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Laser spectroscopy spans across the 
nuclear landscape from H, studying the 

proton radius dilemma, to No, investigating 
atomic physics in super heavy elements…
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Fig. 1. The chart of the nuclides according to optical spectroscopy. Black squares indicate the stable or very long-lived nuclei, red squares indicate optical
measurements of radioactive isotopes/isomers. Isotopes coloured green are measurements for which data as of July 2015 are currently unpublished. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

further here. A general review of nuclear moments is not presented. A substantial number of methods, outside of laser
spectroscopy, exist for the measurements of these parameters, reviewed by Neugart and Neyens in 2006 [6]. A complete
evaluation of nuclear moment results is maintained by Stone [7], Nuclear Data Section of the IAEA, Vienna. Two further
nuclear parameters, the distribution of magnetism and the mass of the nucleus, produce measurable perturbations in the
atomic structure. The former gives rise to the so-called ‘‘hyperfine anomaly’’ and is considered in Section 2.2.1. A recent
compilation of the measured anomalies has been published by Persson [8]. The latter, the nuclear mass, produces the
‘‘mass shift’’ in atomic spectra, Section 2.3, and requires evaluation for the extraction of nuclear radial parameters. The
evaluation requires knowledge of the nuclearmass. Precisionmeasurements of the nuclearmass provide valuable structural
information, akin to that provided by charge radii measurements, and are considered further.

A general review of precision atomic physics techniques applied to radioactive nuclear beams (including laser
spectroscopy) has recently been made by Blaum, Dilling and Nörtershäuser [9]. Results presented in that review highlight
the close structural connection between mass measurements and charge radii. Moreover the majority of the present and
planned Penning-trap mass spectrometers [9] are now, or will be, sited at facilities with on-line laser spectroscopy stations
with many sharing common beam preparation traps (Section 4.1). The future possible spectroscopy with such combined
stations is considered in Section 8.

The current status of measurements made for contemporary nuclear physics using optical spectroscopic methods is
summarised in Fig. 1. The measurements which are currently unpublished are highlighted in green. Table 1 presents an
overview of optical measurements as of July 2015 (non-optical measurements are not listed but are discussed where
pertinent within this report). References published since the review of Cheal and Flanagan [5] are indicated separately for
clarity. All data published prior to the review of Otten [2], are referred in Table 1 to that review. For earlier data not contained
in [2] the original references are provided. In the event of re-evaluation both the re-evaluation and original work are
cited.

2. Nuclear perturbations of the atomic structure

In an atomic nucleus, with atomic spin Ĵ , nuclear spin Î and total angular momentum F̂ = Î + Ĵ , spectroscopic measure-
ments of transition frequencies may be attempted between states involving electronic transitions (most typically, electric
dipole) or within the same atomic state (magnetic dipole) or, in the presence of an external field, between substates,mJ ,mF ,
of these levels. The following considerations are discussed in the context of the former (electronic) transitions. Spectroscopy
within the hyperfine multiplet, defined below, is discussed in Section 2.2.1.

As highlighted in the introduction, the nuclear spin,multipolemoments, radial extent of the charge distribution, distribu-
tion of magnetism and the mass produce (measurable) perturbations of the atomic structure. The interactions that give rise
to these perturbations and the methods used to extract nuclear observables from their measurement are described below.
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Fundamentals of laser spectroscopy�µ · B. (2.19)

The total angular momentum of the atomic system then needs to be rewritten to account
for the total electron angular momentum and the nuclear spin into

F = I + J , (2.20)

where |I � J |  F  I + J. (2.21)

The energy of the atomic level is then shifted by

�E =
A

2
K (2.22)

where A =
µB0

IJ

, (2.23)

and K = F (F + 1) � I(I + 1) � J(J + 1) (2.24)

and B0 is the magnitude of the magnetic field of the electron at the site of the nucleus.
Note that in the case that I = 0 or J = 0, there is no hyperfine structure and the atomic

level remains a single level.

Spin determination with the hyperfine parameter A

One can immediately see that there are two parts to the hyperfine parameter A: an electronic
component, B0

J

, and a nuclear component, µ

I

. While the value of B0 might be di�cult to
calculate or measure experimentally, by measuring the hyperfine parameter across many
isotopes, one has access to a relative measurement of µ as
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Thanks to alternative ways of measuring the absolute value of µ, such as �NMR, it is
then possible to extract µ across all the isotopes of interest.

