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Abstract: We propose to perform Coulomb excitation of the 214212Ra and the 212210Rn
isotopes. This experiment consists of two separate runs aimed at measuring the B(E2; 2*1
— 0*1) strengths in 214212Ra and in 212210Rn and, possibly, the B(E2; 4*1 = 2*1) strengths
in 212Ra and 219Rn. This experimental information will allow us to study quantitatively,
within the framework of the nuclear shell model, to what extent the seniority scheme
remains valid in the Po-Ra-Rn isotones with N = 126 and 124.
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Physics case:

The Nuclear Shell Model is one of the most successful effective theories in nuclear structure
physics [1]. Besides many other insights on the structure of nuclei, the shell model, in
combination with pairing correlations, provides an easy way for understanding low-energy
spectra of semi-magic nuclei. Low-energy excited states with J > 0 in semi-magic nuclei, with
more than two-particles in a single high-j shell, originate from angular momenta recoupling of
unpaired nucleons. These states can be grouped into multiplets based on the number of unpaired
nucleons. This number is called seniority (v) [2, 3] and can be considered as a good quantum
number. In fact, the generalized seniority scheme [3] represents a truncation of the nuclear shell
model. For the yrast states of even-even nuclei it is manifested by few clear experimental
signatures [4, 5]:

- The excited yrast states have seniority v = 2 and follow an energy pattern that is
equivalent to the one for a j? configuration in which the energy spacing between the
states decreases towards the state with maximum angular momentum. As a result, the
state with maximum angular momentum for the j? configuration is usually an isomer.

- The absolute E2 transition strength for the seniority-changing transition 2*1(v = 2) —
0*1(v = 0) increases in a parabolic way with the filling of the j-shell and reaches a
maximum at the middle of the j-shell.

- The absolute E2 transition strengths for the seniority-conserving transitions J — J-2 (J
>4) decrease in a parabolic way with the filling of the j-shell and reaches a minimum at
the middle of the j-shell.

- the middle of the j-shell.

The even-even Po-Rn-Ra nuclei with N = 126 manifest these features. The yrast states of
210pg, 212Rn, and %Ra adhere to the typical seniority-2 energy pattern (cf. Fig. 1).
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Figure 1: A graphical comparison between the experimental (Exp) and calculated (KHM3Y) properties of the yrast
states of the N = 126 isotones 2'°Po, ??Rn, and ?**Ra. The isomeric 8*1 states which are a few keV apart from the 6*1
states, are intentionally omitted. The experimental data are taken from NNDC and the references therein. Details about
the calculations are presented in the text. The thickness of the arrows is proportional to the B(E2) values with the latter
also indicated by the numbers on the arrows in e’fm*. Dashed arrows represent transitions for which experimental data
on B(E2) values are not available.

This pattern can be attributed to the m(1her)? configuration. This assignment agrees with the
almost constant values of the measured magnetic moments of the 8*1 states ?!°Po, ?*?Rn, and
214Ra [6]. The predicted decreasing trend in the absolute E2 transition strengths for the
seniority-preserving transitions is also evident in Fig. 2. However, due to the lack of



experimental data, the anticipated parabolically increasing trend in the absolute E2
transition strength for the seniority-changing transition from 2*1(v = 2) — 0%1(v = 0) is still
not experimentally observed.

