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Abstract: This letter of intent proposes the development of intense and pure V beams
in order to study their decay into Cr isotopes and unravel their nuclear structure when
approaching N = 40. The future experiment aims to systematically measure 7(2) and
locate 0% states in the even-A isotopes to establish shape coexistance in this Island of
Inversion. The odd-A isotopes will be studied to extract single particle energies and
intruder states. Due to the refractory character of V and the short half-lives of
neutron-rich V isotopes, beam development is requested to identify the most promising
approach towards delivery of the isotopes of interest.

Requested shifts: 6 shifts, (split into 2 runs over 1 year)
Installation: [IDS and/or Fast Tape Station, if required]
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1 Scientific value

One of the more well-known divergences from a naive independent-particle shell model
description of the nucleus is the existence of islands of inversion [l]. Several islands of
inversion have been suggested throughout the nuclear chart, at N = 8, 14, 28, 40, and,
recently suggested, 50 [2, B, 4, b, 6]. In these islands, the ground-state configurations of
even-even nuclei are dominated by particle-hole (np — nh) intruder configurations rather
than the OpOh configurations predicted by spherical mean-field calculations at stability [[].
As a consequence, the features normally observed in regions located near a large shell or
sub-shell closure disappear: a smooth evolution of the 2 energies and B(F2;2{ — 0f
values, with no sudden increases or decreases, respectively (as seen, for example, in Fig é
for the Ni chain at N = 40). These regions can also be identified experimentally by
tracking yrast states of odd nuclei and observing an inversion of the expected order [f].

Recent experimental and theoretical developments have focused on the N = 40 island
of inversion [8]. Though not a traditional “magic number”, N = 40 represent the boundary
between the negative-parity pf shell and the positive-parity 0gg, and 1ds;; shell. In
stable nuclei, the gg/, orbital is close enough to the pf shell to reduce this shell gap
resulting in a stable sub-shell closure at N = 50. Measurements of B(E2) values and
E(2]) in the region show increased collectivity through the N = 40 shell gap, with the
clear exception of ®*Ni (Fig. E]) Deformation and shape co-existence have been identified
in the area [9, 10, [11, 12] and a combination of calculation and experimental results
suggest an inversion of levels [8]. The inversion of the levels seen for the N ~ 40 nuclides
below the valley of stability is attributed to the weakening of the proton-neutron tensor
interaction as protons are removed from the 70f7/, orbital, resulting in a repulsion of the
v0fs/2 and attraction of the v0gg/, orbitals [13]. The LNPS shell-model interaction [§]
has had significant success describing nuclei in this region [9, 14, 11, [15]. This interaction
includes the full pf shell for protons and the 0fs/2, 1p3/2, 1p1/2, 0go/2, and 1ds,, orbitals
for neutrons. The evolution of the Ni isotopic chain has been described in terms of the
so called Type 2 Shell Evolution [16]. Using Monte Carlo shell model calculations in a
large valence space, the authors predict the coexistence of spherical ground states with
strongly-deformed 0% states at low energies.

Recent measurements at RIKEN suggest that this island of inversion extends beyond
N = 40 toward the magic N = 50 [17], which has been later supported by large scale
shell model calculations [5]. Such an extension has precedent in the proposed merging of
the islands of inversion at N = 20 and N = 28 [18]. The systematics of the magnesium,
neon, and silicon isotopes all suggest an area of continuous collectivity. Though only a few
experiments have been able to directly measure “°Mgsg, which lies close to the neutron
drip-line, they suggest that the deformation of the Mg isotopes continues to N = 28 [19].
Large-scale shell model calculations that reproduce the excitation energies and B(E2)
values in the region also predict a steadily increasing occupancy of the vpsz/, orbital with
increasing mass in the 3°~**Mg isotopic chain [15].
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Figure 1: (a) Systematics of the 2] states near Ni‘’. (b) B(E2;0] — 2]) values for the
same region of the nuclear chart. Figure adapted from Ref. [20].