Another feature of the hyperfine splitting is its sensitivity to the nuclear spin I. The
first means by which the hyperfine splitting may be used to identify the nuclear spin is by
the number of hyperfine levels that are available. For I = 0, there are no sublevel, while for
I > 0 there are many. Generally speaking there are 2I + 1 sublevels, provided that I  J .
Consequently, up to the limit of J , one may determine I simply from counting.

Furthermore, if one considers di↵erent states within a single atom, then the ratio of
hyperfine parameters reduces to

A1

A2
=

µB01

IJ1

IJ2

µB02
=

B01J2

B02J1
, (2.26)

which is independent of the specific isotope, and therefore a constant across the isotopic
chain. The comparison of that ratio between a known isotope and one of unknown nuclear
spin allows therefore the measurement of I.
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The hyperfine anomaly

The discussion in the last paragraphs stems from the principles that the value of the magnetic
field B0 generated by the electron at the site of the nucleus is uniform over the nuclear volume
and that the magnetisation distribution is as well. Neither of those principles are however
valid, especially for large nuclei and low-l orbits, where a rapid change in the overlap of the
magnetic field on the particle’s wavefunction may be observed.

Instead, the interaction described in Eq. 2.19 must be averaged over the nuclear volume
[Büt84]

A ! A(1 + ✏), (2.27)

and from the di↵erence from one isotope to the next, Eq. 2.25 becomes
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where �0 is the hyperfine structure anomaly between the two isotopes, with typically
�0

< 1%. This parameter is in itself di�cult to access as it requires the high precision
measurement of the magnetic dipole moments and the hyperfine magnetic dipole parameters
in both isotopes. Moreover, this parameter depends on the magnetic field B, which is a
property of the atomic level of interest. No thorough investigation of the hyperfine anomaly
has therefore ever been carried out and its use is anecdotic.

An approach that is considered is to see the impact of the hyperfine anomaly on Eq. 2.26:
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where 1�2 is the hyperfine structure anomaly between the two atomic levels within a
given isotope, with typically 1�2

< 1%.

2.2.2 The electric quadrupole moment

If the charge distribution of a nucleus is not spherically symmetric, it will exhibit an electric
quadrupole moment Q. The perturbation associated with that uneven charge distribution
will shift the atomic level energy by

�E =
B

2

3K(K + 1) � 2I(I + 1)2J(J + 1)

2I(2I � 1)2J(2J � 1)
(2.30)
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eQ
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2 is the gradient of the electric field of the electron at the site of the nucleus. The
electric quadrupole moment is a perturbation on the perturbation and therefore has typically
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Completely independent of nuclear / atomic models!

Measurements are relative to a reference…
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a small impact on the hyperfine splitting of an atomic level. Any further multipole is even
less relevant and will not be discussed in these lectures.

Note that in the case of I = 0, 1
2 or J = 0, 1

2 , there is no electric quadrupole moment.
The combined e↵ect of the magnetic dipole and electric quadrupole moments on an

atomic level are illustrated in Fig. 2.2.

2.3 The transitions between atomic levels

2.3.1 State lifetime

The atomic population N! and N2 between two energy levels E1 and E2 can be exchanged
through an electromagnetic field of energy h⌫ = E2�E1, E2 > E1. This exchange is mediated
by a photon at frequency ⌫ and can proceed via three processes: absorption, spontaneous
emission, and induced emission. The rate of change of the population in each level is then
written as

�dN2

dt

=
dN1

dt

= AN2 � B12⇢(⌫)N1 + B21⇢(⌫)N2, (2.33)

where A, B12, and B21
2 are the Einstein coe�cients for spontaneous decay, absorption,

and induced emission, and ⇢(⌫) is the energy density per unit frequency range of the radia-
tion. In the absence of a field, ⇢(⌫) = 0 and Eq. 2.33 becomes

�dN2

dt

= �AN2, (2.34)

from which one extracts N2(t) = N2(0)e�At, which means that the Einstein A coe�cient
is the reverse of the state partial lifetime ⌧ . To extract the lifetime of a state, it is necessary
to consider all the possible decays from that state to states E

i

, such that ⌧ = 1/
P

i

A

i

. It is
also possible to relate the Einstein coe�cients to each other as

A =
8⇡⌫

2

c

3
h⌫B21 =

8⇡⌫

2

c

3
h⌫

g1

g2
B12, (2.35)

where g

i

is the degeneracy of state E

i

.

