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Spectroscopy of “’Ar by the (¢, p) two-neutron transfer reaction
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States in the N = 28 nucleus “*Ar have been studied by a two-neutron transfer reaction at REX-ISOLDE
(CERN). A beam of radioactive “*Ar at an energy of 2.16 AMeV and a tritium-loaded titanium target were used
to populate “° Ar by the *H(**Ar, p) two-neutron transfer reaction. Protons emitted from the target were identified
in the T-REX silicon detector array. The excitation energies of states in “°Ar have been reconstructed from the
measured angles and energies of recoil protons. Angular distributions for three final states were measured and
based on the shape of the differential cross section an excited state at 3695 keV was identified as J™ = 0*.
The angular differential cross section for the population of different states are compared to calculations using a
reaction model employing both sequential and direct transfer of two neutrons. Results are compared to shell-model

calculations using state-of-the-art effective interactions.

DOI: 10.1103/PhysRevC.93.044335

I. INTRODUCTION

Among the magic numbers which describe the shell
structure of atomic nuclei, 28 is the first main shell gap
created by the spin-orbit interaction. The 1 f;/, orbital gets
lowered in energy compared to the 1 f5,, orbital creating this
gap within the N = 3 major oscillator shell. The evolution of
the shell gap at 28 nucleons, both as a function of neutron and
proton number, is influenced by the nature of the spin-orbit
interaction. On the neutron-rich side of the valley of stability,
it was shown that other terms in the nucleon interaction also
play arole in determining the size of the N = 28 shell gap [1].
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Three-body forces have been successfully employed along the
Ca isotopic chain (Z = 20) to describe the high excitation
energy of the first 27 state in **Ca and the increase of the
N =28 gap between N =20 and 28 microscopically [2].
Evolution of the gap between the neutron sd shell and the 1 f7/»
orbital along the N = 28 isotones is influenced by the central
and tensor interaction between protons and neutrons [3]. Below
“8Ca a variety of features can be seen in the low-lying
excitations of the N = 28 isotones. These arise from the
subtle interplay of the forces, the breakdown of the N = 28
shell closure, and the proton subshell closures at Z = 16
(sulfur) and 14 (silicon). The B(E2; 2] — 0) value for **Ar
(Z = 18) was measured using Coulomb excitation at interme-
diate energies [4—6] as well as extracted from the measured
lifetime [7] giving conflicting results. The value determined
in the Coulomb excitation experiments (B(E2; 2f — O;'S =
39(8) e*fm* [4], 44(6) e*fm* [5], and 54(5) e*fm* [6]) points
to a moderate deformation and collectivity in “°Ar consistent
with the expectation for a semimagic nucleus. This is supported
by time-dependent Hartree-Fock-Bogoliubov calculations [8]
that link the increase in collectivity with respect to **Ca to a
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quenching of the N = 28 shell gap. Shell-model calculations
on the other hand favor the result of a larger B(E2) value
as determined by the lifetime measurement (B(E2; ZT —
0;) = 1141'?; e*fm* [7]). The neutron single-particle energies
of the 2p3,, 2piy2, and 1f5,, orbitals in 4TAr have been
extracted from a (d, p) transfer reaction and compared to *’Ca
the N = 28 shell gap is reduced by 330(90) keV [9]. Mass
measurements also show a strong gap at N = 28 [10] and the
separation energies are well described by calculations using
the SDPF-U [11] and SDPF-MU [12] effective interactions.
Below “°Ar the nucleus **S exhibits a low-lying excited 0
state [13] which was interpreted as a sign of shape coexistence.
Measurements of other low-lying states [14] as well as
configuration mixing calculations suggest an erosion of the
N = 28 shell closure rather than shape coexistence [15]. 2si
has a very low firstexcited state [ 16] and the Ry, ratio indicates
well-developed deformation [17]. Shell-model calculations
predict that this nucleus is oblate in its ground state [11,12].
The single-particle structure of *Ar and its neighbors
was studied in several experiments. Spectroscopic factors
extracted from neutron removal reactions from *°Ar to *3Ar
gave consistent results both in transfer [18] and knockout
reactions [19]. These experiments show that the ground state
of “Ar is dominated by a f; /2 configuration. Spectroscopic
factors extracted from the study of the N = 27 isotope *>Ar
by a one-neutron (d, p) transfer reaction also agree with
shell-model results [20]. These results suggest that the N = 28
shell gap is still pronounced in *°Ar. Even though the first
excited state in ®Ar J* =3 /2~ is located only at 542 keV,
the spectroscopic strength is larger for the second excited 3 /2~
state at 1416 keV. The low 3/2; state has likely a complicated
structure, involving also proton excitations [20] and can
therefore not be regarded as a sign of a reduced shell gap.
The B(E2; 2f — Ogs) as determined by intermediate beam
energy Coulomb excitation is somewhat small [4-6], a result
in disagreement with the shell-model calculations [11,12,21]
as well as calculations using the generator coordinate method
with the Gogny D1S interaction [22]. The latter calculations
predict a coexistence of spherical and deformed states at low
excitation energy. The collective wave function calculated for
both the 03 and 05 states show a mixture of oblate and prolate
components, on average this leads to a slightly oblate Ogs and