1.1 Direct measurement of *Cr 7(2])

All models predict the center and maximum of collectivity for this island of inversion
at 51Cr (N = 40) [R, 21]. Despite the agreement among theoretical calculations, *Cr and
®Fe (both N = 38) posses larger B(E2) than 51Cr, as can be seen in the right panel of
Fig. |j Even when translated to deformation as expressed by the (3, parameter, ®2Cr still
presents a larger value than %Cr. Even more so, the Fe isotope chain suggests a local
minimum at N = 40, with the S35 value of %Fe being more than one o larger than that of
6Fe. These discrepancies with theoretical predictions could be explained by the significant
error bars, specially that of the B(E2) of %Cr, which currently is larger than 25%. This
N = 40 island of inversion is often compared to the N = 20 one due to its similarities.
However, if a significantly larger deformation at N = 38 than at 40 is confirmed, this would
point to a remarkable difference with the lighter island of inversion, where deformation
smoothly increases as we move towards its center. No set of calculations has been able to
reproduce this irregular trend at N = 40 [22]. This situation of the experimental values,
in clear contrast to theoretical models, calls for new and independent measurement of
these B(E2) values to clarify the evolution of collectivity in the region.

1.2 Intruder states in %Cr

The study of N = 39 isotones gives access to intruder states. In a previous study
of the ®Mn decay at ISOLDE [14] the nature of normal negative parity fp states and
intruder states originating from the promotion of particles to the positive parity 0gg 2 and
lds/o orbitals. The latter two are isomeric, demonstrating their single-particle nature.
In the next even-Z isotone %3Cr, only three v rays and two excited states have been
identified [23]. In our previous experiment RIBF140 we searched for isomeric states in
83Cr however no long lived state was identified [24]. LNPS calculations [8, 22] associate
JT™=3/27,5/2, and 1/2~ with the ground and first two excited states. The excitations
energies are in good agreement with the proposed cascade decay [23]. The calculations
predict two positive parity states at around 500 keV. We propose to identify these positive
parity states and therefore complete the systematics of 9/2% states in N = 39 isotopes.
Based on the known data for Fe and Ti [14, 24] and the LNPS predictions [22] we expect
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that the energies of the positive parity states reach a minimum at Z = 24. This is where
the maximum of collectivity as function of Z results in the lowest E(2%) in the even-
even nuclei. The maximum of particle-hole correlations is expected to also yield large
transition strengths for the decay of states in the N = 39 isotopes. Excited state lifetime
measurements will thus yield the experimental signatures of intruder states in %3Cr.

2 Planned experiments

Since V beams have never been extracted at ISOLDE, there is a wide range of possible
experiments that could be performed, such as mass measurements, transfer reactions or
laser spectroscopy. For the sake of this Lol, we will focus on V decay experiments to
study Cr isotopes at IDS.

The ultimate goal of this Lol is to produce **V with enough intensity, a challenging
feat. IDS has shown that it is able to extract nuclear structure information with beam
intensities as low as 2 ions/uC (see, for example, Ref. [25]). The significant upgrade
planned for IDS (from 4 HPGe clovers to up to 15, for instance) guarantees that it will
be able to perform experiments with even weaker beams.

Example of planned experiments:

2.1 Search for 0" states

Thanks to the aforementioned upgrade, IDS will be able to perform v — v angular
correlations with enough precision to determine the multipolarities of transitions, and the
spins and parities of connected states. Specifically, 0 — 2 — 0 cascades are some of the
most anisotropic ones, which allows to firmly establish the 0% character of a state with
as low as 5-10k coincidences. Additionally, the SPEDE detector can be used to measure
EO transitions, another powerfull tool to locate 07 states, among other things.

For the neutron-rich Cr isotopic chain, excited 0" states have only been firmly estab-
lished for ®*Cr, a stable isotope. Above it, only for *Cr a tentative 0% state has been
suggested at 1.67 MeV. This state is strongly populated in the 3 decay of **V, so it should
be easy to perform angular correlations. As we move towards the Iol, we can expect these
0" states to remain low in energy or even drop. The spherical shell model predicts that
V isotopes in this region to have J™ = 17, If this is the case, we can expect the Cr 0"
excited states to be significantly populated in 3 decay.

