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Abstract: We propose to study neutron-rich 217226 At using high-resolution in-source
laser spectroscopy, and the excited levels in 22*=226Rn by decay spectroscopy of the laser
ionised astatine precursors. The electromagnetic moments and the changes in the
mean-squared charge radii will be used to investigate the onset of quadrupole and
octupole collectivity in the ground and isomeric states of the isotopes 2!7~226At. The
results will delineate the lower border of the region where octupole deformation is
expected. The data will be used to test the predictions from cutting edge density
functional theory. At the same time, 5 — v spectroscopy will be used to study the
structures of the radon decay daughters.
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1 Introduction

An intriguing feature of the atomic nucleus is its ability to minimise its energy by adopting
deformed shapes. In recent years, the discovery of exotic permanent octupole deformations
(i.e. pear shapes) [1] has been of interest for nuclear structure studies [2], as well as for
searches for sources of new physics beyond the Standard Model [3]. In particular, odd-A
atoms containing such pear-shaped nuclei are prime candidates in the search for enhanced
permanent electric dipole moments, through the interaction between atomic electrons and
the nuclear Schiff moment [4], 5] [6].

Octupole shapes are expected in regions of the nuclear chart where single-particle config-
urations with A¢ = Aj = 3 lie close together at the Fermi surface. The nuclei north-east
of 2%Pb with Z ~ 88, N ~ 134 inhabit one such region. Here, correlations between par-
ticles occupying the 727/, and mliy3/ proton states, and the v2gg/5 and v1j;5/2 neutron
orbitals, drive octupole collectivity [see Fig. (a)]. However, it is only recently that beams
of isotopes with Z ~ 88, N ~ 134 have become available with high enough intensities to
perform precision studies [T, [7].
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Figure 1: Calculations for the (a) ground state octupole deformation parameter, (s
(adapted from [§]), and (b) electric octupole transition strengths B(E3; 07 — 37) [9]
of even-even nuclei North-East of 2*Pb. The green lines in panel (a) indicate the position
of the radon (Z = 86) isotopes.

The experimental signatures for octupole correlations include enhanced electric octupole
transition strengths [B(E3)s, calculations for which are shown in Fig. [I{b)], and the
presence of near-degenerate, parity-doublet bands in odd-A nuclei, or interleaving opposite
parity bands in even-even cases [2]. Complementary to these are nuclear electromagnetic
moments and changes in the mean-squared charge radii (6(r?)). For the former, the
magnetic dipole moment (u) provides an insight into the underlying configuration of
valence particles, and hence is sensitive to the mixing between states of different parities,
which is possible in the presence of octupole deformations [10]. Meanwhile, an inverted
odd-even staggering (OES) in §(r?) values — whereby the 6(r?) value of an odd-N isotope
is greater than the average of its even-N neighbours — is observed in nuclei inhabiting
regions where octupole collectivity is expected [11], 12 [13].



2 Physics case

2.1 Previous work on neutron-rich astatine and radon isotopes

The neutron-rich astatine (Z = 85) and radon (Z = 86) isotopes lie on the border of the
predicted octupole region [see Fig. (a)]. Therefore, the properties of the ground states
and low-lying structures in these isotopes are key for delineating the octupole region and
constraining models that attempt to describe this behaviour.

Historically, studies of these nuclides at ISOLDE have been hindered by the presence of
strong, isobaric contamination from surface ionised francium and radium. Our recent
laser spectroscopy results are the only published §(r?), p and electric quadrupole moment
(Q) values for neutron-rich astatine isotopes [14], but were limited to *17218219A¢ due
to the aforementioned contamination. Our data revealed that the pu and I™ of 21T219A¢
are consistent with 71hg/, configurations expected from the spherical shell model. Simi-
larly, their low-lying structures are well described by a mlhg s seniority scheme. However,
p(**®At) could not be described by the additivity rule using the expected m1hg /s @ 12gg)
configuration, but could be explained by including an admixture from m1i3/5. This ad-
mixture between states of opposite parity is only possible with the presence of octupole
collectivity, and could suggest that the odd-odd astatine isotopes exhibit octupole corre-
lations. It is therefore important to extend the current data to the A ~ 224 region where
octupole collectivity is expected to be strongest (see Fig. .