2.3.2 Selection rules

The radiation field that connects the two atomic levels can be approximated, to first order,
to an electric dipole field (E1): the photon carries 1 unit of angular momentum and the
parity of the state changes. The following selection rules follow

2
Those parameters are not related to the hyperfine parameters A and B.
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Figure 2.5: Periodic table showing the number of the number of stable/very-long-lived iso-
topes with which a target can be made for alternative charge radii studies.

This reduces Eq. 2.45 back to Eq. 2.44, with the adjustment that the proportionality constant
F is no longer only the atomic parameter, but includes as well the correction factors for higher
radial moments. Altogether, one may express the total isotope shift as

�⌫

AA

0
=

A

0 � A

AA

0

⇣
m

e

⌫ + M

SMS

⌘
+ F �hr2iAA

0
. (2.46)

It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.

King plot

The main sources of systematic uncertainties in extracting �hr2i from �⌫ are the atomic
parameters M

SMS

and F . Current state-of-the-art calculations only reach a precision of 1%,
while the statistical uncertainties are much higher [DJS05, CCF12].

In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.

Eq. 2.46 is normalised by a factor µ

AA

0 = AA

0

A

0�A

in order to remove the mass dependence
of the mass shift:

µ

AA

0
�⌫

AA

0
= M + Fµ

AA

0
�hr2iAA

0
. (2.47)

Plotting µ

AA

0
�hr2iAA

0
against µ

AA

0
�⌫

AA

0
, also known as the King plot, should then pro-

duce a line, which slope is the total factor F (include both the atomic and high-moment
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II. EXPERIMENTAL SETUP

The laser system designed by Medical Sterilization Systems
Company (Moscow region, Russia) consists of copper vapor
lasers (CVLs), dye lasers, nonlinear crystals, and optical
elements for manipulating laser beams. The CVL system,
which consists of a laser oscillator and two parallel amplifiers,
is built by using commercially produced sealed-off discharge-
heated CVL tubes LT-40Cu. The CVLs run at a pulse repetition
rate of 11 kHz with a pulse duration of 20 ns. All three tubes
are triggered simultaneously and provide two beams with an
average power of 50 W. The CVL radiation is composed of
two spectral lines of 511 and 578 nm.

The laser setup has been arranged to provide the two-step
resonance ionization of Tl atoms,

6p 2P1/2
276.9 nm−−−−−→

NBL
6d 2D3/2

511+578 nm−−−−−−−→
CVL

continuum.

The narrow-band scanning dye laser [(NBL); linewidth
is about 700 MHz] on the first step was tuned to a
276.9-nm transition. As the second step, we used the beam
of the CVL laser to ionize the thallium atom into continuum.
With a laser dye solution (Rhodamine 110), a fundamental
laser wavelength of 554 nm has been produced. Doubling
this frequency with a nonlinear β-barium borate crystal, the
necessary wavelength of 276.9 nm has been obtained. Tuning
of the dye laser wavelength is provided by rotation of the
etalon and diffraction grating in the dye laser cavity. An
electromechanical system for the laser frequency scanning
has been used. This system incorporates step motors for the
setting of the narrow-band laser etalon and diffraction grating
positions, a frequency readout that uses the wave meter (model
LM-007) and communication to the data-acquisition system.
Such a system provides the smooth narrow-band scanning by
self-calibration of the etalon and grating positions according to
the laser line quality criterion. (See detailed setup description
in Ref. [26]).

Radioactive Tl isotopes under study were produced by
1-GeV protons of the PNPI synchrocyclotron in a high-
density uranium monocarbide target [27] with a thickness of
91 g cm−2.

The atoms are thermally released from the target to the
ion source cavity (a tungsten tube with a length of 40 mm and
1.5 mm in diameter). Laser beams are introduced into the same
cavity through the quartz window in the front-end back side
to provide two-step resonance ionization of the atoms under
investigation. The distance between the laser setup and the
ion source is about 25 m. The wavelength of the narrow-band
laser is scanned across the 276.9-nm transition. The photoion
current at the collector of the mass separator increases at
the resonance. Thus, the experimental spectra represent the
dependence of the ion current on the scanned laser frequency.
The detection of ion current is provided by α, β, or γ counting.
Corresponding detectors are installed at the tape station.

III. EXPERIMENTAL RESULTS

In Fig. 1, some experimental hfs spectra of Tl isotopes are
shown.
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FIG. 1. (Color online) Hfs spectra of some Tl isotopes. In the
insets, the atomic number, spin, and energies of the γ or α lines
for ion current monitoring for the isotope in question are presented.
Full lines are the results of the fitting with the Voigt profile. Vertical
dashed lines mark the center of gravity of the corresponding hfs.