It can be expected that the features of the seniority scheme persist in open shell nuclei close
to magic numbers in which low-energy excitations are dominated by one kind of nucleons. The
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valence neutrons in N < 126 nuclei occupy orbitals with high principal quantum number and
low angular momentum. As a result, they interact weakly with the protons in the lhe. orbital
[7]. Therefore, the protons in the 1ho2 orbital dominate the wave functions of the yrast states
forming seniority-like structures. Indeed, for all even-even nuclei in the Po-Rn-Ra isotonic
chains with N = 124 the yrast states follow a typical seniority-like pattern (cf. Fig. 3). The 81
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Figure 3: A graphical comparison between the experimental (Exp) and calculated (KHMY3) properties of the yrast
states of the N = 124 isotones 2°®Po, ?'°Rn, and ?*?Ra. The isomeric 8*1 states which are a few keV apart from the 6*1
states, are intentionally omitted. The experimental data are taken from NNDC and the references therein. Details about
the calculations are presented in the text. The thickness of the arrows is proportional to the B(E2) values with the latter
also indicated by the numbers on the arrows in e2fm*. Dashed arrows represent transitions for which experimental
data on B(E2) values are not available.

states in these nuclei are isomers with almost constant values of the measured magnetic
moments [6] which indicate wave functions dominated by the nt(1he/2)? configuration [8]. Based
on these and similar arguments J.J. Ressler et al. [5] suggested that the seniority regime persists



for nuclei from the Po-Rn-Ra isotonic chains with 122 <N < 126 up to ?!°Ra [8]. On the other
hand, the evolution of the absolute E2 transition strengths with the increase in the proton
number is not entirely clear (cf. also Fig. 4). Indeed, the B(E2; 2*1 — 0™1) values increase from
208pg to 21°Rn while the B(E2; 6*1 — 4*1) values decrease. However, the B(E2; 2*1 — 0*1) in
210Rn is quite uncertain [9], and no further experimental information on the E2 transition
strengths in 2°Rn and ?'?Ra is available.
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In order to assess the capability of shell models to describe the observed properties of the
yrast states of Po-Rn-Ra isotopes with N = 126 and 124, we have performed calculations by
considering 2°®Pb as a core and by using the model space spanned by the 2pai2, 2p1i2, 1f72, 1fsp,
Ohgrz, Oixs2 orbitals for both protons and neutrons. For the two-body matrix elements of the
effective Hamiltonian, we employed the KHM3Y interaction [10] which has recently been
successfully applied to describe the yrast properties of 2%°Po [11]. The results (henceforth
labeled as KHM3Y or SM in Figures 1, 2, 3, and 4) were obtained using the shell-model code
KSHELL [12]. To calculate the electromagnetic properties of the yrast states of Po-Rn-Ra
isotopes with N = 126 and 124, we employed effective charges of e, = 1.45e and e, = 0.84e,
which were chosen to reproduce the experimental values of B(E2; 8*1 — 6*1) in 21°Po and B(E2;
2*1 — 0*1) in 2%Pb, respectively. For effective gyromagnetic factors, we adopted the values
recommended in Ref. [13]. With this choice of effective gyromagnetic factors, the calculations
successfully reproduce the experimental magnetic moments of the 8" states of Po-Rn-Ra
isotopes with N = 126 and 124. The other results are presented in Figures 1, 2, 3, and 4.

A comparison between the experimental and calculated spectra of the yrast states of Po-Rn-
Ra isotopes with N = 126 is shown in Fig. 1. The calculated excitation energies of the yrast
states are in very good agreement with the experimental data, with discrepancies less than 100
keV for all states. The description of 21°Po is particularly good, with discrepancies less than 38
keV. This is also true for the E2 transition strengths in 2°Po as all experimental strengths but
B(E2; 2*1 — 0™1) are well reproduced (see Fig. 2). The latter is predicted by the calculations to
be about twice as much as the experimental value [14]. This problem is well known and is being
addressed in the 1S720 experiment. The present shell model calculations predict that the E2
transition strengths between the yrast states of Po-Rn-Ra isotopes with N = 126 will follow the
expected seniority pattern (see Fig. 2). The agreement between the calculated and the
experimental E2 transition strengths for the seniority-preserving transitions is fairly good.
However, such a comparison is not possible for the E2 transition strengths for the seniority-



changing transitions due to the lack of experimental data on B(E2; 2*1 — 0%1) in ?*2Rn and
214%Ra. While it can be anticipated that these transition strengths will qualitatively follow the
expected seniority pattern in accordance with current shell model calculations, the extent to
which guantitative agreement can be achieved remains uncertain. In other words, it is
unclear whether the observed discrepancy between the experimental and the calculated
B(E2; 2*1 — 0*1) values in 2°Po persists or is reduced in 2!2Rn and ?**Ra. Therefore, one of
the objectives of the present proposal is to measure the B(E2; 2*1 — 0"1) strengths in ??Rn
and 2**Ra using the safe Coulomb excitation technigue of radioactive ion beams.