Additionally, a large OES inversion in §(r?) was observed, with §(r?)(*!®At) being larger
than the average of neighbouring 2'"#9At [see Fig. J(a)]. The degree of this inversion,
quantified by the OES parameter (yy = 26(r*)n_1.5/0(r*)xn_1.n+1), shows a stronger
inversion in astatine relative to the nearby radon and francium chains at the same neutron
number [N = 133, see Fig. Pb)]. Our yn(*8At) was well described by the presence of
quadrupole-octupole collectivity, with an octupole deformation of |33] ~ 0.1 taken from

Ref. [15].
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Figure 2: (a) The changes in mean-squared charge radii of astatine isotopes and (b) the
OES parameter for different isotopes in the vicinity of N = 126, as a function of the
neutron number. A value of vy > 1 indicates an inversion of the OES. Figures adapted
from Ref. [14]. The two data points for 2'®At represent the results for two different spin
assumptions, I = 2 or 3.

As well as the g and §(r?) values, the Q provides additional constraints for the nuclear
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models and gives insight into the degree of quadrupole collectivity, which is expected to
increase with neutron number. Although @ values were determined for 217=219At in our
previous work [14], the precision (/ 20 —50%) was not sufficient to make firm conclusions
on the level of quadrupole deformation.

As for the radon isotopes, the low-lying structures of the even-A 22°=226Rn are reasonably
well known, apart from ?2Rn, for which a partial level scheme was only recently con-
structed [7]. However, the study was unable to identify the /™ = 1~ and 3~ members of
the octupole bands, the energies of which are of key importance. Nevertheless, in Ref. [7]
it was found that the even-even isotopes #*272%Rn likely have vibrational rather than
static octupole deformations. This is consistent with the calculations shown in Fig.
which show the radon isotopes to have smaller 3 and B(E3) values than the higher-Z
isotopes, and hence are softer to octupole degrees of freedom.

Contrastingly, very little is known about the low-lying structures of the odd-A iso-
topes 2217225Rn, other than the ground-state properties from laser-spectroscopy measure-
ments [12] [16], and the first excited state in *'Rn from an a-decay study of ***Ra [17].
However, particle-asymmetric rotor models suggest that the ordering of the low-lying
states in these nuclei is particularly sensitive to the presence of octupole deformation (see
Fig. 4 in Ref. [18]). Indeed, in Ref. [18] it was noted that the ground states of 221:223225Rn
appeared to have complex structures, and that replicating the experimental I™, ;1 and @)
values was a significant challenge that required additional information from experiment.

2.2 Proposed measurements
2.2.1 Octupole collectivity in neutron-rich astatine

The results presented in Fig. 2| were taken using RILIS in its narrowband mode of opera-
tion [I4], using the ionisation scheme shown in Fig. (a). Isotope shift (IS) and hyperfine
structure (hfs) measurements performed on the 795.21 nm transition, where a linewidth
of =~ 1 GHz was achieved.
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Figure 3: The (a) three-step resonance ionisation scheme that will be used, and (b) com-
parison of simulations of the hfs spectra expected from scanning the 795.21 nm transition
for a I = 9/2 nucleus, recorded in normal RILIS mode (red) [14], LIST mode (green),
and PI-LIST mode (blue). The vertical black lines represent the unbroadened hyperfine
transitions, with their heights indicating the relative intensities.



We propose to extend the §(r?) measurements along the chain of neutron-rich astatine
isotopes to confirm whether the inverted OES extends to the heavier masses. We will
use a UC, target combined with the Laser Ion Source and Trap (LIST) to suppress
surface-ionised isobaric francium beam contaminant, with only a factor of ~ 30 reduction
in the extraction of the isotopes of interest [19]. For 2!87224At, the expected yields are
large enough to operate in perpendicularly-illuminated LIST (PI-LIST) mode, which has
a reduction in efficiency of < 500 relative to normal RILIS operation. However, the
PI-LIST can achieve linewidths of 100-300 MHz allowing @) values to be extracted. It
was also shown during the [S664 experiment that by running the LIST in normal mode,
improved resolutions of ~ 500 MHz were achievable using a pulsed amplified Ti:Sa ring
cavity seeded with a high-resolution continuous wave laser from the CRIS setup. This
will give access to () values for more weakly produced cases, albeit at lower precision.
With the improved resolution, the limiting factor on our results will be the uncertainties
related to available atomic data and calculations. With the available data, our extracted
Q values would have a ~ 50% uncertainty due to systematics stemming from calculations
of the hyperfine parameters (a and b) of the atomic ground state in astatine (10%), and
from the experimental by/b; ratio between the ground and first excited state quadrupole
parameters (40%). Therefore, we will perform additional scans of the 216.23 nm transition
for strongly produced At (I™ = 3, 7 and 10) and At (I™ = 9/27) using the PI-LIST,
to accurately determine these atomic factors. This will allow a precision of < 15% in )
values extracted from the measurements, as well as new information to be extracted from
our previous data.

