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Abstract: We plan to study states in 46Ar via the (t, p) two-neutron transfer reaction
in inverse kinematics in order to identify and characterize excited states and to gain in-
sights into the onset of deformation and the possible occurrence of shape-coexistence in
this region where the N = 28 shell closure may be weakening. The experiment will be
performed using accelerated beams from REX-ISOLDE and the T-REX particle detector
set-up inside MINIBALL. We request a total of 30 shifts + 3 shifts for beam commission-
ing.
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1 Physics case

The evolution of the N = 28 shell gap below 48Ca has been the subject of a large number of
theoretical and experimental studies (see Ref. [1] for a recent review). Only four protons
below 48

20Ca the N = 28 nucleus 44
16S exhibits a 2+ energy and B(E2) value consistent with

a configuration intermediate between spherical and deformed. This has been interpreted
as a possible sign for the mixing of spherical and deformed shapes in 44

16S and preliminary
evidence has been reported for a long lived 0+ state in Ref. [2]. For 42Si some available
experimental information indicates that this nucleus is well deformed. However, there is
conflicting experimental evidence and more information certainly is needed.
The development of deformation in the N = 28 isotones has been attributed mostly to the
disappearance of the spacing of the proton d3/2 and s1/2 single-particle levels as the neutron
f7/2 level is filled. Collectivity can easily arise from the long range quadrupole interaction
between these orbitals. At the same time there are indications of a slight reduction of the
N = 28 shell gap which would provide additional incentives for deformation.
In the neutron-rich Ar isotopes the single-particle structure of 45Ar was investigated at
GANIL using the 44Ar(d, p) reaction [3]. A significant fragmentation of spectroscopic
strength was observed for the low-lying states which are attributed to core excitations of
1p − 2h nature, as compared to the 0p − 1h structure of the closed shell configuration.
Excited states in 46Ar were observed in intermediate energy Coulomb excitation [4], sec-
ondary fragmentation [5], and inelastic proton scattering [6] but only the first excited 2+

state has been firmly established. The most neutron-rich Ar isotopes for which excited
states have been observed are 47Ar and 48Ar, which were populated in deep inelastic col-
lisions [7]. While all spin assignments in 47,48Ar are tentative, the comparison to shell
model calculations suggests that particle-hole excitations across the N = 28 shell gap
play a significant role for the excited states in all Ar isotopes near N = 28.
A recent lifetime measurement in 44,46Ar using the RDDS plunger method [8] came to the
conclusion that there are indications of a N = 28 weakening. In addition a most recent
study of excited states in 44Ar via low-energy Coulomb excitation at SPIRAL (GANIL)
[9] found a negative value for the quadrupole moment of the first excited 2+ state in this
nucleus, thus suggestinga prolate deformation. The results were compared to shell-model
and relativistic mean-field calculations and to both axial and triaxial configuration mixing
calculations using the generator coordinate method with the Gogny D1S interaction.
None of the models is able to fully reproduce energies as well as B(E2) values. More
experimental information is clearly needed to understand the onset of deformation and
the possible occurrence of shape coexistence in this region.
According to shell model calculations the low-lying states in 46Ar exhibit significant 2p−2h
character. However, only the ground state and the first excited 2+ state have firm spin
assignments. A state observed at 2710 keV, which decays only to the first excited 2+

state, has been suggested to be a candidate for the predicted 2p− 2h shape coexisting 0+

state [5]. Only a few other states have been observed between 2.7 MeV and 5 MeV [5, 6].
Motivated by these considerations we propose to study excited states in 46Ar
at REX-ISOLDE using the two-neutron transfer (t, p) reaction. We hope to
establish new excited states and get firm spin assignments of both known and
new states in 46Ar. In addition we will use the relative population of levels
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to obtain information on configuration mixing by comparison to theoretical
calculations. In particular, the 2p − 2h 0+ state in 46Ar is expected to be
populated strongly, enabling its identification.

