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Abstract: We propose to study the ground-state properties of fluorine isotopes through
collinear laser spectroscopy. Electromagnetic properties of nuclei in the vicinity of oxygen
isotopes are important to understand the emergence of shell structures, the role of many-body
currents and the inclusion of the continuum effects in the nuclear many-body problem. With
the aim of identifying the most suitable way to study these isotopes, the current letter of
intent aims to answer technical questions regarding the production of exotic fluorine isotopes,
their availability as positive (or negative) ions and the efficiency of bunching such highly
reactive elements.

Requested shifts: 7 shifts of radioactive beams and 6 shifts of stable beams.



1 Motivation

Light nuclear systems are of great relevance for the study of many-body quantum physics. The
emergence of shell-structures, the clustering of nucleons, and the formation of nuclear halos
are just a few stunning examples that illustrate the richness and uniqueness of the nuclear
few-body problem [1]. The long-standing challenge for nuclear theory has been to find a
unified and consistent description for such variety of physical phenomena. On the grounds of
the development of high precision inter-nucleon potentials [2, 3], the advances of many-body
methods [4, 5, 6] and high computing power [7], nuclear ground-state properties of light
nuclei can now be described with a high degree of accuracy. Ab initio methods have allowed
quasi-exact calculations of properties of nuclei in the neighborhood of carbon and oxygen
isotopes to be performed [8, 9, 10, 11]. Unfortunately, such nuclei which are now accessible by
a diverse range of many-body methods, are particularly challenging for laser spectroscopy. Two
technical barriers hinder the extension of laser spectroscopy studies on these nuclei: i. Atomic
or ionic transitions from the ground state lie mainly in the extreme ultra-violet
(EUYV) region that is not accessible by conventional lasers, and ii) they exists mainly
as molecular compounds (e.g. Fo, AIF, Oy, No, CO, CO2).

The main focus of this letter is to develop a strategy to perform laser spectroscopy studies
on radioactive fluorine isotopes, giving access to unknown nuclear ground-state spins and
electromagnetic properties.

With Z = 9 protons, the fluorine isotopic chain allows for the exploration of unique features
of the nuclear few-body problem. Within the shell model picture, the "F, F and *F
isotopes can be used to investigate the behavior of a single proton around three
“doubly-magic” cores: O(N = 8), 20(N = 14), O(N = 16). Furthermore, the
self-conjugate nucleus 8F(Z = N = 9), and the isotopes 2*F and 26F can be
used as sensitive probes to the proton-neutron interactions [12, 13, 14], having a
single proton in the d5 /5 orbit, and a single neutron in the ds /o, s1/2 and d3 3 orbits, respectively.

The binding energy and low-lying excited states of light nuclei have been well reproduced
by ab-initio and conventional configuration interaction (CI) methods [15]. Three-body forces
have been proven to play a crucial role in the description of neutron-rich oxygen [16] and
fluorine isotopes [12, 15, 17]. These were shown to be an essential ingredient to explain the
so-called “oxygen anomaly” [16], which locates the oxygen neutron drip line around 24O [18],
while adding a single proton extends the neutron drip line of fluorine isotopes up to 3'F [19].
Work is in progress to include the contribution of many-body currents [5, 20] and
continuum effects on the nuclear Hamiltonian [21, 22], which are expected to be
important to describe properties of weakly bound systems such as fluorine exotic
isotopes [12, 17].

Many-body currents (e.g. two-body meson exchange currents, MEC) arise naturally from
chiral effective field theory, and are essential to provide a consistent description of the nuclear
dynamics and to understand the microscopic origin of the effective operators commonly used
in nuclear physics (e.g. effective charges, effective g-factors) [20, 5, 23]. Quantum Monte Carlo
calculations demonstrated that two-body MEC contributions produce large corrections to the
ground-state electromagnetic properties of light nuclei (i.e. magnetic moment, quadrupole
moment and charge radii) [5, 20]. Recently, such studies have been extended to heavier systems,
where it has been shown that contributions from two-body currents are necessary to explain
the relatively large half-life of *C as well as the quenching of the Gamow-Teller transition in



Table 1: Literature values for the ground-state properties of fluorine isotopes [30].