The position of the hyperfine components on the spectrum
is determined by

νF,F ′ = ν0 + %νF ′ − %νF ,

where ν0 is the position of the center of gravity of the hyperfine
structure, the prime symbol denotes the upper level of the
transition, and

%νF = a
K

2
+ b

0.75K (K + 1) − I (I + 1) J (J + 1)
2 (2I − I ) (2J − 1) IJ

,

(1)

where K = F (F + 1) − I (I + 1) − J (J + 1), F is the total
angular momentum of the atom (F = |I − J | , |I − J | +
1, . . . , I + J ), and a and b are the magnetic dipole and electric
quadrupole hyperfine coupling constants, respectively. These
constants are proportional to the nuclear magnetic dipole (µ)
and electric quadrupole (Q) moments, respectively.
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elements for manipulating laser beams. The CVL system,
which consists of a laser oscillator and two parallel amplifiers,
is built by using commercially produced sealed-off discharge-
heated CVL tubes LT-40Cu. The CVLs run at a pulse repetition
rate of 11 kHz with a pulse duration of 20 ns. All three tubes
are triggered simultaneously and provide two beams with an
average power of 50 W. The CVL radiation is composed of
two spectral lines of 511 and 578 nm.

The laser setup has been arranged to provide the two-step
resonance ionization of Tl atoms,
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CVL

continuum.

The narrow-band scanning dye laser [(NBL); linewidth
is about 700 MHz] on the first step was tuned to a
276.9-nm transition. As the second step, we used the beam
of the CVL laser to ionize the thallium atom into continuum.
With a laser dye solution (Rhodamine 110), a fundamental
laser wavelength of 554 nm has been produced. Doubling
this frequency with a nonlinear β-barium borate crystal, the
necessary wavelength of 276.9 nm has been obtained. Tuning
of the dye laser wavelength is provided by rotation of the
etalon and diffraction grating in the dye laser cavity. An
electromechanical system for the laser frequency scanning
has been used. This system incorporates step motors for the
setting of the narrow-band laser etalon and diffraction grating
positions, a frequency readout that uses the wave meter (model
LM-007) and communication to the data-acquisition system.
Such a system provides the smooth narrow-band scanning by
self-calibration of the etalon and grating positions according to
the laser line quality criterion. (See detailed setup description
in Ref. [26]).

Radioactive Tl isotopes under study were produced by
1-GeV protons of the PNPI synchrocyclotron in a high-
density uranium monocarbide target [27] with a thickness of
91 g cm−2.

The atoms are thermally released from the target to the
ion source cavity (a tungsten tube with a length of 40 mm and
1.5 mm in diameter). Laser beams are introduced into the same
cavity through the quartz window in the front-end back side
to provide two-step resonance ionization of the atoms under
investigation. The distance between the laser setup and the
ion source is about 25 m. The wavelength of the narrow-band
laser is scanned across the 276.9-nm transition. The photoion
current at the collector of the mass separator increases at
the resonance. Thus, the experimental spectra represent the
dependence of the ion current on the scanned laser frequency.
The detection of ion current is provided by α, β, or γ counting.
Corresponding detectors are installed at the tape station.
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FIG. 1. (Color online) Hfs spectra of some Tl isotopes. In the
insets, the atomic number, spin, and energies of the γ or α lines
for ion current monitoring for the isotope in question are presented.
Full lines are the results of the fitting with the Voigt profile. Vertical
dashed lines mark the center of gravity of the corresponding hfs.

The position of the hyperfine components on the spectrum
is determined by

νF,F ′ = ν0 + %νF ′ − %νF ,

where ν0 is the position of the center of gravity of the hyperfine
structure, the prime symbol denotes the upper level of the
transition, and

%νF = a
K

2
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0.75K (K + 1) − I (I + 1) J (J + 1)
2 (2I − I ) (2J − 1) IJ

,

(1)

where K = F (F + 1) − I (I + 1) − J (J + 1), F is the total
angular momentum of the atom (F = |I − J | , |I − J | +
1, . . . , I + J ), and a and b are the magnetic dipole and electric
quadrupole hyperfine coupling constants, respectively. These
constants are proportional to the nuclear magnetic dipole (µ)
and electric quadrupole (Q) moments, respectively.
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Company (Moscow region, Russia) consists of copper vapor
lasers (CVLs), dye lasers, nonlinear crystals, and optical
elements for manipulating laser beams. The CVL system,
which consists of a laser oscillator and two parallel amplifiers,
is built by using commercially produced sealed-off discharge-
heated CVL tubes LT-40Cu. The CVLs run at a pulse repetition
rate of 11 kHz with a pulse duration of 20 ns. All three tubes
are triggered simultaneously and provide two beams with an
average power of 50 W. The CVL radiation is composed of
two spectral lines of 511 and 578 nm.