A comparison between the experimental and calculated spectra of the yrast states of Po-Rn-
Ra isotopes with N = 124 is shown in Figure 3. The agreement between the calculated excitation
energies of the yrast states and the experimental data is not as good as in the case of N = 126
istones, as the largest discrepancy of 160 keV appears for the 4*1 state of !2Ra. Moreover, the
calculated 61 and 8%1 states systematically appear below the experimental ones. This indicates
certain deficiencies in the effective interaction, most likely related to the proton-neutron two-
body matrix elements, as discussed in Refs. [14, 15]. The comparison between the calculated
and the experimental E2 transition strengths (see also Fig. 4) offers another peculiar
observation: while the experimental B(E2; 6*1 — 4*1) values are well reproduced, the B(E2; 2*1
— 071) and B(E2; 41 — 2*1) values are overpredicted by a factor of two, and the experimental
B(E2; 8"1 — 6'1) value is underpredicted by a factor of four. It is worth mentioning that by
using different interactions, the discrepancy in the B(E2; 41 — 2*1) values may be amended,
but those in the B(E2; 2*1 — 0%1) and B(E2; 8"1 — 6™1) values persist (see Table Il in Ref. [15]).
The present shell model calculations predict that the E2 transition strengths between the yrast
states of Po-Rn-Ra isotopes with N = 124 will follow the expected seniority pattern (see Fig.
4). Indeed, both calculated and experimental B(E2; 6"1 — 4*1) values decrease from 2%8Po to
210Rn in good quantitative agreement. The experimental and the calculated B(E2; 2*1 — 0*1)
increase in a qualitative agreement but it is difficult to quantify this agreement due to the
rather uncertain B(E2; 2*1 — 0%1) value in 2°Rn [9]. Going from ?1°Rn to #!2Ra, the current
shell model calculations predict that all E2 transition strengths, except for the B(E2; 41 — 2*1),
follow the seniority pattern. For the B(E2; 4*1 — 2*1) value in ??Ra, a sudden increase is
predicted (see Fig. 4), which may be an indication of onset of collectivity. However, neither of
these predictions can be verified due to the lack of experimental data on the E2 transition
strengths in 2?Ra. Therefore, another objective of the present proposal is to measure the
B(E2; 2*1 — 0%1) and the B(E2; 4*1 — 2*1) strengths in #°Rn and ?*?Ra using the safe
Coulomb excitation technique of radioactive ion beams.

In summary, the objectives of this proposal are to measure the B(E2; 2*; — 0%1) strengths
in 2*221°Rn and in #*?'’Ra and, potentially, the B(E2; 4*1 — 2*1) strengths in *°Rn and
2?Ra. This experimental information will allow us to study gquantitatively, within the
framework of nuclear shell model, to what extent the seniority scheme remains valid as the
number of nucleons diverges from (semi-)magic humbers.

Feasibility of the proposed experiment

The proposed measurements can be done in two separate runs, each devoted to 214?'?Ra and
212210Rn, respectively. Radioactive ion beams of 242'?Ra and 2'2?°Rn can be produced at
ISOLDE and post-accelerated by HIE-ISOLDE.