Complementary to angular correlations, 0% states can be firmly established by directly
measuring their EQ transitions. This conversion electrons can be detected using the Si
array SPEDE. The combination of simultaneously measuring angular correlations and
conversion electrons also allows to extract the E0 component of J — J transitions. The
presence of strong EO components is a clear indication of shape coexistance [26].

It should be noted that the 8 decay of even-A V isotopes is poorly studied, with only
a handful of events detected so far. For instance, for the decay of %V (g.s. (1%)), it is
suggested that it mainly populates 4 states in *Cr, which is physically impossible. This
is just an example of how incomplete the Cr level scheme are known.



2.2 Fast-timing experiments

The N = 40 island of inversion is characterized by the promotion of neutrons from
the negative-parity pf shell into the positive-parity gg/» and ds/, orbitals. For the odd-A
even-Z nuclei, this change of parity causes the appearance of long-lived isomers, generally
with J™ = 9/2% (for the Fe chain, see Refs. [27, 14, 28]). For the case of Cr isotopes,
this isomeric state is only firmly established for Cr and its lifetime is only measured for
M(Cr. Completing the systeamtics of this isomer into the island of inversion would give
information on the single particle states evolution.

As it is common, these odd-A Cr isotopes all present several low-energy transitions, for
which the parent levels can be expected to have lifetimes in the nano to picosecond range.
This time range is accessible for the LaBrs(Ce) IDS scintillators, which can perform
precision fast-timing measurements to extract their lifetimes. These lifetimes are the,
generally, most difficult ingredient to obtain when trying to extract transition strengths
[B(XL)|, which are one of the most stringent tests available for shell model calculations.
Lifetimes have only been measured for the stable 53Cr and a couple of values for >Cr.
Above it, no excited level lifetime has been measured.

Additionally, as it was discussed in Sec. , a direct measurement of the 7(2]) value
of the even-A Cr would help to clarify the evolution of deformation for the N = 40 island
of inversion.

2.3 Beamtime estimations

Since the level schemes of neutron-rich Cr isotopes are poorly known, especially when
populated in the 5 decay of V, the beamtime estimations presented are highly speculative.
As an example, the most ambitious measurement of the 7(2) for %Cr will be employed:

The B(E2; 2{ — 0) value was measured in a Coulomb excitation experiment, for
which Ty, = 125(50) ps was extracted, supporting the enhanced collectivity of this
nucleus [9]. Tentative (47) and (6) states have been proposed in a recent in-beam ~y-
spectroscopy experiment [29]. There has only been one previous [-decay experiment,
which barely observed 3-4 counts in the 2] — 0 transition [23], see Fig. B. Due to the
limited statistics, the authors stated that they could not rule out that the population of
the 2] proceeded entirely via other states, such as the 4;. None of the known levels are
a candidate for a 05 state.

Assuming a beam intensity of ~ 1 pps at IDS for *V, we should expect over 4.3 -
10° decays in 5 days of beam-time, at least a factor of 3000 more statistics than the
previous decay experiment [23]. This will allow constructing the level scheme using v —
coincidences, and locating a candidate for the 05 state, predicted at ~ 1.6 MeV by the
LNPS interaction [29]. The g.s. J™ in %V is unknown, but theoretical calculations predict
that it origins from the coupling of 2, = 5/27 and ©Q,, = 9/27, therefore we can expect
2 — 7. Given that range, we will assume that the 2] state is populated by a v transition
from above with a total intensity of ~ 30% (the 4] — 27, for example).

Assuming 4.3-10° decays, 40% S efficiency, 6% and 10% + efficiency and 30% absolute
intensity, around 300 8 — v — 7 coincidences can be recorded in 5 days beamtime, enough
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Figure 2: (a) The v-ray spectrum following the decay of *V. (b) The S-decay curve used
to extract the ®*V lifetime. Figure adapted from Ref. [23].

to measure the half-life down to a ~ 15% precision.