The laser setup has been arranged to provide the two-step
resonance ionization of Tl atoms,

6p 2P1/2
276.9 nm−−−−−→

NBL
6d 2D3/2

511+578 nm−−−−−−−→
CVL

continuum.

The narrow-band scanning dye laser [(NBL); linewidth
is about 700 MHz] on the first step was tuned to a
276.9-nm transition. As the second step, we used the beam
of the CVL laser to ionize the thallium atom into continuum.
With a laser dye solution (Rhodamine 110), a fundamental
laser wavelength of 554 nm has been produced. Doubling
this frequency with a nonlinear β-barium borate crystal, the
necessary wavelength of 276.9 nm has been obtained. Tuning
of the dye laser wavelength is provided by rotation of the
etalon and diffraction grating in the dye laser cavity. An
electromechanical system for the laser frequency scanning
has been used. This system incorporates step motors for the
setting of the narrow-band laser etalon and diffraction grating
positions, a frequency readout that uses the wave meter (model
LM-007) and communication to the data-acquisition system.
Such a system provides the smooth narrow-band scanning by
self-calibration of the etalon and grating positions according to
the laser line quality criterion. (See detailed setup description
in Ref. [26]).

Radioactive Tl isotopes under study were produced by
1-GeV protons of the PNPI synchrocyclotron in a high-
density uranium monocarbide target [27] with a thickness of
91 g cm−2.

The atoms are thermally released from the target to the
ion source cavity (a tungsten tube with a length of 40 mm and
1.5 mm in diameter). Laser beams are introduced into the same
cavity through the quartz window in the front-end back side
to provide two-step resonance ionization of the atoms under
investigation. The distance between the laser setup and the
ion source is about 25 m. The wavelength of the narrow-band
laser is scanned across the 276.9-nm transition. The photoion
current at the collector of the mass separator increases at
the resonance. Thus, the experimental spectra represent the
dependence of the ion current on the scanned laser frequency.
The detection of ion current is provided by α, β, or γ counting.
Corresponding detectors are installed at the tape station.

III. EXPERIMENTAL RESULTS

In Fig. 1, some experimental hfs spectra of Tl isotopes are
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FIG. 1. (Color online) Hfs spectra of some Tl isotopes. In the
insets, the atomic number, spin, and energies of the γ or α lines
for ion current monitoring for the isotope in question are presented.
Full lines are the results of the fitting with the Voigt profile. Vertical
dashed lines mark the center of gravity of the corresponding hfs.

The position of the hyperfine components on the spectrum
is determined by
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structure, the prime symbol denotes the upper level of the
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where K = F (F + 1) − I (I + 1) − J (J + 1), F is the total
angular momentum of the atom (F = |I − J | , |I − J | +
1, . . . , I + J ), and a and b are the magnetic dipole and electric
quadrupole hyperfine coupling constants, respectively. These
constants are proportional to the nuclear magnetic dipole (µ)
and electric quadrupole (Q) moments, respectively.
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Fig. 1 [Color online] Schematic of the CRIS beam line. The tunable laser light is overlapped in a collinear
geometry with the atomic bunch, allowing the hyperfine structure of the isotope under investigation to be
probed. Step-wise excitation and ionization of the isotope produces ions that can be detected either with
MCPi, MCPe or the DSS. See text for details

Laser spectroscopy, and the study of the hyperfine structure of isotopes, is a nuclear-
model independent method of measuring fundamental properties of the nucleus, such as
nuclear spin. Measurement of the A and B hyperfine parameters allows for the extraction
of the magnetic dipole moment and spectroscopic quadrupole moment, respectively. Addi-
tionally, the isotope shift from one isotope to another can provide insights into an isotope’s
change in mean-square charge radius. The ability to resolve the complete hyperfine struc-
ture, with as narrow linewidth as possible, allows precise measurements of these properties
to be performed.

Since the initial low-resolution studies of the francium isotopes [1–3], the CRIS exper-
iment has focused on performing high-resolution laser spectroscopic measurements, while
improving the total experimental efficiency. This article presents the recent modifications to
the CRIS setup that has resulted in high-resolution studies of exotic francium, gallium and
copper isotopes.