2 Experimental method

We propose to utilize the t(44Ar, p) two-neutron transfer reactions in inverse kinematics
to populate states in 46Ar. We will detect emitted protons in our new charged particle
array T-REX [10], which was successfully used in our previous t(30Mg, p)32Mg experiment
IS470.
The energies and angular distributions of the emitted protons will be used to identify the
transferred angular momentum and thus the spins of the final states. Since the energy
separation of the known states in 46Ar is quite large, the energy levels can be separated by
the proton energies alone. In addition the observation of decay γ rays with MINIBALL
from the excited states may yield additional important information.
The measured cross sections and angular distributions will be analyzed in the framework
of the DWBA by applying the code FRESCO [11]. The optical potentials needed for
this analysis can be obtained by scaling the values obtained in stable-beam scattering
experiments to the mass of the projectile and the beam energy [12]. The optical model
parameters can be pinned down also from the analysis of the (t,d) reaction and the
elastically scattered tritons.
The results of such an analysis are the excitation energy, the transferred orbital momentum
and the relative strength with which the states are populated.

2.1 Previous (t, p) experiments

Due to the experience we have gained from our successful study of the t(30Mg, p)32Mg
reaction at REX-ISOLDE (IS470) we are confident about the successful outcome of the
proposed experiment. In this study two states in 32Mg were populated, the ground state
and a new excited state at around 1.1 MeV, which shows the characteristic angular dis-
tribution of a 0+ state (see Fig. 1). This new 0+ state can be identified as the predicted
coexisting spherical 0p-0h state in 32Mg which is deformed in its ground state.
In addition we have performed a stable beam (t, p) test experiment using 40Ar beam at
2.25 MeV/u and 6·108 part/s at the HMI (Berlin). This reaction was studied previously in
forward kinematics by Flynn et al. [14]. Fig. 2 shows an energy spectrum of one detector
ring from our inverse kinematics-experiment. In this reaction with a Q-value of 7.04 MeV
states from the ground state up to 6.5 MeV were populated and observed. At high energies
however the states could not be resolved solely from the particle energies, and gamma
ray detection would have proven very beneficial. Figure 3 shows the angular distributions
from transfer to several states in 42Ar. Even with the limited angular coverage of the
set-up used in the test experiment the characteristic ∆L = 0 angular distribution for
the ground state could be clearly distinguished. For larger angular momentum transfer
the distributions are rather flat and a larger angular coverage is essential to identify the
transferred angular momentum.
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Figure 1: a) E − ϑlab spectrum. The two states can be separated in forward direction. b)
proposed level scheme of 32Mg with the new state around 1.1 MeV. c) and d) angular dis-
tribution in the laboratory system for the two states compared with DWBA calculations.
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Figure 2: Spectrum of a single ring of the DSSSD, ring 10, from the reaction t(40Ar, p)42Ar
at Elab

40Ar
= 2.16 MeV/u. The lower part of the figure shows the difference between the fit

and the data, normalized with the error of the data. (taken from Ref. [13])

This stable beam experiment was also important for the monitoring of the stability of the
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Figure 3: Examples for experimental and calculated cross sections for the protons emitted
from the reaction 3H(40Ar, 42Ar)1H at 2.25 MeV/u [13].

tritium target. The rate of scattered tritium nuclei was monitored during the whole run.
No reduction indicating a loss of material in the target has been observed. Additionally,
after the experiment the filter in front of the vacuum pumps exhibited no radioactivity.
Also in the t(30Mg, p)32Mg experiment no problems were encountered with the tritium
target.

