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Abstract: We propose to use the ISOLDE Solenoidal Spectrometer to study single-
neutron adding reactions on 196,198Pb beams, in order to map the neutron single-particle
strength along the Pb (Z = 82) isotopic chain. Changing neutron occupancies, most
notably of the ν1i13/2 orbital, have been identified through large-scale Monte-Carlo shell-
model calculations as driving the evolution of deformed intruder configurations in this
region. The isotopes 197,199Pb were selected for this study because their lowest-lying 13

2

+

states are clearly separated from other states, allowing the cross sections to be determined
unambiguously. The proposed experiment is a first step in a wider campaign envisaged to
systematically determine the spectroscopic information necessary for a full understanding
of the the underlying shape-driving mechanisms around the neutron mid-shell.

Requested shifts: 26 shifts, (split into 1 run over 1 year)
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1 Introduction

The evolution of single-particle structure along isotopic and isotonic chains, moving away
from doubly-magic nuclei can explain a myriad of nuclear phenomena, including islands of
inversion [1], disappearing shell closures [2] and collective behaviour [3]. Gradual filling of
different neutron (proton) orbits changes the magnitude of the interaction with orbitals of
the proton (neutron), driving this evolution through the tensor interaction [4]. Recently,
this mechanism was invoked to explain the appearance of shape coexistence across the
nuclear chart and termed “Type-II” shell evolution [5]. While this description has proved
successful in describing neutron excitations across the N = 40 shell gap towards 68Ni,
describing single-particle occupancies in the neutron-deficient lead isotopes remains an
outstanding challenge for modern shell-model calculations [6].

The first large-scale Monte-Carlo shell-model (MCSM) calculations, using a full valence
space for protons and neutrons above 132Sn, were performed in the mercury isotopes re-
cently [7]. They showed for the first time that the deformed intruder configurations in this
region [8], arising from π(2p− 2h) and π(4p− 4h) excitations across the Z = 82 shell clo-
sure [9], are driven by changes in neutron occupancies; most dramatically of the ν1i13/2
orbital. In the lead isotopes, large-scale shell-model calculations have been performed
using 208Pb as an inert core [10], with a valence space of neutron-hole states in the six
orbitals between N = 82 and N = 126: ν3p1/2, ν2f5/2, ν3p3/2, ν2f7/2, ν1h9/2 and ν1i13/2.
Due to the lack of protons in the model space, the deformed intruder configurations were
not included, yet good reproduction of experimental energy levels, quadrupole moments
and B(E2) values was observed down to 196Pb [11, and references therein]. This implies
that the ground states of lead isotopes with N > 114 are composed of almost purely spher-
ical neutron configurations and thus provide an excellent testing ground of shell evolution
in this region. While part of the challenge remains in the computational complexity of
the calculations, the striking lack of spectroscopic information on single-particle states in
this region must also be addressed if we are to obtain a full understanding of the under-
lying mechanism for the shape coexistence observed in lead isotopes around the neutron
mid-shell. To address this, we are proposing the first steps towards a systematic study of
evolving single-particle strength along the semi-magic lead (Z = 82) isotopic chain.

1.1 Physics case

The neutron-deficient lead nuclei have been the subject of intense study into the shape
coexistence phenomenon, particularly the characterisation of their excited states [12–16].
The supposed prolate- and oblate-shaped intruder configurations come down in energy
approaching the neutron mid-shell at N = 104, competing with the near-spherical ground
states. This strong competition leads to a triplet of Jπ = 0+ band-head states at low
energy in 186Pb [17]. In the odd-mass lead isotopes, rotational bands built upon the 13

2

+

isomeric states indicate that this is the band head of an oblate-deformed structure [18, 19],
or even a prolate-deformed structure at the mid-shell [20]. Similar structures have been
identified in the neighbouring mercury nuclei [21], where the ground states of the odd-
mass isotopes display a remarkable jump to large deformations [7]. Coupling of the single
1i13/2 neutron to the π(2p− 2h) core lowers this energy of the configuration significantly
compared to spherical coupled state [22]. Appreciable E0 transitions between excited
13
2

+
states are observed in 195,197Pb [23, 24] indicating a degree of configuration mixing
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Figure 1: Systematics of energy levels for odd-mass Pb nuclei. Data were obtained from
ENSDF. The states of 197,199Pb are shown inside the red box. Note that the low-energy
13
2

+
isomers in these isotopes are well separated from other states.

is already apparent before reaching the mid-shell [25]. Similar conclusions can be drawn
about the observed negative-parity states in these nuclei, originating from the coupling
of the ν3p3/2 with the π(2p− 2h) intruder configuration, supported by data from α-decay
measurements [26].