prolate 03 at ~2.75 MeV [22]. A relatively low-lying excited
0" state is also predicted by the shell-model calculations at
around 3 MeV (see Fig. 6). Experimentally, excited states
beyond the 2] state were observed in in-beam experiments. In
a proton inelastic scattering experiment [23] a candidate for
a 3~ state at 4982 keV and several unassigned states around
4 MeV were found. Candidates for O; s 23“ , and 4;“ states
were found in fragmentation reactions [24]. The O;’ state was
located at 2710 keV and tentatively assigned only based on the
observation of a 1140-keV transition in coincidence with the
2;“ — 0; transition and the comparison to calculations. From
shell-model calculations in Ref. [24] using the interaction of
reference [25] the 0" ground state is dominated by a 0p-0h
configuration. The first excited 0" state on the other hand has
a 2p-2h structure with two neutrons predominantly located in
the 2p3/, orbital above N = 28.
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In this work the structure of low-lying states in “°Ar was
studied by a (¢, p) two-neutron transfer reaction in inverse kine-
matics. Two-neutron transfer reactions are an excellent tool to
study the nature of 0" states caused by neutron excitations. The
angular distribution of protons from the reaction is indicative of
the transferred angular momentum of the reaction. Therefore,
0" states can be identified unambiguously. Furthermore, the
cross section of the two-neutron transfer reaction depends
on the details of the wave functions of the states involved,
allowing for precise testing of theoretical models.

II. EXPERIMENTAL SETUP

The experiment was performed at the REX-ISOLDE facil-
ity at CERN [26]. Radioactive **Ar nuclei were produced by
impinging the 1.4-GeV proton beam from the PS booster onto a
thick uranium carbide (UCy) target. To reduce contamination
from carbon dioxide CO, at the same mass number 44 the
primary target was heated before the experiment. Argon
as a noble gas is volatile, emerging easily from the thick
target material through a cooled transfer line to remove less
volatile contaminants. A forced electron beam induced arc
discharge (FEBIAD) ion source [27] was used to achieve a
high ionization efficiency for the 14 charge state of **Ar.
After acceleration to 30 keV the beam is sent through
the high resolution separator (HRS). The HRS provides
sufficient resolution to discriminate between **Ar* and the
remaining COEL . Doubly charged *Kr?* could not fully be
separated and remained in the low energy beam. After mass
separation, a radio frequency quadrupole cooler and buncher
were employed to improve beam emittance. Ions were then
accumulated and bunched in the REX trap for 60 ms before
transportation to the electron beam ion source REX EBIS
for charge breeding. For the **Ar ions a maximum in the
charge state distribution at ¢ = +13 was achieved in 59-ms
charge breeding time. Before acceleration in the REX linear
accelerator the ions are separated by their mass to charge
ratio A/q. The charge state distribution of 33Kr is sufficiently
different such that an A/q selection of 3.3846 provided a
clean beam for the experiment. Selecting a charge state of
g = +13 also eliminated contamination from the >*Ne buffer
gas used in the EBIS. The ions were accelerated by the REX
LINAC consisting of an RFQ, an IH structure, three seven-gap
resonators followed by a nine-gap resonator. For the present
experiment the beam energy was limited to 2.16 AMeV, to
avoid fusion reactions with the target carrier material, therefore
the nine-gap resonator was not used.