2.2.2 Low-lying structures and octupole collectivity in neutron-rich radon
isotopes

In parallel to the primary IS/hfs study on as- -

. . £ g 3. i
tatine, we will perform decay measurements Qp-=373951 Z/l ;129420
to explore the excited state structures in 220

220—226 85 Alyss .
Rn. The pB-decay schemes for the pre- g

cursor astatine isotopes are completely un- 1B~ Logfr $ 2 g\\ 2
known, apart from that of #2°At shown in % \\(ﬁ VS @ 663.23
Fig. [ Furthermore, having only been ob- AL \17 P BT
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rator, no spectroscopic information is known
for 225226 At and only lower limits of T} /2 > \

300 ns are known for their half-lives. Hence, 0o =
the data we will collect would provide the

first ever information on these two very ex- 0+ 0.0
otic cases. o

The high ~-detection efficiency (~5% at soRM34

1 MeV) of the IDS germanium clover detec- Figure 4: The B-decay scheme for 220 At—s
tors will be combined with plastic scintilla-  220R}, taken from 20, 2T, 22].

tors for 5 tagging and an annular silicon det-
ector at the implantation position. Ancillary arrays of LaBr detectors for fast-timing

measurements and silicon detectors for conversion electron spectroscopy positioned at a

v 240.97
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secondary decay station below the implantation position will also be used. This will allow
detailed decay schemes to be constructed, including information on excitation energies,
Ty, I, -ray intensities and conversion coefficients. In particular, the even-A astatine
isotopes have, or are expected to have ground states of I™ = 27,37. The [ decay of these
ground states should strongly populate the I™ = 17 and 3~ members of the octupole and
the I™ = 2% and 4" of the ground state bands in the even-A radon isotopes. An example
of this is shown in the 3-decay scheme for 2°At in Fig. [d] with 17.5% and 5.1% feeding to
the I™ = 37~ and 1~ states, respectively. By measuring the lifetimes and branching ratios
of the decays from the I™ = 3~ states we will be able to directly determine B(E3) values.
For the most intensely produced cases, these data will be collected during the astatine IS
and hfs scanning. However, we request three shifts for dedicated decay measurements of
the more weakly produced 2237226 At,

3 Method

The hfs spectra will be measured using the ISOLDE Decay Station (IDS) to record the
number of characteristic decays, or the ISOLTRAP MR-ToF-MS to count ions, as a func-
tion of the laser frequency of the scanned transition. The scanning resolution compared to
our previous measurements will be optimised by using a pulsed amplified Ti:Sa ring cavity
seeded with continuous wave laser light which will be generated at the CRIS installation
and delivered to RILIS via a fibre link.

An annular silicon detector will be used at IDS for a detection (= 15% efficiency), whilst
plastic scintillators and germanium detectors will be used for measuring 3 and ~ radia-
tion, respectively. The expected peak 7-ray detection efficiency of IDS is ~ 17% at the
implantation position, for 200 keV v rays. In addition we plan to use a secondary decay
measurement chamber (&~ 15% peak v and 50% S detection efficiency) between the im-
plantation point and the IDS tape station. Here, IDS clover detectors will be combined
with LaBr and plastic scintillators to perform lifetime measurements of excited states in
neutron-rich daughter radon isotopes, and provide additional efficiency for constructing
hfs spectra through decay counting of long-lived and daughter activities. In the past, this
approach allowed IS and hfs measurements to be performed with implantation rates as
low as 0.01 ions/s.

Figure [5| summarises the yields estimates for the astatine isotopes, made using our data for
T8 At in Ref. [14], and conservative values for the in-target production yields simulated
by ABRABLA, available through the ISOLDE yield database [23] 24]. The number of
shifts accounts for the T}/, and respective yields of each isotope, as well as the reduction
in the yields in the LIST and PI-LIST modes, relative to normal RILIS operation. A loss
factor of 30 is assumed for operation using the LIST, and a conservative factor of 500
when using PI-LIST mode [19].

Yield estimates:

Yields for astatine isotopes of mass A were calculated using the expression [25]:

P(A) ( Tl/z(A)))a

Yid) = Y(218)P(218) Ty 5(218
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Figure 5: The calculated yields for isotopes of astatine based on our previous data from [14]
and conservative in-target calculations ABRABLA. The red and blue data points are
estimates for operating the target in LIST and PI-LIST mode, respectively. The dashed
red line is the approximate limit of sensitivity for IDS.

where Y (218) was the yield measured for ?'®At in Ref. [14] (90 ions/uC), and P(A) and
T1/2(A) are the in-target production and half-life for the isotope of mass A, respectively.
A value of a = 0.89 taken from Ref. [25] was used in our yield calculations, which are
shown in Fig. [f

Summary of requested shifts: Based on our previous data and the yield estimates,
we request 18 shifts for the IS and hfs measurements, which are summarised in
Table [I] This will allow us to make measurements up to >*!At in PI-LIST mode, and
225,226 At in LIST mode. We request a further 3 shifts dedicated to decay measurements
for exploring the low-lying structures in radon isotopes. In addition to this we request
one extra day for setup of the lasers and beam tuning to IDS and ISOLTRAP (3 shifts).
This is to account for the additional challenges associated with beam tuning from a LIST
ion source in different operation modes. Therefore, we request a total of 24 shifts.