2.2 Experimental set-up

The set-up consists of our T-REX (see Fig. 4) charged particle array of segmented Si
detectors [10] with about 60% solid angle coverage surrounded by the MINIBALL array
to detect γ rays in coincidence with particles. The T-REX set-up was successfully used
in the d(30Mg, p) and t(30Mg, p) transfer experiments (IS454, IS470).
The T-REX array comprises two double-sided segmented Si detectors (DSSSD), so-called
CD detectors, in forward and backward direction and a barrel of eight planar detectors
around 90◦. The forward CD detector consists of two layers providing a ∆E−E-telescope.
The ∆E-detector (thickness 300 µm) has four quadrants, each of them is segmented in
16 annular stripes (ϑ-coordinate) on the front and in 24 radial segments (φ-coordinate)
on the back. The E-detector (thickness 1500 µm) is segmented only in 4 quadrants. The
backward CD detector has the same segmentation as the forward ∆E-detector, but a
thickness of 500 µm. The eight detectors of the barrel are also ∆E − E-telescopes. The
∆E-detector (thickness 140 µm) is segmented in 16 stripes perpendicular to the beam
axis. Positional information along the stripes can be obtained from the charge division
on a resistive layer. The E-detector is not segmented and has a thickness of 1000 µm.
The use of ∆E − E-telescopes in forward direction enables the identification of light
particles (p,d,t,α). The energy resolution for excitation energies ranges from 250 keV to
2 MeV depending on angle and energy. The angular resolution is typically below 5◦.
In order to reduce the high count rate from elastic scattering of both Ar beam and target
nuclei, i.e. tritons and Ti, Mylar foils are mounted in front of the forward detectors. These
foils stop all heavy ions, but the tritons only around 90◦. Since the beam particles are
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Figure 4: T-REX Si detector with eight barrel detectors and 2 CDs.

lighter than the target carrier material Titanium, Ar can also be scattered in backward
directions. Since in backward direction particle identification is not possible, these beam
particles have to be stopped in an additional Mylar foil in the backward direction.

2.3 Beam production and composition

The highest production yields for 44Ar are reported for a UCx/graphite target coupled
via a cold transfer line to a MK7 hot plasma ion source, with production yields of
≈ 3 · 106 atoms/µC. However, with the new VADIS ion source [15] the yields for noble
gases are by a factor of 3 higher. Due to the cooled transfer line the only atomic con-
taminations are higher charged nobles gases, 86Kr++ and 132Xe+++ which will be cleaned
up in the REX-TRAP. There will however be a considerable amount of CO2 from the ion
source in the beam, which can overload the REX-TRAP. Depending on the actual yields
for 44Ar the beam could be continuously injected to the EBIS without cooling in the
REX-TRAP. This would lower the total transmission efficiency to ≈ 2− 3% compared to
the normal configuration with ≈ 5% total efficiency. Alternatively the VADIS ion source
could be operated at a lower temperature which significantly reduces the CO2 content
of the beam. The CO2 molecule will be broken in the EBIS and does not contaminate
the beam at MINIBALL. 22Ne with the same A/q from the buffer gas can be avoided
by using isotopically enriched 20Ne as it was used for the 11Be beam in IS430. Despite
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these disadvantages, a minimum beam intensity of 105 part/s at the T-REX setup can be
expected.
For beam focusing a segmented diamond detector on the target ladder which can be
moved to the target position and an active collimator with four PIN diodes in front of
the chamber have been included.

2.4 Radioactive 3H target

The proposed experiment is only possible with the unique combination of a radioactive
beam with a radioactive target, in our case a tritium-loaded Ti foil.
We have safely and successfully used a tritium-loaded Ti foil in the REX-ISOLDE ex-
periment IS470 for the study of the reaction t(30Mg, p)32Mg. The target is based on
a thin strip of 500 µg/cm2 thick metallic Ti foil loaded with a atomic ratio 3H/Ti of
1.5 corresponding to a target thickness of 40 µg/cm2 3H. With an activity of less than
10 GBq the target handling at ISOLDE was permitted following CERN Specification N◦

4229RP20070405-GD-001 [16]. In the proposed experiment we will either use the same
target or purchase a new one of identical make.