The **Ar beam at an average intensity of 2 x 10°/s was
then sent to the experimental station where it impinged on a
tritiated titanium foil. The target itself is a 4.5-mm wide strip
of titanium foil with a thickness of 0.5 mg/cm?. The titanium
is loaded with tritium at an atomic ratio of 1.3 tritium atoms per
titanium atom, corresponding to an effective tritium thickness
of 36 ;ug/cm?. The target was the same one used in Ref. [28]
and the decay of the tritium had reduced the effective thickness
since its production in October 2010. Light reaction partners
emerging from the target were detected and identified using
the T-REX silicon detector array [29]. The array consists of
two boxes of 140-um thick silicon strip detectors to measure
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the energy loss of light particles backed by I-mm thick
unsegmented silicon detectors for total energy measurement.
In the most backward direction a double-sided annular silicon
strip detector was mounted. The detectors cover 65% of the
solid angle around the target. Recoil protons, deuterons, and
tritons from elastic and inelastic scattering as well as transfer
reaction channels are identified by their characteristic energy
loss in the thin first layer of the detector stack through the
AE-E method. In backward direction the energy of protons
is not sufficient to punch through the first layer of silicon,
however, the second layer can be used to discriminate protons
from electron from S decay of beam particles accidentally
stopped in the chamber. The efficiency and acceptance of the
array was modeled using a GEANT4 [30] simulation of the
setup [29]. The silicon array is surrounded by the MINIBALL
germanium detector array [31]. MINIBALL consists of 24
high purity germanium crystals, each sixfold segmented for
improved granularity, allowing for better Doppler correction
of detected y rays. Energy and efficiency calibrations were
performed using standard calibration sources.

III. DATA ANALYSIS

Light, charged recoil particles, protons, tritons, and
deuterons were identified using the energy loss AE and total
kinetic energy E measurements in the two layers of the
T-REX silicon detectors. For particles stopped in the AE layer
additional kinematic cuts have been applied. In laboratory
backward direction both protons and deuterons have kinetic
energies below the identification threshold; they are stopped
in the first layer, and therefore no particle identification is
possible. However, the kinetic energy of deuterons following
the (¢, d) reaction is very low. Therefore, a condition on
scattering angle and particle energy can be used to eliminate
deuterons in the spectrum.

The spectrum in Fig. 1 shows the excitation energy of *6Ar
reconstructed from the proton angle and kinetic energy.

In addition to a strong population of excited states around
5 MeV (see below for details) three peaks are observed in the
excitation energy spectrum. They correspond to the ground
state of *°Ar, the known first excited 2% state at 1554 keV,
and a previously unknown state at an excitation energy of
3660(60) keV.

Figure 2 shows the Doppler corrected y-ray energy
spectrum for “°Ar assuming a scattering angle of 0° in the
laboratory system for “°Ar.

The transitions at 1554, 2318, 2518, and 2707 keV have
been previously observed [23,24]. A transition at 1153 keV,
corresponding to the decay of the previously assigned 05
state [24] was not observed. Newly observed are the transitions
at 2141 and 3590 ke V. The statistics are not sufficient fora y -y
coincidence analysis, but the analysis of the excitation energy
spectrum shows that all transitions feed the first excited state
and no other state below 4 MeV was observed in Fig. 1. Fig-
ure 3 shows the excitation energy of “ Ar reconstructed from
the proton angle and kinetic energy measured in coincidence
with the strongest y -ray lines observed in Fig. 2.