It becomes crucial then to investigate how the single-particle states evolve down from the
N = 126 shell closure to the N = 104 mid-shell so we could understand the drivers of
shape coexistence. The orbitals involved in this region are ν3p1/2, ν3p3/2, ν2f5/2, ν2f7/2
and ν1i13/2, which couple to the different core configurations to give rise to Jπ = 1
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states in the odd-mass isotopes. The low-lying states obtained mainly in

β- and α-decay spectroscopy experiments, which is more sensitive to populating single-
particle states than in-beam γ-ray spectroscopy, are shown in Figure 1 for odd-mass lead
isotopes. It is noteworthy, that data on single-particle states strongly-coupled to the
π(0p− 0h) configuration are lacking in lead isotopes away from stability. Moreover, there
is absolutely no information on how the single-particle strength is distributed.

Objectives: As a route to identify these states and mapping the single-particle strength
along the lead (Z = 82) isotopic chain, we are proposing to use single-neutron transfer
reactions on short-lived 196,198Pb beams to populate excited states in 197,199Pb. The exper-
iment will be performed using the ISOLDE Solenoidal Spectrometer (ISS), which unlike
T-REX allows transfer cross sections to be measured for long-lived isomeric states, such
as the lowest-lying 13

2

+
states in 197,199Pb of interest here. These measurements are a first
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step in a larger campaign that is planned to systematically approach the mid-shell nuclei
in both the Pb and Hg (Z = 80) isotopes. It is expected that analysis and interpretation
of these data will be completed during LS3, when new proposals will be prepared for the
more neutron-deficient isotopes. These new proposals will include the possibility of using
odd-mass ground- and isomeric-state beams to probe the configurations of excited states
in the even-even isotopes, complementary to Coulomb-excitation experiments performed
at Miniball [12, 27, 28].

2 Experiment

2.1 Beam production and yields

Beams of 196,198Pb are required with an energy ≥ 7.5 MeV/u, which have been previously
delivered to Miniball at REX energies [12]. The lead beams are produced by bombarding
a high-temperature UCx target with 1.4 GeV proton beam and employing the RILIS laser
ion source [29, 30] for ionisation. Yields from the primary target were measured to be
≈ 2×107 ions/µC. After charge breeding in REX-EBIS and acceleration through the REX
and HIE-ISOLDE linacs, a total transmission efficiency of ϵ = ϵEBIS ·ϵLINAC = 5%·70% =
3.5% can be assumed. Taking an average proton current of 1.5 µA throughout the course
of the experiment, the beam intensity at ISS can be expected to be 1.1 × 106 pps. This
is consistent with what was observed at Miniball, where the beam purity was measured
to be better than 98% [11]. One shift for each isotope will be requested to assess the
contributions of 196,198Tl in the beam and measure the beam composition with the laser
on/off method for cross-section normalisation.

2.2 Transfer reactions at ISS

The Liverpool on-axis silicon array will be used at ISS to detect the protons emitted
from the (d,p) transfer reactions on thin CD2 targets. The array will be positioned at a
distance of 90 mm upstream from the target position. Kinematic calculations for protons
from the transfer reaction were performed with a 2.5 T field and 7.5 MeV/u, yielding
an angular coverage of the emitted proton ejectiles of between 12◦ and 47◦ in the centre
of mass frame (see Figure 2). To maximise the detection of protons from the ℓ = 6

transfer to the 13
2

+
state, the array is to be positioned as close to the target as possible.

A large number of deuterated polyethylene targets, with thicknesses of ≈ 150 µg/cm2,
will be required to compensate for the damage caused by the heavy beams. The newly
constructed 2-dimensional target mechanism will be used for this purpose, giving access
to more than 50 targets without the need to break vacuum. Depletion of the target
material will be monitored using a luminosity monitor placed downstream to detect the
elastically scattered deuterons, in combination with a Faraday cup placed behind the
target at zero degrees. Additionally, carbon foils will be installed to assess the fusion-
evaporation and fusion-fission backgrounds. Potential α-particle background from the
decay of fusion products will be subtracted by applying a timing condition on the EBIS
pulses, as was done for beams of 206Hg (IS631) [31] and 212Rn (IS689) [32]. Based on
PACE4 calculations, 99.5% of the fusion compound nuclei will undergo fission [33], leading
to a low background of charged particles on the ISS silicon array. This is supported by
experience from the earlier 212Rn experiment (IS689) [32]. Nevertheless, it is important
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Figure 2: (a) DWBA calculations for the 196Pb(d,p)197Pb reaction at a beam energy
of 7.5 MeV/u calculated with Ptolemy (details in main text). The centre-of-mass an-
gular coverage of ISS is indicated by the grey band in the figure. (b) Kinematics for
196Pb(d, p)197Pb in inverse kinematics at 7.5 MeV/u using the ISOLDE Solenoidal Spec-
trometer with a magnetic field strength of 2.5 T.

to measure this background as it can affect the peaks for transfer reactions populating
higher-lying states.

