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Abstract: We propose to study the ground state properties of neutron-deficient tin isotopes
towards the doubly-magic nucleus '°°Sn. Nuclear spins, changes in the rms charge radii and
electromagnetic moments of 191=121Sn will be measured by laser spectroscopy using the CRIS
experimental beam line. These ground-state properties will help to clarify the evolution of
nuclear structure properties approaching the N = Z = 50 shell closures. The tin isotopic chain
is currently the frontier for the application of state-of-the-art ab-initio calculations. Our
knowledge of the nuclear structure of the Sn isotopes will set a benchmark for the advances of
many-body methods, and will provide an important test for modern descriptions of the nuclear
force.

Requested shifts: 35 shifts distributed in 2 runs.



1 Motivation

The persistent interest in the region around N = Z = 50 has been a strong motivator for the
development of diverse experimental and theoretical studies in recent years [1, 2, 3, 4, 5]. In
addition to the importance for nuclear structure, our understanding of nuclei in the neighborhood
of the heaviest self-conjugate doubly-magic nucleus, })8081150, has relevance also for our knowledge
of astrophysics, as this region is considered to be the end of the rapid-proton (rp) capture process
[6].

Contradictory experimental evidence has been reported about the level ordering of shell-model
orbits in the neutron deficient Sn isotopes [7, 8], and several questions remain open in connection
with the robustness of the N = Z = 50 shell closures [9, 10, 6]. While the greatest Gamow-Teller
strength found in '°°Sn supports a shell-model picture with strong N = Z = 50 shell closures
[6], the existence of low-lying energy levels and relatively large B(E2) values (known down to
104Gn [3, 10, 11]) points to a rather weak '°°Sn core. To provide quantitative arguments to this
debate, the current proposal aims to answer two pressing questions of nuclear structure in this
region: to what extent can our simplified single particle picture be applied to the description of
Sn isotopes, and what is the influence of the microscopic treatment of the nuclear force in the
description of such a complex nuclear many-body problem.

Currently, laser-spectroscopy experiments on Sn isotopes have been performed only down to
108Gn [12, 13, 14]. This proposal aims to extend these measurements down to 1%'Sn (N = 51),
providing direct assignments for the ground state (gs) spins and high-precision measurements of
ground state electromagnetic moments and changes in the rms charge radii, which are essential
to understand the evolution of nuclear structure around N = Z = 50.

1.1 Spins and electromagnetic moments

With the assumption of a doubly-magic '°Sn nucleus, the description of °'Sn is expected
to be dominated by a single-neutron in the vds/; (or vgy /2) orbit. The shell-model orbitals
above '%Sn are shown in Figure 1. Previous decay studies supported the “normal” shell-model
ordering in neutron-deficient isotopes, with the orbit vds/; dominating their ground state [7].
This description was contradicted by later experiments, suggesting an inversion of the vds 9-vg7 /2
orbits around '9'Sn [8]. Direct spin assignments, together with magnetic moment measurements
to probe the wave function configuration of the ground state of '°1=107Sn  are necessary to
unambiguously determine the ordering of the vds/o-vgy o orbits.
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Figure 1: Shell-model orbitals assumed for the nucleus °*Sn.
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Figure 2: Experimental literature values for the g-factors (¢ = p/(unI)) (left) and
quadrupole (right) moments of Sn isotopes as a function of the neutron number [16]. The
electromagnetic-moments for the ground-state (1/2%) and the isomeric states (11/27) dis-
play simple trends interpreted as dominant single-particle behavior. Below '*Sn (N = 65)
the experimental information on the quadrupole moments is rather poor and a firm con-
clusion cannot be drawn. The sign of the quadrupole moment for *Sn has not been
measured, but was assumed to be negative, based on the systematic of the region.

The literature values for the ground state electromagnetic moments of Sn isotopes up to 23Sn are
shown in Figure 2. The remarkably simple trends observed for the neutron-rich isotopes suggests
a dominant single-particle behaviour towards N = 82. Such mechanism has been advocated in
neutron-rich Cd (Z = 48) isotopes [15]. For Sn isotopes it can be inferred from the fairly
constant behaviour of the g-factors for the 1/2% (ground) and 11/2” (isomer) states (Figure
2a), and the linear trend observed in the quadrupole moments of the isomers, which is typical
for seniority-two configurations filling gradually an orbital (Figure 2b). Thus, whether or not this
simple single-particle like behaviour persists in the proximity of N = Z = 50 remains as an open
question. While experimental evidence points to the existence of a dominant single-particle
behavior towards N = Z = 50 [7, 6], complementary studies suggested a collective behavior
dominated by multiple particle-hole excitations [10, 11, 8]. Electromagnetic moments are very
sensitive to the details of the nuclear wave function, and if present, to the type of configuration
mixing [17]. The extension of these measurements to neutron-deficient Sn isotopes will provide
a unique scenario to quantify the importance of cross-shell excitations around N = Z = 50.
This proposal will provide the first experimental determination of the ground state moments of
101-107GQ isotopes, shedding light on the role of core excitations around °°Sn. This has recently
been suggested from Coulomb excitation experiments [3, 4] and supported by large scale shell-
model calculations using both realistic interactions [5] and valence-space interactions derived
from chiral effective field theory [2]. Therefore, these measurements will provide an important
test for these newly developed theoretical calculations. Additionally, firm spin assignments to
101-107Qp isotopes will be obtained to determine the ordering of the shell-model orbitals in this
region.