The spectra have been fitted with a Gaussian function,
and the resulting mean excitation energy agrees with the one
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FIG. 1. Excitation energy of *®Ar reconstructed from the proton
angle and kinetic energy. The data are fit with an exponential
function representing the continuum of highly excited states and
Gaussian functions corresponding to states in “°Ar. (a) Shows the
most backward angles in the laboratory system, where the resolution
is best. (b) Also includes more forward angles, where the known 2+
state at 1554 keV is more pronounced. Because the excitation energy
resolution depends strongly on the scattering angle, the fit is only
used to extract the mean position of the peaks, not the cross section.

determined from the sum of y-ray energies within the error.
Figure 3(a) shows that the main contribution to the 2% state
comes from indirect feeding through excited states between 3
and 6 MeV. A gate on the 2141-keV transition reveals a single
state at an excitation energy of 3670(100) keV [Fig. 3(b)]. This
state corresponds to the previously discussed state of Fig. 1 at
3660(60) keV. From the sum of y-ray transition energies the
excitation energy of this state is determined to 3695(4) keV.
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FIG. 2. Doppler corrected y-ray energy spectrum measured in
coincidence with recoil protons identified in T-REX. All proton angles
have been included. Transitions are labeled by their energy in keV.
The green arrow indicates 3695 keV, where a direct ground-state
decay of the proposed 0% state would be located.
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FIG. 3. Excitation energy of *®Ar reconstructed from the proton
angle and kinetic energy gated on several y -ray transitions. All proton
angles are taken into account. Random background was subtracted.
Excitation energies extracted from Gaussian fits agree with the sums
of y-ray transition energies.

Similarly, we place states at 4255(4) and 5144(4) keV which
decay by 2707- and 3590-keV transitions to the first excited
state. For the transitions at 2318 and 2518 keV the statistics
is not sufficient to determine the feeding level from proton-y
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FIG. 4. Level scheme of *Ar as determined in this work. Arrows
indicate the observed y-ray transitions; their width corresponds to
the relative intensity.
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FIG. 5. Angular distribution of protons from the two-neutron
transfer reaction to “ Ar. (a) Ground state of * Ar; (b) first excited 2+
state; (c) excited O; state. Lines represent the theoretical calculations
using the DWBA reaction model described in Sec. IVB using
amplitudes calculated with three different shell-model effective
interactions, SDPF-MU (red, dashed), SDPF-U (green, solid), and
EPQQM (blue, dot-dashed).

coincidences precisely, however, they arise from states around
4 MeV. These transitions are placed on top of the 27 state. The
resulting level scheme of *®Ar is shown in Fig. 4.

This level scheme is consistent with the one obtained from
the proton inelastic scattering experiment [23]. Because (p, p’)
does not populate the excited 0" state directly, and a two-
neutron transfer reaction to a 3~ state is not expected, the two
experiments are complementary and in good agreement. In
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FIG. 6. Calculated level schemes of *°Ar using various effective interactions in the shell model [11,12,21,25].

addition to the states shown in Fig. 4 the excitation energy
spectrum (Fig. 1) indicates that several other states above 4-
MeV excitation energy have been populated. The level density
increases with excitation energy and many individual states are
populated with small cross sections, therefore discrete lines
were not identified.

Because the beam intensity fluctuated during the ex-
periment, the luminosity was determined using the elastic
scattering of tritons. These data were also used to constrain the
optical model parameters for the DWBA analysis. The angular
distributions were obtained by gating on the excitation energy
(Fig. 1) and correcting for the geometrical acceptance of the
T-REX array [29]. Figure 5 shows the angular distribution of
protons from the two-neutron transfer reaction to the ground
state and excited states of *Ar at 1554 and 3695 keV. To
avoid systematic uncertainties data from the annular detector
at backward angles were excluded because of an unresolved
problem with the time-dependent efficiency of its multiplexed
readout [29].