Table 1: Summary of requested shifts for laser scanning.

A Ty )9 Scanning mode | New measurements | Shifts
200 6.92 s PI-LIST atomic factors 2.5
205 | 26.9 mins PI-LIST reference 1
211 | 7.2 hrs PI-LIST atomic factors 2.5
217 | 32.3 ms PI-LIST improved @ 1
218 1.5s PI-LIST I, improved @) 1
219 56 s PI-LIST improved @) 1
220 | 3.71 mins PI-LIST I,6(r%), u, Q 1
221 | 2.3 mins PI-LIST I,6(r%), u, Q 1
222 54 s PI-LIST I,6(r%), u, Q 1
223 50 s PI-LIST I,6(r%), p, Q 1.5
224 | 1.3 mins | LIST/PI-LIST I,6(r%), u, Q 1.5
225 | > 300 ns LIST I,6(r%), 1, Q 1.5
226 | > 300 ns LIST I,6(r%), u, Q 1.5

Total: 18
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4 Details for the Technical Advisory Committee

4.1 General information

Describe the setup which will be used for the measurement. If necessary, copy the list for
each setup used.

X Permanent ISOLDE setup: IDS, ISOLTRAP, RILIS

X To be used without any modification

O To be modified: Short description of required modifications.
O Travelling setup (Contact the ISOLDE physics coordinator with details.)

O Existing setup, used previously at ISOLDE: Specify name and IS-number(s)
O Existing setup, not yet used at ISOLDE: Short description
O New setup: Short description

4.2 Beam production

For any inquiries related to this matter, reach out to the target team and/or RILIS (please
do not wait until the last minute!). For Letters of Intent focusing on element (or isotope)
specific beam development, this section can be filled in more loosely.

e Requested beams:

Isotope Production yield in focal | Minimum required rate T2
point of the separator (/uC) | at experiment (pps)

200At > 103 0.2 >6 s

205 A4, > 106 0.2 26.9 mins

AL > 10° 0.2 7.2 hrs

2IT=226 At 1071 — 108 0.2 >1s

e Full reference of yield information: Yields recorded during 1S534 and extrapolations
from yield database, scaled to measured yields

e Target - ion source combination: UC, + LIST

e RILIS? Yes

X Special requirements: isomer selectivity, LIST, PI-LIST, ultra-narrow band-
width laser scanning using an injection-seeded laser, fibre transport of CW
laser light from CRIS, laser shutter access, etc.

e Expected contaminants: Surface ionised Fr

e Acceptable level of contaminants: Not sensitive to stable contaminants. The LIST
will suppress most of the surface ionised contamination as seen in LOI219 (10° sup-
pression), the selectivity of IDS and ISOLTRAP can easily deal with any remaining
contamination.
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e Can the experiment accept molecular beams? No

e Are there any potential synergies (same element /isotope) with other proposals and
LOIs that you are aware of? INTC-1-158

4.3 Shift breakdown

The beam request only includes the shifts requiring radioactive beam, but, for practical
purposes, an overview of all the shifts is requested here. Don’t forget to include:

e Isotopes/isomers for which the yield need to be determined

e Shifts requiring stable beam (indicate which isotopes, if important) for setup, cali-
bration, etc. Also include if stable beam from the REX-EBIS is required.

An example can be found below, please adapt to your needs. Copy the table if the beam
time request is split over several runs.

Summary of requested shifts:

With protons Requested shifts
20At, scans to improve accuracy of atomic factors 4

205A¢t, hfs reference scans 1

U726 At data taking, hfs scans 13

27226 At data taking, decay measurements 3

Without protons Requested shifts
Stable beam to setups 3
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4.4 Health, Safety and Environmental aspects
4.4.1 Radiation Protection
e If radioactive sources are required:
— Purpose? Energy and efficiency calibrations of detectors.
— Isotopic composition? 37 Cs, 241 Am, 12 Bu, 133 Ba, % Co, quadruple o source

— Activity? < 300 kBq, ISO standard calibration sources.
— Sealed/unsealed? both

e For collections:

— Number of samples? None
— Activity/atoms implanted per sample? n/a

— Post-collection activities? n/a
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