Cross sections (see Figure 2 and Table 1) were calculated with Ptolemy [34] using global
optical-model parameters determined by Koning and Delaroche [35] for protons and by
An and Cai [36] for deuterons. The beam energy used for the simulations was 7.5 MeV/u,
corresponding to the maximum beam energy expected for HIE-ISOLDE. A high beam
energy is required for the best sensitivity to the angular distributions and to maximise
the cross section for the ℓ = 6 transfer. The angular distributions for ℓ = 1, ℓ = 3 and
ℓ = 6 transfer are clearly distinguished. Although this reaction is not sensitive to the
different spin-orbit partners, complementary data from α and β decay will be used to
confirm the spin of the states populated and distinguish between the population of the
ν3p1/2 and ν3p3/2 as well as the ν2f5/2 and ν2f7/2 single-particle states. The luminosity
detector will be placed 180 mm downstream from the target position to obtain an absolute
normalisation of the cross sections by measuring the elastically scattered deuterons. This
absolute normalisation of the cross sections allows us to extract spectroscopic factors.

The simulation for the proposed experiment was performed using the NPTool frame-
work [37]. The simulated excitation spectrum for 197Pb is shown in Figure 3 as a demon-
stration of the expected energy resolution 125 keV and peak intensity. Only the low-lying
states in 197Pb corresponding to one-neutron transfer to the ν3p3/2, ν2f5/2, ν2f7/2 and
ν1i13/2 orbitals are in these simulations. Fragmentation of the low-ℓ strength across a
number of states is expected, due to the mixing of deformed configurations. Although the
level scheme for 199Pb is less complete, a similar energy spectrum can be expected, with
a cleanly isolated peak arising from transfer to the lowest-lying 13

2

+
state.

IBM calculations have shown that the ground state 0+ in 196Pb is dominated at the 98%
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Table 1: Calculated reaction cross sections for selected states that may be populated in
the 196Pb(d, p)197Pb reaction, integrated over the angular coverage of the on-axis silicon
array. Also shown are the counts expected per 8-hour shift, assuming an average beam
intensity at ISS of 1.1 × 106 pps, a 150 µg/cm2 target and a geometrical efficiency of
ϵtot = ϵθ · ϵϕ= 94% · 70% = 66%. The spectroscopic factor is assumed to be C2S ≈ 0.2
showing the expected sensitivity level of this experiment.

Energy (keV) Iπ σDWBA Counts per shift
0 3/2−1 7.8 350
85 5/2−1 4.5 203
319 13/2+1 1.4 65
952 7/2−1 7.7 346
989 3/2−2 9.4 423
1089 5/2−2 5.4 243
1167 7/2−2 8.0 361
1295 13/2+2 1.6 71

level by the π(0p − 0h) spherical configuration, with the π(2p − 2h) oblate contribution
at 2% and negligible π(4p − 4h) prolate content. For this reason, we expect relatively
selective transfer to the single-particle states representing coupling of the neutron orbitals
of interest with the π(0p − 0h) spherical configuration. If, for example, the isomeric
13
2

+
state is the band head of the ν1i13/2 ⊗ π(2p − 2h) configuration, the ℓ = 6 transfer

strength would be expected to be concentrated predominately in a higher-excited 13
2

+

state. Alternatively, most authors (e.g., [23, 26]) have interpreted the isomeric 13
2

+
state

in 197Pb as the ν1i13/2 ⊗ π(0p− 0h) configuration, in which case this state would be more

strongly populated. Either way, the relative cross sections for transfer to the 13
2

+
states

will directly confirm whether they have underlying intruder or normal configurations for
the first time, as well as the degree to which those configurations are mixed in the odd-
mass nuclei.

With the achievable energy resolution of 125 keV, the peaks from transfer to the lowest-
lying 13

2

+
states can easily be resolved from the other peaks, which involve ℓ = 1 and

ℓ = 3 transfers. Although the individual components of these lower-ℓ transfer peaks
will not themselves be cleanly resolved, we will be able to fit the cross sections for these
multiplets assuming contributions from both ℓ transfers, as was done in Ref. [38]. This
analysis will allow us to extract the summed spectroscopic factors for ℓ = 1 and ℓ = 3. As
mentioned above, complementary decay spectroscopy data from other studies will be used
to distinguish the population of the spin-orbit partners and this combined information
can then be used to test shell-model calculations. The same fitting methodology can be
applied to determine the cross sections for higher-lying 13

2

+
states if they are not fully

resolved from lower-ℓ transfer peaks.
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Figure 3: Simulated excitation energy spectra using NPTool for the 196Pb(d, p)197Pb re-
action taking in to account the expected beam intensity, thickness of the target, magnetic
field, angular distribution of emitted protons, the z-position of the array and spectroscopic
factors of states which are given in Table 1. The FWHM energy resolution is ≈ 125 keV.
The component peaks of the fit are indicated by the different colours specified in the key.