2 The CRIS experiment

The heart of the CRIS setup [4, 5] is the interaction region, held at < 10−8 mbar, where
the collinear resonance ionization process occurs, see Fig. 1. In order to prepare the
atoms for resonant ionization, the bunched radioactive-ion beam produced by ISOLDE is
first passed through a charge-exchange cell. Here, the ion bunch is neutralised via col-
lisions with potassium vapour held at ≈ 450 K. The non-neutralised ions are deflected
by an electrostatic plate, and the neutral atoms pass into the 1.3 m interaction region.
Here, the tunable laser light is overlapped with the atomic bunch in a collinear geome-
try, inducing resonant excitation of an electron from one fine-structure state to another,
probing the isotope’s hyperfine structure. Additional beams of laser light are overlapped,
both spatially and temporally, with the resonant transition, at the frequency necessary to
ionize the atom. Atoms not ionized (typically isobaric contaminants) travel to a beam
dump. The ions produced from resonant ionization are detected with a positive-ion multi-
channel plate (MCPi) held at −2.4 kV, or impinged on a copper dynode and the emitted
secondary electrons detected with MCPe, biased at +2.4 kV. Alternatively, the ions
can be deflected to the Decay Spectroscopy Station (DSS) for alpha-tagging of hyper-
fine components and laser-assisted nuclear decay spectroscopy, utilizing the silicon PIPS
detectors [6, 7].

• The radioactive beam from 
ISOLDE is bunched and sent to 
the experiment; 

• The ion bunch is neutralised; 
• The atom bunch is irradiated by a 

sequence of laser pulses; 
• On resonance, the atoms are re-

ionised and sent to a detector 
(MCP / decay station) for counting.
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Fig. 2 Schematic diagram of the laser systems at CRIS. There are 3 high-resolution tunable laser systems
available, in addition to 3 broad-band lasers

3 Recent modifications

The recent modifications made to the CRIS setup have aimed to benefit two of the main prin-
ciples of the technique: reduction of the laser linewidth in order to perform high-resolution
measurements, and enhancement of the experimental efficiency for low-yield isotope stud-
ies. Production of narrow-linewidth laser light has been achieved with installation of several
new laser systems. Increasing the experimental efficiency took the form of improving the
ion-beam transport and detection efficiency through installation of several beam monitoring
and detection devices.

3.1 Towards high-resolution laser spectroscopy

Extending the CRIS technique to new cases has necessitated significant investment in
additional laser systems to allow greater flexibility in developing ionization schemes. The
majority of these are installed in a new laser laboratory adjacent to the ISOLDE facilty.
Laser light produced in the CRIS laser laboratory can be either mirror- or fibre-coupled into
the CRIS beam line. An overview of the lasers available at CRIS is shown in Fig. 2.

There are 3 high-resolution tunable laser systems available for measuring an isotope’s
hyperfine structure: an M-Squared SolsTiS continuous-wave titanium-sapphire laser, a
Matisse 2 DS continuous-wave dye laser and an injection-seeded titanium-sapphire laser
developed at the IGISOL facility at the University of Jyväskylä [8]. The M-Squared Sol-
sTiS produces up to 6 W of infrared light that can be frequency-doubled by an ECD-X
frequency-doubler to produce up to 2 W of blue light whilst light from the Matisse 2 DS
can be frequency-doubled by a Wavetrain 2 frequency-doubler.

To prevent optical pumping to dark states, the continuous-wave light from these lasers
is ‘chopped’ into pulses. This is achieved by sending the light through a Pockels cell and
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Fig. 3 From low-resolution to high-resolution collinear resonance ionization spectroscopy of 221Fr. a Two-
step ionization scheme for francium, with the resonant transition from 7s2S1/2 → 8p2P3/2 at 422.7 nm. b
Schematic of the cw-laser light ’chopping’ method used to achieve high-resolution measurements. c Right-
hand component of the hyperfine structure of 221Fr. In red, initial low-resolution measurements with a
linewidth of 1.5(1) GHz, which could only resolve the lower-state 7s2S1/2 splitting. In blue, 25(1) MHz
linewidths were achieved, enough to resolve the upper-state 8p2P3/2 splitting