Concerning isomers, there is only one known in the neutron-deficient Sn region, 13™Sn (7/2%,
Ty =214 m), whose electromagnetic properties are unknown, with different nature to the
other isomers in the tin isotopic chain (11/27). It has previously been demonstrated that laser
spectroscopy can reveal the existence of new nuclear states, e.g., for states of long lifetime that
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Figure 3: Experimental charge radii of different magic and semi-magic nuclei, compared
with ab-initio calculations using the NN+3N chiral interaction [24]. The notable under-
estimation of charge radii has been a long-standing problem for the development of chiral
Hamiltonians [23, 25].

can not be differentiated in decay spectroscopic methods [18].

1.2 Charge radii

The increasing effort in the description of inter-nucleon interactions derived from chiral effective
field theory [19, 20] and the progress of many-body methods [21, 22] has opened the doors
towards an ab-initio description of nuclear structure properties of medium mass and heavy
nuclei, placing the Sn isotopes at the very front for the application of such ab-initio calculations
[23].

Figure 3 shows a set of ab-initio calculations reported for the charge radii of several semi-magic
isotopes up to 12°Sn [24]. Although, chiral Hamiltonians provide a relatively good description
of binding energies [23], charge radii are significantly underestimated, and the discrepancies
between theory and experiment increase with the mass number. This persistent underestimation
of charge radii has been a long-standing problem for the development of chiral Hamiltonians. A
recent effort to overcome this difficulty has led to a revised parametrization of the nuclear force
[25]. The resulting interaction has provided a relatively good description of charge radii up to
Ca isotopes [26, 27]. Work is in progress to extend these calculations to the Sn isotopes [28].
Additionally, it has been shown that the charge radii are sensitive to new aspects of nuclear
structure [27], providing a powerful test to ab-initio methods, DFT approaches and shell-model
calculations.

2 Experimental details

The ground-state properties will be obtained from measurements of the hyperfine structure spec-
tra (hfs) and isotope shifts on the Sn ionic (or atomic) system by using the collinear resonance
ionization laser spectroscopy experiment (CRIS) at ISOLDE [29, 30]. The HRS separator will
be used in combination with the cooler-buncher ISCOOL. Bunches of singly-ionized Sn ions (Sn
IT) will be redirected into the CRIS beam line. In cases where the atomic state is preferred, the
ions can be neutralized by using a charge exchange cell (CEC). At CRIS, the ions (or atoms)
overlap with a laser beam in a collinear geometry along a UHV interaction region (1.2 m) to
step-wise excite and ionize either the atomic state (Sn I) into the Sn II state, or the Sn II state
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Figure 4: Resonance ionization schemes proposed for the study of Sn isotopes. Alterna-
tive to the atomic transitions (left), the ionic transition (right) can be used which could
potentially provide higher sensitivity [31].

into the Sn III state. The resonantly-ionized ions are then separated from the non-interacting
atoms (or from the singly-charged ions) via electrostatic deflector plates and detected by an
MCP particle detector, thus reducing significantly the background in such experiments.
Several atomic transitions have been used in previous laser spectroscopy experiments of Sn iso-
topes [12, 13, 14]. These transitions have been well studied, and have proved to be sensitive to
the nuclear spins, gs electromagnetic moments and changes in the rms charge radii. Although
the aims of this proposal can be accomplished by using the atomic transition 5s% 5p® 1Sy —
5p 6s 3Py [13], higher sensitivity could potentially be achieved by using the ionic system, Sn II
(Figure 4). An offline plasma source has been installed at CRIS to investigate the feasibility
of these Sn II transitions. Moreover, thanks to considerable investment from the FWO, STFC
and ERC funding, the current CRIS laser lab has now the capability to study the two schemes
presented in Figure 4.

The study of the Sn isotopes requires additional challenges for laser spectroscopy. Firstly,
a relatively high contamination from Indium isobars is predicted for the most exotic neutron-
deficient isotopes (see Figure 5), i.e., around 10* for mass A = 102 in comparison to a 10 yield
for 1928n [32]. However, such contamination factors have been observed in other cases previously
successfully studied at CRIS [33]. At current operating pressures (~ 10~8mbar) the nonresonant
ionization efficiency is estimated to be less than 1:10° [33]. Therefore, the isobar yields will be
reduced to less than 10 cps for 194In, and less than 1 cps for 19%In. Furthermore, given the high
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Figure 5: Beam intensities of neutron-deficient Sn isotopes measured as SnS*t at GSI-
ISOL and as Sn* with RILIS at ISOLDE from a LaC, target. Figure taken from Ref.
(32].

second ionization potential of In and Sn to produce doubly charged ions, 18.8 eV and 14.6 eV
[31], respectively, the background associated with the collisional ionization-rate, which is the
dominant source of background at CRIS, will be reduced by performing the hfs measurements
on the Sn ionic system (Sn II). Thus, a further background reduction by a factor of ~ 1000 is
expected for hfs spectra of the doubly-ionized Sn isotopes (Sn III) in comparision to performing
ionization on the atomic state. Additionally, by using directly the ground state of the Sn ion
avoids the use of the alkali vapour charge-exchange cell, improving the overall sensitivity and
transmission efficiency of the CRIS measurements.