The comparison with the DWBA calculations (Sec. IV B)
show that protons from the transfer reaction to the ground state
of *°Ar follow the calculated differential cross section with the
characteristic L = 0 minimum at a scattering angle 9., ~ 20°.
The angular distribution corresponding to the population of
the 2% state displays a shallow maximum around ¥, ~ 30°,
indicative of the orbital angular momentum transfer of L = 2.
The differential cross section for the newly observed excited
state at 3695 keV shows the same trend as the ground state.
This characteristic L = 0 shape as well as the y decay only
to the 27 state and not directly to the ground state, and the
somewhat large two-neutron transfer reaction (see Sec. IV B)
indicate a spin and parity J” = 07 for this state.

IV. THEORETICAL CALCULATIONS

For the theoretical calculation of the two-neutron transfer
reaction cross section both nuclear structure and reaction
inputs are required. Shell-model calculations are employed
to obtain the spectroscopic amplitudes (A) for one-neutron
transfer steps as well as two-nucleon amplitudes (T N A) for
the direct pair transfer. In Sec. IV B the dependence of the

differential cross section on the optical model parameters and
the influence of the two reaction processes are analyzed.

A. Shell-model calculations

To get insights in the underlying structure causing the large
cross section to the first excited 0" state shell-model calcu-
lations have been performed using the code NUSHELLX [32].
The model space comprises the sd shell for the protons and the
fp shell for the neutrons. Three state-of-the-art effective inter-
actions have been compared, SDPF-U [11], SDPF-MU [12],
and EPQQM [21]. The SDPF-MU and SDPF-U interactions
are constructed from three ingredients. Both use the USD [33]
effective interaction for the sd proton-proton matrix elements.
The neutron-neutron interaction in the fp shell is based on the
KB3 [34] matrix elements for the SDPF-U interactions and
the GXPF1B [35] interaction for SDPF-MU, respectively. The
sd-fp cross-shell proton-neutron matrix elements are taken
from G-Matrix [36] for SDPF-U interaction and from Vi [3]
in the case of SDPF-MU. The SDPF-U interaction differs
from the older version, SDPF-NR [25], in that experimental
information on N = 21 and potassium nuclei was used to
constrain the monopole parts. For the present calculation the
version for Z > 14 nuclei was chosen. The EPQQM effective
interaction is based on pairing plus quadrupole-quadrupole
forces with a monopole term [37]. It was built to consistently
describe nuclei between Ca and Si [21]. The calculated level
schemes of “®Ar are shown in Fig. 6. Additionally we also
represent the calculations with the original SDPF-NR [25]
interaction, which was previously [24] used to assign spin and
parity 0" to a proposed state at 2710 keV. The level scheme
calculated with the SDPF-U and SDPF-MU interactions are
very similar, while the EPQQM calculation predicts a higher
energy for the first 2t and 4* states. The first excited 0" state
is found at lower excitation energy.

The two-neutron transfer reaction can proceed either by a
successive transfer of two single neutrons or by a one-step
direct transfer of a neutron pair. To compare the resulting two-
neutron transfer cross section, the spectroscopic amplitudes A
for the (**Ar 4 n|* Ar) and (¥ Ar 4 n|**Ar) steps as well as
two-nucleon amplitudes TNA for the direct one-step transfer of
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FIG. 7. Calculated spectroscopic amplitudes (A) for the transfer
to states in **Ar (a), and from various states in “*Ar to the ground
state (b), the 2] state (c), and the first excited 0" state (d) of 4OAT.

a pair have been calculated. Figure 7 shows the spectroscopic
amplitudes calculated in the shell model using the three
different effective interactions.