Summary of requested shifts: In order to extract spectroscopic factors for the states of
interest down to C2S ≥ 0.2 and obtain a minimum of 500 counts across the array, 10 shifts
each are required for the 196,198Pb(d,p)197,199Pb measurements. To measure the composi-
tion of the 196,198Pb beams from HIE-ISOLDE, we require 1 shift each isotope of laser
on/off running. To demonstrate the expected low background from fusion-evaporation,
we request 3 shifts with beam on a pure carbon target. A further 1 shift is required for
beam tuning and preparation of the experimental setup.

In summary, a total of 26 shifts are requested for this experiment. The data will be
analysed by a current Liverpool Ph.D. student for their thesis.
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3 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.

⊠ Permanent ISOLDE setup: ISOLDE Solenoidal Spectrometer

⊠ To be used without any modification

□ To be modified: Short description of required modifications.

□ Travelling setup (Contact the ISOLDE physics coordinator with details.)

□ Existing setup, used previously at ISOLDE: Specify name and IS-number(s)

□ 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

point of the separator (/µC)
Minimum required rate
at experiment (pps)

t1/2

196Pb 2.0× 107 1.0× 106 37 m
198Pb 1.8× 107 1.0× 106 2.4 h

• Full reference of yield information (yield database and J. Pakarinen et al., Physical
Society of Japan 6, 020011 (2015).)

• Target - ion source combination:

• RILIS? (Yes for Pb)

□ Special requirements: (isomer selectivity, LIST, PI-LIST, laser scanning, laser
shutter access, etc.)

• Additional features?

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

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

• Expected contaminants: Isotopes and yields

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

• Can the experiment accept molecular beams?

• Are there any potential synergies (same element/isotope) with other proposals and
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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!).

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

⊠ Precise energy determination required

□ Requires stable beam from REX-EBIS for calibration/setup? Isotope?

• REX-EBIS timing

⊠ Slow extraction

□ Other timing requests

• Which beam diagnostics are available in the setup?

• What is the vacuum level achievable in your setup?

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:

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

• 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
Yield measurement of isotope 1
Optimization of experimental setup using 196Pb 1
Data taking, 196Pb 10
Data taking, 198Pb 10
Data taking, 196Pb with carbon target 3
Laser on/off using 196Pb 1
Laser on/off using 198Pb 1
Total 26
Without protons Requested shifts
Stable beam from REX-EBIS (after run)
Background measurement
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3.5 Health, Safety and Environmental aspects

3.5.1 Radiation Protection

• If radioactive sources are required:

– Purpose? Energy calibration of the Liverpool on-axis silicon array using α-
source

– Isotopic composition? 148Gd, 239Pu, 241Am, 244Cm, 4236RP

– Activity? 1 kBq, 1 kBq, 1 kBq, 1 kBq

– Sealed/unsealed? Unsealed

• For collections:

– Number of samples? N/A

– Activity/atoms implanted per sample? N/A

– Post-collection activities? N/A

3.5.2 Only for traveling setups

• Design and manufacturing

□ Consists of standard equipment supplied by a manufacturer

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

• Describe the hazards generated by the experiment:

Domain Hazards/Hazardous Activities Description

Mechanical Safety

Pressure □ [pressure] [bar], [volume][l]
Vacuum □
Machine tools □
Mechanical energy (moving parts) □
Hot/Cold surfaces □

Cryogenic Safety Cryogenic fluid □ [fluid] [m3]

Electrical Safety
Electrical equipment and installations □ [voltage] [V], [current] [A]
High Voltage equipment □ [voltage] [V]

Chemical Safety

CMR (carcinogens, mutagens and toxic
to reproduction)

□ [fluid], [quantity]

Toxic/Irritant □ [fluid], [quantity]
Corrosive □ [fluid], [quantity]
Oxidizing □ [fluid], [quantity]
Flammable/Potentially explosive
atmospheres

□ [fluid], [quantity]

Dangerous for the environment □ [fluid], [quantity]

Non-ionizing
radiation Safety

Laser □ [laser], [class]
UV light □
Magnetic field ⊠ 2.5 T

Workplace

Excessive noise □
Working outside normal working hours □
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Working at height (climbing platforms,
etc.)

□

Outdoor activities □

Fire Safety
Ignition sources □
Combustible Materials □
Hot Work (e.g. welding, grinding) □

Other hazards
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