The 2*2Rn and 2°Rn beams can be produced using uranium or thorium targets and cold-
plasma ion source (VD7). This should provide sufficiently pure beams (without any surface-
ionized francium contamination) with ISOLDE intensities of the order of 3x10® p/uC.
Assuming an overall HIE-ISOLDE efficiency (charge breeding and post-acceleration) of about
5% should allow obtaining about 1x107 pps on the Miniball target. However, in the following
estimates we have used a secondary beam intensity of 1x10° pps as a (conservative) value that
could be accepted at the Miniball setup.

The production of the 22?14Ra beams might appear more complex. Ra could be extracted
from the ISOLDE target either by using surface ionization or using the RILIS ion source. The
second option should allow for increasing the ionization efficiency by a factor of 3.8 [16]. The
yields for ??Ra and ?**Ra are cited as 9x10° p/uC (values from SC measurements). However,
more recent PSB values are almost a factor of 20 lower (5x10° p/uC). Those are the numbers
we used in our further beam intensity estimates.

The francium surface ionization contamination needs to be considered in either of the two
ionization options. The very short half-life of 2*Fr (5 ms) suppresses it considerably and it
should be reduced by many orders of magnitude lower intensity, compared to 2“Ra. Therefore,
the 2%Fr contamination in either of the two ionization approaches could be considered as
negligible and no specific precautions need to be taken in this case. The half-life of 2'%Fr is very
similar to that of 2?Ra and its intensity is expected to be several orders of magnitude higher
than 2'?Ra. Therefore, for the case of ??Ra, we would like to go for extracting ?*?RaF (mass
231) molecular beam. For this purpose, we will need a ThCx target, from which the 23'Fr will
not be produced (it has two neutrons more than 22Th).

In short, for 2**Ra we would like to use a ThCx target with RILIS ionization and we would
assume 5x10° p/uC yield from ISOLDE. The same target will be used for the ?*?Ra beam,
however, extracting 2*?RaF (mass 231) molecular beam. The yields for ?!2RaF beam are
expected to be about 2x10° p/uC. Both those options would allow extracting sufficiently pure
212Ra and ?*Ra beams. Assuming proton beam intensity of 2 uA and 5% HIE-ISOLDE
efficiency we expect 5x10* pps #“Ra and 2x10* pps ?*2Ra beams on the Miniball target. The
breaking of the 2!2RaF molecule will be done in the EBIS without any loss of overall efficiency.

Putting the numbers all together gives 5x10* pps ?'*Ra, 2x10* pps ?*2Ra and 1x10° pps for
212210Rn on the Miniball target.

Count rate estimates:

The beams of 2“Ra, 2'?Ra, 2!2Rn, and #!°Rn will be excited on a 2 mg/cm? 129Sn target. The
beam energy for all isotopes is chosen to be 4.5 MeV/u to ensure safe Coulomb excitation [17].
The proposed reaction is in inverse kinematics (cf. Fig. 5). The DSSD will be placed 20 mm
behind the target covering scattering angles between 24° and 62° in the laboratory system. As
can be seen in Fig. 5, the beam and the target particles can be well distinguished for all angles
in the DSSD above 27°.

214Ra case — the count rate estimates are based on a beam intensity delivered at Miniball of
5x10* pps. We have assumed a B(E2; 2*1 — 0%1) = 308 e?fm* which corresponds to a half of
the predicted value (see Fig. 1). The transition energy of interest is 1382 keV for which we
assume a Miniball efficiency of 4%. Under these conditions it can be expected 261 counts per
day (3 shifts) in the 2*; — 0*1 gamma line which will provide 6% statistical uncertainty for the
determination of the B(E2; 21 — 0™1).