Only states which have a calculated spectroscopic factor
C?S = A? > 0.05 are included in the figure. The cross section
for a single-neutron transfer reaction such as the *H(**Ar, d)
reaction to states in *>Ar depends only on the square of the
amplitude; the phase has no effect. The calculation with the
SDPF-U effective interaction predicts two 5/27 states with
significant spectroscopic factors, which are both included in
the calculation. Because of the high excitation energy, the
two-step transfer reaction cross section through these states
is negligible. For the calculation of the two-neutron transfer
reaction, however, the relative signs matters. All the amplitudes
depicted in Figs. 7(b)-7(c), for a given effective interaction,
interfere to contribute to the sequential transfer cross section.
The two-nucleon amplitudes are shown in Fig. 8.

Similar to the spectroscopic amplitudes the relative phase
of the amplitudes contributing to the cross section for one state
determines the interference.

B. Reaction model

The two-neutron transfer reaction cross sections and an-
gular distributions were calculated using the FRESCO DWBA
code [38]. Optical model parameters for the incoming, inter-
mediate, and outgoing channel were taken from global fits for
tritons [39—-41], deuterons [39,42], and protons [39,43,44]. The
global parameter set of Ref. [39] is the one which is extended
to the lowest projectile energies, therefore this parameter set
is considered as the base line for a comparison. The numerical
values of the parameters are listed in Table I.

FIG. 8. Calculated two-nucleon amplitudes (TNA) for the trans-
fer to the ground state (a), the first excited 0™ state (b), and the 2?’
state (c).

To estimate the effect of the potential parameters, calcula-
tions have been performed with different combinations. The
result for the two-neutron transfer reaction to the ground state
of “*Ar is shown in Fig. 9 for selected potentials.

With the exception of the parameter set intended for higher
deuteron energies (E4 > 12 MeV) [39] all parametrizations
agree in their shape. The biggest impact on the shape, as well
as the integrated cross section have changes in the intermediate
3 Ar+-d channel. Because the data are not sufficient to fit the
elastic scattering of tritons and protons to obtain constraints
on the parameters, and for the elastic deuteron channel no
data have been measured, in the following the optical potential
parameters are fixed to the values listed in Table 1. Within
the angular range covered by the silicon detector array, the
calculated angular distribution of elastic scattered tritons

agrees with the observation.

TABLE 1. Parameters of the optical model from Ref. [39].

“Art $Ar+d S Ar+4p
V (MeV) 162.73 102.26 59.14
r (fm) 1.17 1.05 1.20
a (fm) 0.75 0.86 0.72
Wy (MeV) 23.85
Wp (MeV) 17.23 12.78
r; (fm) 1.40 1.43 1.32
a; (fm) 0.84 0.66 0.66
Vso MeV) 2.5 7.0 6.2
rso (fm) 1.20 0.75 1.01
aso (fm) 0.72 0.50 0.75
rc (fm) 1.30 1.30 1.25
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FIG. 9. Angular distribution of protons from the two-neutron
transfer reaction to the ground state of *°Ar. The solid red line
represents the calculation with the parameters shown in Table 1. For
comparison we show calculations with the proton parametrization
from [44] (blue, dashed) triton optical model parameters from [40]
(green, dot-dashed). Spectroscopic one- and two-nucleon amplitudes
are taken from the shell-model calculation using the SDPF-MU [12]
effective interaction.

As already indicated above, the two-neutron transfer reac-
tion can proceed two ways, as a sequential transfer through
the intermediate (*’ Ar +d) system or as a simultaneous direct
transfer of a neutron pair. Both processes contribute to the
cross section and their interference determines the total cross
section. For the calculations presented in this paper the
following model was adopted.