3 Beam development

The short half-life and refractory chemical properties of vanadium present a challenge
for ion beam production. Molecular beams have been used as an approach to improve
extraction rates of other refractory species such as boron [30] and to reduce isobaric con-
tamination [31]. Extraction of vanadium isotopes in the form of volatile molecules (e.g.
VF,) may offer improved efficiencies, but further studies are required to determine the ap-
plicability of the method to 54V, with a half-life of 15 ms. Alternative approaches involve
the development of high-efficiency resonance laser ionization schemes used in combina-
tion with new target and ion source designs. An offline experimental campaign for the
comparison of the two production methods prior to online production tests could provide
initial identification of the most promising approach to deliver this challenging beam,
which can then be pursued in an online yield measurement campaign.

Both, the RILIS and TISD groups have expressed their interest in developing V beams.
Personnel has already been assigned (i.e. the contact people) for their development.

Summary of requested shifts: 6 shifts split into 2 runs.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fixred-ISOLDE installations, as well as
flexible elements of the experiment)

Part of the Availability | Design and manufacturing
(if relevant, name fixed ISOLDE | X Existing | X To be used without any modification
installation: MINIBALL + only
CD, MINIBALL + T-REX)
O Existing | O To be used without any modification
. . O To be modified
[Part 1 of experiment/ equipment] O New O Standard equipment supplied by a manufacturer
O CERN/collaboration responsible for the design
and/or manufacturing
O Existing | O To be used without any modification
. . 0 To be modified
[Part 2 of experiment/ equipment] O New O Standard equipment supplied by a manufacturer
O CERN/collaboration responsible for the design
and/or manufacturing
[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Haz-
ards named in the document relevant for the fixed [MINIBALL + only CD, MINIBALL

+ T-REX] installation.

Additional hazards:

Hazards [Part 1 of experiment/ | [Part 2 of experiment/ | [Part 3 of experiment/
equipment] equipment)| equipment]
Thermodynamic and fluidic
Pressure [pressure|[Bar], [vol-
ume][l]
Vacuum
Temperature [temperature] [K]

Heat transfer

Thermal properties of
materials

Cryogenic fluid

[fluid], [pressure][Bar],
[volumel]([l]

Electrical and electromagnetic

Electricity

[voltage]  [V],

rent|[A]

[cur-
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Static electricity

Magnetic field

[magnetic field] [T]

Batteries |
Capacitors O
Ionizing radiation

Target material [mate-

rial]

Beam particle type (e,

p, ions, etc)

Beam intensity

Beam energy

Cooling liquids [liquid]
Gases [gas]
Calibration sources: O

e Open source |

e Sealed source

O [ISO standard]

e Isotope

o Activity

Use of activated mate-
rial:

e Description

e Dose rate on contact
and in 10 cm distance

[dose]|[mSV]

e [sotope

e Activity

Non-ionizing radiatio

n

Laser

UV light

Microwaves (300MHz-
30 GHz)

Radiofrequency (1-300

MHz)

Chemical

Toxic [chemical agent], [quan-
tity]

Harmful [chem. agent], [quant.]

CMR (carcinogens, | [chem. agent], [quant.]

mutagens and sub-

stances toxic to repro-

duction)

Corrosive [chem. agent], [quant.]

Irritant [chem. agent], [quant.]

Flammable [chem. agent], [quant.]

Oxidizing [chem. agent], [quant.]

Explosiveness [chem. agent], [quant.]

Asphyxiant [chem. agent], [quant.]
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Dangerous for the envi- | [chem. agent|, [quant.]
ronment

Mechanical

Physical impact or me- | [location]
chanical energy (mov-

ing parts)

Mechanical properties | [location]
(Sharp, rough, slip-

pery)

Vibration [location]
Vehicles and Means of | [location]
Transport

Noise

Frequency [frequency],[Hz]
Intensity

Physical

Confined spaces [location]
High workplaces [location]
Access to high work- | [location]
places

Obstructions in pas- | [location]
sageways

Manual handling [location]
Poor ergonomics [location]

Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation men-
tioned above): [make a rough estimate of the total power consumption of the additional
equipment used in the experiment]: ... kW
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