Figure 5: Reaction kinematics for 4.5 MeV/u
212Rn (red) on a 2 mg/cm? 12°Sn target (blue).
- The shaded area indicates the angular
coverage of the particle detector.
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212Ra case — the count rate estimates are based on a beam intensity delivered at Miniball of
2x10* pps. We have assumed a B(E2; 2*1 — 0*1) = 422 e’fm* and a B(E2; 4"1 — 2*1) = 485
e2fm* which correspond to a half of the predicted values (see Fig. 2). The transition energies of
interest are 629 keV and 825 keV for which we assume Miniball efficiencies of 10% and 8%,
respectively. Under these conditions it can be expected 1407 gammas per day (3 shifts) in the
2*1 — 01 gamma line and 21 gammas per day in the 4*1 — 2*1 gamma line. Thus, for 3 days,

the prediction for a large B(E2; 41 — 2*1) can be checked with a statistical uncertainty of 13%.

212Rn case — the count rate estimates are based on a beam intensity delivered at Miniball of
10° pps. We have assumed a B(E2; 2*1 — 0*1) = 218 e*fm* which corresponds to a half of the
predicted value (see Fig. 1). The transition energy of interest is 1274 keV for which we assume
Miniball efficiencies of 7%. Under these conditions it can be expected 3084 counts per shift (8
hours) in the 21 — 0*; gamma line.

210Rn case — the count rate estimates are based on a beam intensity delivered at Miniball of
106 pps. We have assumed a B(E2; 2*1 — 0*1) = 520 e*fm* which corresponds to lower limit of
the adopted experimental value (see Fig. 2 and Ref. [9]). For the B(E2; 4"1 — 271) we have
assumed a value of 5 e>fm* which corresponds to the predicted value (see Fig. 2). The transition
energies of interest are 643 keV and 817 keV for which we assume Miniball efficiencies of
10% and 8%, respectively. Under these conditions it can be expected 30240 counts per shift in
the 2*1 — 0"1 gamma line and 15 counts per day in the 4*1 — 2*; gamma line. Thus, for 4
days a statistical uncertainty of 13% can be achieved for the 41 — 21 gamma line.

In summary, we apply for two runs which consist of 14 and 15 shifts as follow:

Run 1 2*Ra & 2'?Ra (14 shifts — 5 days) - the shifts are distributed as follow:
-1 shift for tuning *Rn beam;
- 3 shifts for 1*Ra beam at 4.5 MeV/u on a 2 mg/cm? 12°Sn target;
-1 shift for tuning #!2Rn beam;
- 9 shifts for ??Ra beam at 4.5 MeV/u on a 2 mg/cm? 12°Sn target.
Run 2 2?Rn & ?1°Rn (15 shifts — 5 days) - the shifts are distributed as follow:
-1 shift for tuning 2?Rn beam;
- 1 shift for *2Rn beam at 4.5 MeV/u on a 2 mg/cm? *2°Sn target;
- 1 shift for tuning 2°Rn beam;
- 12 shifts for 2'°Ra beam at 4.5 MeV/u on a 2 mg/cm? 12°Sn target.
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1 Details for the Technical Advisory Committee

3.1 General information

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

Xl Permanent ISOLDE setup: Name (e.g. CRIS, IDS, Miniball, etc.)

X To be used without any modification

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

L] Existing setup, used previously at ISOLDE: Specify name and 1S-number(s)
0] Existing setup, not yet used at ISOLDE: Short description

[ New setup: Short description

3.2 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.

* Requested beams:

Isotope Production yield in focal | Minimum required rate t1/2
point of the separator (/uC) | at experiment (pps)

210Rn 3x108 1x106 2.4h

212Rn 3x108 1x106 24 m

212Ra 2x105 2x10% 13s

214Ra 5x105 5x10% 25s

e Full reference of yield information (e.g. yield database, elog entry, previous
experiment number, extrapolation and/or justified scaling factors, target number)

e Target - ion source combination:
- 212Rn and 210Rn - UCx or ThCx and cold plasma ion source
- 212Ra - ThCx target and RILIS ion source (3.8 times higher efficiency with RILIS
compared to surface ionization: https://riliselements.web.cern.ch/?element=Ra)
- 214Ra - ThCx target and surface ionization using RaF (mass 231) molecule



https://riliselements.web.cern.ch/?element=Ra

e RILIS? (No/Yes/for element A but not for element B)
- Yes, for 214Ra only; No isomer selectivity nor LIST or PI-LIST modes

¢ Additional features?