For the intermediate *Ar nucleus the ground state was
established as J™ = 7/2~ from transfer [20] and knockout
reactions [19]. The first excited state is 3/2~ [24]. In the
d(**Ar, p) reaction, three other L =1 states have been
observed [20]. Based on the shell-model calculations in
Sec. IVA two 3/27 and three states with J” = 1/27 are
expected to be populated strongly [Fig. 7(a)]. The reaction
model includes states with calculated spectroscopic factors
larger than 0.05. The third 1/2~ state has no experimentally
observed equivalent, therefore the excitation energy of this
level is set to 3619 keV, the result of the shell-model calculation
using the SDPF-MU effective interaction [12]. Shell-model
calculations also predict a 5/2~ state with a significant
spectroscopic factor; for this the energy value for the L = 3
candidate from transfer reactions [20], 4.8 MeV, is adopted.
The level lies very closely to the neutron separation energy
of PAr (S, = 5.169 MeV), therefore it is suppressed by the
(¢, d) reaction (Q value —1088 keV) and transfer through it
is negligible. For the second step of the reaction, the (d, p)
transfer to states in 46Ar; the transitions from all levels in
45 Ar which have a substantial spectroscopic factor calculated
(C?8 > 0.05) are included in the reaction model. Figure 10
shows the paths included in the calculation of the reaction
to the excited 05 state in 4 Ar. All spectroscopic amplitudes
are implemented with their respective phase. The sequential
transfer was calculated using “post-post” couplings [38,45]; if
other combinations of “prior” and “post” couplings are used,
the magnitude and shape of the differential cross section varies

PHYSICAL REVIEW C 93, 044335 (2016)

5/2 4800 keV

1/2° 3619 keV

1/2° 2510 keV
1/2. 1876 keV

6 KeV

0" 3695 keV

2" 1554 keV

0" 0 keV

Ar +t ®Ar+d CAr + p

FIG. 10. Reaction model employed in the analysis. For the first
step of the sequential (¢, d)(d, p) two-neutron transfer reaction (blue
arrows) several states in *>Ar have been considered as intermediate
states. Experimental candidates for the theoretically calculated states
with spectroscopic factors larger than 0.05 have been taken from the
d (44Ar, p) measurement of Ref. [20]. The figure shows as an example
the channels of the second step for which a spectroscopic factor larger
than 0.05 was calculated with the SDPF-MU interaction [12] for the
excited 0 state. See text for details.

less than if different parametrizations for the optical model are
used. For the direct one-step transfer two-nucleon amplitudes
(TNA) are calculated. The results for the two components and
their interference is shown in Fig. 11.

For all three states the two-step process dominates the
cross section, however, the interference of one- and two-step
reaction amplitudes is critical for the magnitude and shape of
the differential cross section. For the ground state the direct
transfer has a larger influence than for the excited 05 state,
because two-step reactions are inhibited by the reaction Q
value. In the case of the 2% state the direct transfer alone is
about two orders of magnitude smaller than the sequential one,
and therefore plays a minor role.

V. DISCUSSION
While shell model predicts a larger B(E2; 2] — ng) value

S

(105 e2fm* calculated with the SDPF-U interaction) for **Ar
than observed in Coulomb excitation, the two-neutron transfer
cross section seems to be well represented. The calculation
with the SDPF-U effective interaction [11] gives a better
representation of the cross section to the 2| state when
standard optical model parameters are used (see Fig. 5). Even
if different sets of parameters are used, the angular differential
cross section using the amplitudes calculated with the SDPF-U
effective interaction reproduces the data best.

Experimentally the cross section for the population of
the ground and first excited 0" states are similar in mag-
nitude. Neutron removal reactions from the ground state
of “°Ar [18,19] showed that it is dominated by 0p-Oh
configurations with all valence neutrons in the 1f7,, orbital
(f7 /2)8. The structure of the two 0T states is very different.
This can be seen by looking at the contribution of different
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FIG. 11. Calculated differential cross section for the two-neutron
transfer to the ground state (a), the 2fr state (b), and the first excited
0" state (c) in comparison with experimental data. The SDPF-U
effective interaction was used to calculate the one- and two-nucleon
amplitudes. Green dot-dashed lines represent the result including only
the direct two-nucleon transfer; blue dashed lines the two-step process
through states in *>Ar. The solid red lines include the interference of
both contributions.

neutron particle-hole configurations to the total wave function
shown in Fig. 12.