Secondly, the proposed low-lying transitions for Sn I and Sn II have low absorption cross sections
[31, 34]. These “weak” transitions are an advantage for the CRIS technique as the relative long
lifetimes of these low-lying excitation levels allow a complete time decoupling of the different
laser pulses, eliminating possible coherent effects and the broadening induced by high inten-
sity laser fields [35]. The high-resolution laser spectroscopy studies of Sn II require the use of
narrow-band laser light with wavelengths in the range of the deep UV. In order to access such
demanding wavelengths, the CRIS collaboration have acquired a complete new laser setup (see
Sec. 2.1).

2.1 Laser setup

The resonance ionization scheme proposed for the study of Sn isotopes is shown in Figure 4. An
injection seeded laser system has been recently installed at CRIS [36] to provide the narrow band
laser light required for the resonance excitation step (207 nm). A new high power broad-band
frequency quadrupled Ti:Sa laser setup (10 kHz), currently available in the CRIS laser lab, will
be used to provide the second (244 nm) and the third steps (411 nm) from the second harmonic.
The 1064 nm ionization step will be obtained from a high-power Nd:YAG laser (200 Hz), used
during previous CRIS experiments [35].



Isotope  Half life  Estimated Yield (ions/s) Target+RILIS Shifts

01y 0.86s  ~1 LaC,
1026n  38s  ~10* LaC, (Total: 15 shifts)
103G 7.0s ~10? LaC,
104-113.18mGy 5 205 >10° (Ref. [32)) LaC,
17m,119m,121mGy - > 40 min =~ >107 LaC, (Total: 15 shifts)
H4-124Gn  gtable  >107 LaC, 5

Table 1: Table of estimated yields and beam time request. Beam intensities correspond
to 2 pA of average proton current at 1.4 GeV. For masses below A = 104, the beam
intensities are estimated from the reported values for 1%4=113Sn [32] (see Figure 5).

3 Beam-time request

The high efficiency obtained by particle detection has allowed hyperfine-structure (hfs) measure-
ments of low resolution at CRIS to be preformed on isotopes produced at rates of ~100 ions/s.
For the case of 2°2Fr in 2012, whose yield has been ~70 ions/uC, a clear hfs spectrum was ob-
tained in a scan of only 2 hours [33, 37]. Recently, high-resolution measurements, down to 20(1)
MHz [35], were accomplished on Fr isotopes by using a chopped cw laser beam in combination
with a high intensity pulsed laser beam [35]. Such results, in combination with the ability to
perform hfs at very low background conditions, [33] has opened the possibility to push the limits
of sensitivity to study ions produced at rates of only few ions/s.

Since the experimental campaign in 2012, significant progress on the overall sensitivity and back-
ground reduction has been made at the CRIS beam line. New high-power and high-repetition-
rate lasers systems have been acquired, and a second MCP detector setup has been installed to
improve the efficiency of particle detection. Additionally, a new charge exchange cell is being
developed to improve the ion beam transport and UHV in the interaction region, which will
further reduce the non-resonant ionization background.

The details of the beam production and the required shifts for this experimental proposal are
summarized in Table 1. The production of neutron-deficient Sn isotopes has been measured down
to 194Sn, whose yield was reported to be ~103 ions/s using a LaC, target with the resonance
ionization ion source (RILIS) [32]. The yields for lighter Sn isotopes (<194Sn) presented in Table
1 were estimated as an extrapolation from the reported values for 1%4=1198n [32].

Summary of requested shifts: 35 shifts are required, distributed in two runs of 18 and 17
shifts, respectively.
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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
CRIS X Existing | X To be used without any modification
O Existing | O To be used without any modification
[Part 1 of experiment/ equipment] D To be modiﬁe?d -
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
. : O 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:) Hazards
named in the document relevant for the fixed CRIS installation.

Additional hazards: no 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

Electrical and electromagnetic

Electricity

[fluid], [pressure|[Bar],
[volume][l]

[voltage]  [V], [cur-
rent|[A]

Static electricity

Magnetic field

[magnetic field] [T]

Batteries

|

Capacitors

a
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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 O

e Scaled source

O [ISO standard]

e [sotope

e Activity

Use of activated mate-
rial:

e Description

O

e Dose rate on contact
and in 10 cm distance

[dose][mSV]

e Isotope

o 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.]

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

ronment

Mechanical

11




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 mentioned
above): [make a rough estimate of the total power consumption of the additional equip-
ment used in the experiment]
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