3 DWBA calculations and simulations

In order to avoid fusion with the target carrier material Ti the beam energy has to be
lowered to 2.16 MeV/u from the maximum REX beam energy of 2.85 MeV/u.
We have performed DWBA calculations using the code FRESCO [11] using global optical
model parameters extrapolated from stable nuclei [17], scaled to the lower beam energy.
Due to the large positive Q-value for the (t, p) reaction to the ground state of 46Ar of 4.7
MeV [18], states at higher excitation energy are somewhat favored in the reaction and our
experience from the t(40 Ar, p)42Ar reaction shows that many states can be populated.
For 46Ar we have used the energies of the known levels and the suggested spin assignments
(the level scheme is shown in Fig. 5 of Reference [5]) to calculate the angular distributions
of the emitted protons shown in Fig 5 a). We have assumed spectroscopic factors of one
for all transitions. This is a reasonable assumption (at least for the 0+ states) from
the experimental results of the t(30Mg, p) and t(40Ar, p) reactions. These distributions
were used as input for GEANT4 [19] simulations of the expected light charged particle
emissions and the expected detector response of the T-REX set-up. Figure 5 b) shows the
proton energies as a function of laboratory angle for the t(44Ar, p)46Ar reaction indicating
that a clear separation of the known states is possible on the basis of the proton energies
alone.
Protons from this reaction can be easily detected due to their high energy, which also
enables their identification by ∆E − E separation in the Si-Telescopes of the T-REX
set-up. The competing (t, d) reaction channel has a Q-value of -1.1 MeV and because of
the negative Q-value and mass transfer from the target nuclei the deuterons will only be
observed in forward direction in the laboratory system. They can be distinguished from
the protons by using the ∆E − E separation.
With the high Q-value of 4.7 MeV for the (t, p) reaction, the proton energy in backward
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Figure 5: a) Angular distributions of protons emitted in the t(44Ar, p)46Ar reaction. b)
Proton energy as a function of laboratory angle. The number of simulated events corre-
sponds to the expected number of counts.

direction is sufficient to punch through the ∆E-detector up to ≈ 130◦ for low lying
states. This allows for an additional suppression of the β electrons. Because of their high
energy the protons in backward direction can be easily detected as compared to the IS470
experiment where part of the protons are below the detection threshold.
With the anticipated yields for the experiment (see below) we should be able to uniquely
identify the spins of the different states from their angular distributions.

4 Rate estimate and beam time request

The DWBA calculations for the t(44Ar, p)46Ar indicate comparable cross sections to the
ones predicted for the t(30Mg, p)32Mg reaction, which were rather close to the observed
ones.
Assuming a beam intensity on target of 105/s for 44Ar and using the cross-section estimate
from our DWBA calculations (using spectroscopic amplitudes of 1) together with the
known efficiencies of our detection system we arrive at the rate estimates tabulated in
Table 1. In addition, we can measure the (t, d) reaction products at the same time and
get additional information on the intermediate nucleus 45Ar. The cross sections for this
reaction are about 20-70 mb. So about 70 - 260 deuterons/h can be expected from the
t(44Ar, d)45Ar reaction. This will allow to gate on γ rays detected by the MINIBALL
detector and further reduce the background. Due to the negative Q-value the deuterons
will only be observed in forward direction in the laboratory frame and thus do not disturb
our proton identification in backward direction.
We simulated the angular distributions for the (t, p) reaction with the statistics to be
expected and compared them to the ideal theoretical angular distributions. Fig. 6 shows
the efficiency and solid angle corrected angular distribution as a function of laboratory
angle for the t(44Ar, p)46Ar reaction corresponding to 10 days of beam time. For the
analysis of the simulation shown in Fig. 5 the same method as for the t(30Mg, p)32Mg
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Reaction Estate [keV] Jπ σ [mb] counts/h
t(44Ar, p)46Ar 0 0+ 0.6 2.2

1570 2+ 1.0 3.6
2710 0+ 1.1 4.0
3892 4+ 2.3 8.3
total 5 18

t(44Ar, d)45Ar 0 (7/2−) 72 260
550 (3/2−) 30 108

1420 (3/2−) 21 75
total 123 443

Table 1: Expected count rates for the t(44Ar, p)46Ar and t(44Ar, d)45Ar reactions.

reaction has been applied. It can be seen that the different angular momentum transfer
∆L can be clearly identified by their shape.
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Figure 6: Efficiency and solid angle corrected angular distribution for the simulation
shown in Fig. 5. The same analysis as for the t(30Mg, p)32Mg reaction shown in Fig. 1
has been performed.

We request in total 30 shifts (10 days) of beam time with 44Ar. Additionally,
we ask for 3 shifts to prepare the beam.
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