The ground-state neutron configurations calculated with
different effective interactions are very similar with around
50% 0p-0h and around 20% of 1p-1h and 2p-2h excitations
to the 23, orbital. The configuration of the excited 05 state
is dominated by particle-hole excitations. Here a striking
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FIG. 12. Calculated wave functions of the ground state of **Ar
(a) and two O™ states in “°Ar, (b) for the ground state, and (c) for the
first excited 0" state. Only the largest neutron components are shown.

difference between the three effective interactions can be
seen. In calculations with the SDPF-MU interaction [12]
( f7/2)8 remains the largest component; 2p-2h, 3p-3h, and
4p-4h excitations to the 2p;/, orbital contribute about 50%.
The EPQQM calculations predict a strongly mixed wave
function, with many components with significant amplitudes.
Interestingly, the 0p-0h component is absent. For the SDPF-U
interaction a large component of (f72)°(p3/2)* is dominat-
ing the wave function. The evolution in collectivity below
48Ca was attributed to the tensor component of the nuclear
interaction [12]. The monopole component of the tensor
interaction causes a reduction of the splitting between the
1 f7/2 and 2 p3, orbitals resulting in a reduction of the N = 28
shell gap. In *°Ar just two protons below the doubly magic
#8Ca the situation is unclear. The strongest among the T = 0
cross-shell monopole terms is the attractive vl f72-7w1d3,,,
therefore a reduced occupation of the proton 1ds,, orbital
will cause rising of the v1f;,, with respect to the 2ps3/
orbital compared to **Ca and reduce the N = 28 shell gap.
We have performed calculations without the cross-shell tensor
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force components to investigate the effect on the observables.
The tensor components were removed from the SDPF-MU
effective interaction. The low-lying levels of *6Ar are affected
by this change; the excitation energies of the 2] and 07
states change by only about 50 keV, however, the 4;“ state
is lowered in energy to below the 0F state. The effect on
the two-neutron transfer cross section is more dramatic. The
cross section for the (¢, p) reaction to the ground state of
“Ar is only slightly reduced in magnitude when the tensor
components are removed from the interaction. The 2% state
remains unaffected by the change. Mainly the wave-function
composition of the excited 03 state is altered by the removal
of tensor components in the interaction. The cross section
to the 05 state is reduced by a factor of 5, in disagreement
with the data. Even though many amplitudes contribute to
the final two-neutron transfer cross section, this behavior
indicates that the cross-shell proton-neutron tensor interaction
has measurable effects on the observables at low excitation
energy already in “6Ar.

VI. SUMMARY AND CONCLUSIONS

The N = 28 nucleus “°Ar was studied by a (¢, p) two-
neutron transfer reaction at 2.16-AMeV beam energy using
a radioactive tritium target. Angular distributions of protons
following the population of three states are analyzed, including
a previously unknown excited 0" state at 3695 keV. Earlier
reports of a 0 state at 2710 keV [24] could not be confirmed.
The differential cross sections for the population of the ground
state, 2;”, and O; states are compared to DWBA calculations
including two-step reactions through the intermediate nucleus
S Ar as well as the direct pair transfer. The results are robust
with respect to changes in the optical model parameters for the

PHYSICAL REVIEW C 93, 044335 (2016)

distorted wave approximation. Spectroscopic amplitudes for
the single-neutron transfer steps and two-nucleon amplitudes
have been calculated in the shell model using various effective
interactions. While the SDPF-MU [12] and SDPF-U [11]
calculations yield comparable results for the level schemes
and the cross sections to the two O states, the cross section
and energy for the 2| state are better represented by the
SDPF-U calculation. The cross section calculated with the
structure input from the EPQQM [21] effective interaction is
lower than the experimentally observed one for all three states.
The structure of the first excited 0" state differs significantly
between the different interactions.

The discrepancy between the measured and calculated
B(E2; 2f — O;s) value for *°Ar remains unsolved. For the
future we suggest measuring the B(E2) value as well as
quadrupole moments through low-energy Coulomb excitation
of *°Ar like it was done for **Ar [46].
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