Nuclei Ty, Im Yield (ions/uC) p[nm] Q] < r? >2[fm]
TF 64s /27 11x 10 T4.7213(3) 0.076(4)
BF 110 m 1" 1.8 x 107
9F  stable  1/2 12.628868(8) 2.855(15)
VE 115 o+ 9.7 x 105 42.09335(9)  0.056(4)
AR 45 5/2+ 9.4 x 10°* 3.9194(12)  0.11(2)
2D 45 (47) 31x10%  (+)2.6044(4) 0.003(2)
BE 2s 5/2% 1.6 x 10%*

HE 400 ms  (1,2,3,4)F
BF 80 ms 5/2F
2F 9.7 ms (1)

* Yields available for PSB. * Yields available for SC

22,240 [23]. Moreover, consistent currents and inter-nucleon interactions were used to provide
predictions for the ground-state spins of neutron-rich fluorine isotopes [23].

The known ground-state properties of fluorine isotopes are shown in Table 1. The magnetic
moments and quadrupole moments of several isotopes have been measured by using the 5-NMR
technique. The relatively long half-life of the self-conjugate nucleus '®*F makes it inaccessible to
B-NMR, and ground-state electromagnetic properties and spins are unknown beyond ?2F.

The charge radius is known only for the stable 1°F. The experimental knowledge for the evolution
of nuclear sizes in the region of oxygen isotopes is a rather unexplored area. However, significant
progress on the theory side has been made during the last few years on this matter [17]. The
description of charge radii has been a particular challenge for nuclear theory [17, 24],
providing an important test for the development of inter-nucleon interactions and
ab initio calculations [17, 25, 26]. Of notable interest would be the measurement of the size
of the charge distribution for the proton halo nucleus !"F. This nucleus has been subject of
numerous studies (see for example [27]), as there is evidence for the existence of a proton halo in
an excited state! [28], and in addition this nucleus is of relevance for astrophysics studies [29].

2 Experimental details

The ground-state properties will be obtained from measurements of the hyperfine structure (hfs)
and isotope shifts on the F I atomic system by using collinear laser spectroscopy. Three main
questions need to be answered to choose the best strategy for the study of F isotopes.

1. What is the production yield of neutron-rich F* isotopes?
— Only the yield of '"F is known at the PSB, see Table 1.

2. Can bunches of FT ions be produced efficiently?
— High bunching efficiency of F' is a necessary condition to efficiently perform standard
collinear laser spectroscopy for both resonance ionization and optical detection.

!The short-lived excited state (~286 ps) can not be accessed by laser spectroscopy.



3. Are yields considerably higher for F~ ions?
— As fluorine is found preferably as a negative ion, a considerable increase of the yields
could be observed [31]. It would also be important to measure the bunching efficiency for
negative ions.

These measurements will clarify the feasibility of the proposed studies and will define the main
route to study the exotic fluorine isotopes. As one of the main physics motivations is
the determination of the charge radii, it is important to estimate the electronic
field and mass isotope shift factors. Therefore, we ask for 7 shifts to measure the
hyperfine structure and isotope shifts of '"'®19F by using different atomic transitions
and by employing complementary techniques. Below we give a short description of the
methodology planned to explore these questions.

Bunched collinear laser spectroscopy from F* ions. (Working plan I)

The HRS separator will be used in combination with the cooler-buncher ISCOOL. As fluorine
is a highly reactive element, it is important to quantify the bunching efficiency for these ions.
Bunches of singly-ionized F (F II) can be redirected into the COLLAPS or CRIS beam line to
perform laser spectroscopy experiments. As the transitions from the ground state of the ion and
atomic states lie in the EUV range (< 90 nm), it can not be accessed with conventional lasers.
However, it has been shown that a meta-stable state of the atomic state (F I) can be populated
by passing the F II beam through a Na vapor cell [32].

The low-lying atomic energy levels of F I are shown in Figure 1. With a lifetime of 7.3(5)us [33]
the meta-stable state 3s 4P5 /2 at 102405.7 cm™ 1 provides access to several resonant transitions.
Previously, laser spectroscopy studies were performed for the stable F by using the 686 nm
and 677 nm lines [32]. Such an experiment can be performed at the COLLAPS beam line by
using fluorescence detection.

