown in Fig. 8.
An excellent agreement for all argon isotopes between the
experiment and SM is obtained. The figure clearly displays
that the evolution of the collectivity, in the even isotopes (2*
energies) and in the odd isotopes (11/2~ energies), is very
similar. This further corroborates the particle-phonon character
of these 11/27 states. Heavy-ion-induced transfer reactions
should populate states of similar character in more neutron-rich
isotopes. Argon isotopes with N > 28 have been populated in
238U4*8Ca reactions [34]. The observed transitions in *’Ar,
with 3/27 as a ground state, have been associated with the
low-lying (1/27), (5§/27), and (7/27) states, where the 7/2~
state was seen as the coupling of a ps;, neutron to 2* of
4 Ar. This situation is similar to *'Ar and “*Ar discussed
here, where the strongly populated 11/27 states have been
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FIG. 8. (Color online) Energies of the 2* and 11/2~ states of
argon isotopes with N = 20-28. Solid circles are SM calculated
energies, open squares are the adopted levels, whereas open triangles
correspond to the energies of 11/2~ in *! Ar and *3 Ar from the present
work. In the most recent compilation of the *3 Ar level properties [31],
a level at 1911(5) keV is reported to decay by 100% to the 7/2~
ground state. This level is a good candidate for the 11/2~ state in
this nucleus [32,33], and was added (cross symbol) for completeness.
Curves are here only to guide eyes.

described as the f7,, neutron coupled to the 2% states of “CAr
and “*Ar.

V. SUMMARY

Multinucleon transfer reactions have been investigated
in *Ar + 2%Pb via particle-y coincidences with the
Prisma+Clara setup. New states have been identified and the
strongly populated states have been discussed and compared
with SM calculations. In odd Ar isotopes, we reported, in addi-
tion to the excitation of the states of single-particle character,
a significant population of proposed 11/2~ states, reached via
neutron transfer. The structure of these 11/2~ states matches
a stretched configuration of the valence neutron coupled to the
vibration quanta. The properties of such states are closely con-
nected with the properties of the vibration quanta, allowing one
to follow the development of collectivity in odd argon isotopes,
a phenomenon widely discussed in even-even isotopes. The
individual state yield distribution in the final reaction products
reflects a strong interplay between single-particle and col-
lective degrees of freedom and the reaction dynamics. These
effects are expected to be important also for very neutron-rich
nuclei and the research using radioactive beams as a
probe.
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