L1 Neutron converter: (for isotopes 1, 2 but not for isotope 3.)

L] Other: (quartz transfer line, gas leak for molecular beams, prototype target,
etc.)

e Expected contaminants: Isotopes and yields
- no contaminants foreseen for 219Rn and 212Rn;
- 214Ra - negligible contamination from 214Fr - (5x105 /uC for 214Ra vs. 9x10% /uC
for 214Fr)

- 212Ra - no Francium contamination foreseen if ThCx target and RaF molecule used
(231Fr has 2 neutrons more than 232Th)

e Acceptable level of contaminants: (Not sensitive to stable contaminants, limited by
ISCOOL overfilling, etc.)

e Can the experiment accept molecular beams?
- molecular beam requested for 212Ra;
- molecular beam could be acceptable for 214Ra, if the yields are higher than 5x10°
/uC

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

3.3 HIE-ISOLDE

For any inquiries related to this matter, reach out to the ISOLDE machine supervisors
(please do not wait until the last minute!).

e HIE ISOLDE Energy: (MeV/u); (exact energy or acceptable energy range)

X Precise energy determination required

[J Requires stable beam from REX-EBIS for calibration/setup? Isotope?
e REX-EBIS timing
X Slow extraction

L] Other timing requests

10



e Which beam diagnostics are available in the setup?
- standard Miniball diagnostics

e What is the vacuum level achievable in your setup?
- standard Miniball vacuum

3.4 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,
calibration, 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
Yield measurements for 212Ra and 214Ra 1 shift
Beam tuning for 212Ra and 214Ra 2 shifts
Data taking, 214Ra 3 shifts
Data taking, ?12Ra 9 shifts
Beam tuning for 210Rn and 212Rn 2 shifts
Data taking, 212Rn 1 shift
Data taking, 219Rn 12 shifts

3.5 Health, Safety and Environmental aspects

3.5.1 Radiation Protection

e If radioactive sources are required:

Purpose?

[sotopic composition?

Activity?

Sealed/unsealed?
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e For collections:

- Number of samples?

- Activity/atoms implanted per sample?

- Post-collection activities? (handling, measurements, shipping, etc.)

3.5.2

Only for traveling setups

¢ Design and manufacturing

X Consists of standard equipment supplied by a manufacturer

L1 CERN/collaboration responsible for the design and/or manufacturing

e Describe the hazards generated by the experiment:

Domain

Hazards/Hazardous Activities

Description

Pressure ] | [pressure] [bar],
[volumel][]]
Vacuum I
Mechanical Safety | Machine tools O
Mechanical energy (moving parts) O
Hot/Cold surfaces O
Cryogenic Safety Cryogenic fluid O | [fluid] [m3]
Electrical equipment and installations ] | [voltage] [V], [current] [A]
Electrical Safety - -
High Voltage equipment O | [voltage] [V]
Chemical Safety CMR (carcinogens, mutagens and toxic . .
to reproduction) 0} [fluid], [quantity]
Toxic/Irritant O | [fluid], [quantity]
Corrosive 1 | [fluid], [quantity]
Oxidizing O | [fluid], [quantity]
Flammable/Potentially explosive . .
atmospheres '} [fluid], [quantity]
Dangerous for the environment [ | [fluid], [quantity]
Laser O | [laser], [class]
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Non-ionizing UV light O
radiation Safety
Magnetic field [ | [magnetic field] [T]
Workplace Excessive noise O
Working outside normal working hours | ]
Working at height (climbing platforms, O
etc.)
Outdoor activities O
Ignition sources O
Fire Safety Combustible Materials O
Hot Work (e.g. welding, grinding) O
Other hazards
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