Several ionization paths are also accessible from the mestastable state, as shown in Figure 1.
Therefore, collinear resonance ionization is a possible route to explore the neutron-rich fluorine
isotopes. At CRIS, the atoms overlap with a laser beam in a collinear geometry along a UHV
interaction region (1.2 m) to step-wise excite and ionize the atomic state F I into a F II state.
The resonantly-ionized ions are then separated from the non-interacting atoms via electrostatic
deflector plates, and finally detected by an MCP particle detector.

Collinear laser spectroscopy on continuous F* ion beams (Working plan II)

If considerable ion-beam losses are observed in the cooler-buncher, it would be necessary to
use a continuous ion beam. The large background associated with continuous beams does not
allow optical detection techniques to be used, and the duty-cycle losses due to the use of pulsed
laser will prevent the use of collinear resonance ionization. However, state-selective collisional
ionization of fast atomic beams [34, 35, 36] would be a highly sensitive technique applicable to
fluorine isotopes. A sketch of the experimental technique is shown in Figure 2. For a beam of FT
passing through a Na vapor cell at 40 keV, it has been shown that about 25% of the incoming
beam can be neutralized following the reaction channel [32]

F™ 4+ Na — F*(3s “P55)+ Na™. (1)

The meta-stable state 3s 4P5/2 can be resonantly depopulated, e.g, via the 677.4 nm line

(3s *Pj /2 = 3p 4Dg /2 ), which decays mainly to the ground states QPOJ following the decay
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Figure 1: Energy-level diagram for F 1.

path 3p 4Dg/2 — 3s 4P3/2 — 2PY (Figure 1). The atoms that are resonantly excited by the laser
light will be transferred to the ground-state and then directed into the re-ionization cell (Figure
2). The large energy difference between the meta-stable states and the ground states gives a
large difference in the re-ionization cross section. If the laser is not in resonance with the atomic
beam, the atom remains in the meta-stable state and can be easily re-ionized. Therefore, the
resonant laser-ion interaction is translated into a resonant (reduction) on the ion (atom) count-
ing. A re-ionization atom efficiency of about 45% has been reported for fluorine atoms in a
hellium cell at 40 keV [32].
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Figure 2: Sketch of the experimental setup used for state-selective resonance ionization.
Figure modified from Ref. [36].



Collinear laser spectroscopy from F~ ion beams? (Working plan IIT)

As the most electronegative element, fluorine is highly reactive and tends to capture an electron
to fill outer atomic shell (L). Hence, fluor’s extraction as a negative ion could enhance the yields
for neutron rich-isotopes, with the additional advantage of being extracted as a pure ion beam
[31]. Electron detachment of F~ by collisions with He and Ne gases has been studied at ion
beam energies up to 8 keV, with detachment cross sections for the reactions

_ F*+ He + e,

¥ +He—>{ F+ He* + e, 2)
_ F*+ Ne + e,

F +Ne—>{ Ft+ Ne* + e, (3)

of the order of 10716-1071° ecm? [37]. A fraction of the population into excited states of F*
is expected to populate the meta-stable state F*(3s 4Py /2), from which laser spectroscopy can
be performed. To our knowledge, such studies have not been reported at ion beam energies of
30-40 keV. Therefore, if the yield of negative ions proves to be considerably higher than for FT,
studies of electron dectachment of F~ will be motivated to quantify the percentage of population
into the meta-stable state. This could be a highly sensitive route to study very neutron-rich F
isotopes.

3 Beam-time request

The details of the required shifts for this letter of intent are summarized in Table 2. Only the
production yield of 17F has been reported at the PSB (1.1x10° ions/s) using a SiC target. Due
to the relatively long half-life of ®F (~110 m) a yield higher than 10° ions/s is expected for this
isotope. Therefore, at this stage the physics cases towards the proton-drip line (1’F and '8F)
can be addressed. These measurements will provide the magnetic and quadrupole moments of
I8F and the change in the rms charge radii for '"!®19F. As fluorine has only one stable isotope,
measurements with radioactive isotopes are needed to test the sensitivity of the isotope shifts
for different atomic transitions.

Both neutron-deficient and neutron-rich F isotopes can be produced with a SiC target, but the
existing yield data for neutron-rich is only available for the SC. Yield measurements are required
for neutron-rich isotopes 20~2°F.

Summary of requested shifts: 7 shifts of radioactive beams and 6 shifts of stable beams are
required.
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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
COLLAPS, 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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