a polarization analyser. This analyser is tuned such that the intensity of the laser light is
reduced by a factor of 2000 if no voltage is applied to the Pockels cell. However, if a high
voltage is applied, typically 2.4 kV, the polarization of the light is rotated by 90 degrees,
which maximizes the intensity of the laser light going to the CRIS beamline. Therefore,
by applying short voltage pulses on the Pockels cell, short light pulses are created. More
details on the method can be found in [9]. Schematic diagrams of the resonance-ionization
scheme of francium and the cw-laser light ‘chopping’ method are shown in Fig. 3a and b,
respectively. Figure 3c illustrates the improvement in resolution of the hyperfine structure
of 221Fr from 1.5(1) GHz to 20(1) MHz when this method was used. A key advantage of
this approach is that the length and timing of the laser pulse can be easily and precisely con-
trolled. For example, it is advantageous to adjust the length of the laser pulse based on the
lifetime of the atomic excited state. This way, a balance can be made between maximizing
the efficiency of the excitation process and minimizing optical pumping processes.

The M-Squared SolsTiS can also provide seed light for the injection-seeded system
which allows high-resolution light to be produced. An advantage of such a system is that
efficient single-pass higher harmonic generation with non-linear crystals becomes possible.
By frequency tripling or quadrupling light from the injection-seeded system, deep-UV high-
resolution laser light can be produced with power densities sufficient for efficient excitation
in a multi-step resonance ionization scheme. The injection locked laser system therefore
provides additional wavelengths that a continuous wave laser system cannot produce. Both
the injection locked laser system and the chopped cw laser system have demonstrated
efficient excitation, even for weak transitions.

A new Lee Laser LDP-100MQG 10 kHz Nd:YAG laser capable of producing up to
50 W of 532 nm light has been installed to pump the injection-seeded system and two

ionization laser delay of 100 ns with respect to the rise time
of the excitation pulse were determined. With these settings
the blue histogram in Fig. 3 is obtained. If the ionization
step is delayed less then 100 ns, and therefore arrives
temporally overlapped with the excitation pulse, the grey
spectrum in Fig. 3 is obtained. The peaks broaden and shift
to the high-frequency side, and an additional structure also
appears on the high-frequency side of the resonance peaks.
When a constant 2.4 kV voltage is applied (and the atoms
are therefore continuously irradiated), the spectrum in the
inset of Fig. 3 is obtained. The event rate is much lower due
to optical pumping effects, and the peaks are significantly
broadened and shifted to higher frequencies. Figure 3 also
shows the best fitting function for the optimal settings (in
red), consisting of the sum of Voigt profiles centered on the
resonance positions. A total linewidth of 20(1) MHz is
obtained. The total linewidth is dominated by the remaining
Doppler spread of the atom beam and the spectral broad-
ening of the excitation pulse due to the chopping, estimated
at approximately 10 MHz by taking the Fourier transform
of the time profile of the laser pulse.
An example of a resonance ionization spectrum of 219Fr

is shown in Fig. 4. The linewidth of 20(1) MHz is sufficient
to resolve all six expected resonance peaks, which are fitted
as described in, e.g., Ref. [38]. The weighted mean of the
fitted hyperfine parameters are summarized in Table I.
From these parameters, the nuclear magnetic dipole
moment μ and electric quadrupole moment Qs were
determined relative to the values for 221Fr in
Refs. [36,37]. The newly measured value of Qs ¼
−1.21ð2Þ eb (β2 ¼ 0.094) for 219Fr is plotted along with
the Qs values of other francium isotopes from the literature
[9,36] in Fig. 5. The Qs values illustrate the different
structures in these odd-A francium isotopes: for A < 215
the quadrupole moment is nearly zero, as expected in the
shell model for isotopes with a half-filled h9=2 proton orbit
[44]. The small deviation from zero is a signature of

configuration mixing and an increasing contribution from
core polarization towards the neutron-deficient region. The
large absolute values for the quadrupole moments of
219–225Fr are a signature for deformation in their ground
states. The sudden change from strongly negative to
strongly positive spectroscopic quadrupole moments is
understood in the Nilsson model as due to the changing
influence of Coriolis mixing on these prolate deformed
structures. Coriolis mixing is strongest in K ¼ 1=2 bands
and tends to decouple the odd-particle spin from the
deformation axis [45,46]. The 9=2− ground state in 219Fr
is known to be a member of the K ¼ 1=2− band [47]. Thus
the odd-proton spin is decoupled from the nuclear defor-
mation axis [see (b) in Fig. 5], yielding a negative quadru-
pole moment (K < I). In the heavier francium isotopes, the
deformation gradually increases and the nuclear spin gets
gradually more coupled to the deformation axis. The 5=2−

ground state in 221Fr was interpreted also as a member of
the K ¼ 1=2− band, but with a much smaller decoupling
parameter a. In 223;225Fr the 3=2− ground state is a member
of the K ¼ 3=2− band and thus strongly coupled to the
deformation axis (K ¼ I), resulting in a positive quadru-
pole moment.
In summary, we have presented a novel high resolution,

highly efficient collinear resonance ionization spectroscopy
technique. By probing a weak atomic transition in fran-
cium, a linewidth of 20(1) MHz was achieved, which
represents an improvement of the experimental resolution
by nearly 2 orders of magnitude compared to our previous
measurements [21]. The advantages of the new method in
terms of resolution, efficiency, and systematic line shape

FIG. 4 (color online). Example of an experimental hyperfine
spectrum of 219Fr and the best fitting function (red line)
consisting of a sum of Voigt profiles centered on the resonance
positions.

FIG. 3 (color online). Inset: Resonance ionization spectrum
with continuous wave laser light in the first step. The scale and
range on the x and y axes are the same as the main plot. Main:
RIS of the lowest frequency multiplet of 221Fr using chopped cw
light with a pulse length of 100 ns for two delay times of the
ionization step.

TABLE I. Summary of the extracted hyperfine structure con-
stants for the 7s2S1=2 atomic ground state and 8p2P3=2 excited
state of 219;221Fr (values in MHz). The extracted magnetic dipole
moment and electric quadrupole moment are also given. Liter-
ature values were obtained from Refs. [36–38].

Að7s2S1=2Þ Að8p2P3=2Þ Bð8p2P3=2Þ μðμNÞ QsðebÞ
219lit þ6820ð30Þ % % % % % % þ3.11ð4Þ % % %
219exp þ6851ð1Þ þ24.7ð5Þ −104ð1Þ þ3.13ð4Þ −1.21ð2Þ
221lit þ6210ð1Þ þ22.4ð1Þ −85.7ð8Þ þ1.57ð2Þ −1.00ð1Þ
221exp þ6209ð1Þ þ22.3ð5Þ −87ð2Þ þ1.57ð2Þ −1.02ð3Þ
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FIG. 1. Collinear resonance ionization spectroscopy of the low lying states of 206Fr, relative to the centroid frequency of 221Fr. The spin
3(+) state is shown in blue [(b) and (e)], the spin 7(+) state is shown in green [(a) and (e)], and the spin 10(−) state is in red [(c) and (d)].

pulses. Each DGF channel was optimized for the incoming
signal by modifying the on-board parameters. Pulse height
analysis was made on-line and the resulting pulse-height and
timing information were recorded.

III. RESULTS

A. Decay-assisted laser spectroscopy

The hyperfine-structure spectra of the low-lying states
in 206Fr for the resonant 7s 2

S1/2 → 8p 2
P3/2 transition are

shown in Fig. 1. The laser frequency is plotted relative to the
centroid frequency of the reference isotope, 221Fr. Six groups
of three hyperfine components are identified, associated in
pairs to each state in 206Fr: Figs. 1(b) and 1(e) show the
hyperfine structure of 206gFr, Figs. 1(a) and 1(e) show the
structure of 206m1Fr, and Figs. 1(c) and 1(d) show that of
206m2Fr. The linewidth of the 206Fr spectra was determined to
be ∼20(1) MHz, with a background of <10 Hz. The groups
were identified by locking the frequency of the laser to a
hyperfine-structure resonance and deflecting the resonantly
ionized beam to the DSS. From the α-particle decay energies
characteristic of the 3(+), 7(+), and 10(−) states in 206Fr, each
resonance peak could be identified as one of the three states.

The identification of the hyperfine structures is hindered by
the degeneracies in the α-decay pattern of 206Fr (see Fig. 2),
as both the 3(+) and 7(+) states have similar half-lives (15.9 s),
α-decay energies (6792 keV), and branching ratios (84%) [18].
This situation is similar to 202Fr, where the α-decay pattern of
its daughter nucleus 198At had to be relied upon [19]. The α-
decay energy spectra for the outer ( 206m1Fr), middle ( 206gFr),
and inner ( 206m2Fr) hyperfine-structure components of 206Fr
are shown in Fig. 3. The identified peaks arise from 206Fr and
206Rn via the β decay of 206Fr, and from 202At via the α decay
of 206Fr.

The red spectrum of Fig. 3 is related to the innermost
hyperfine components [see Figs. 1(c) and 1(d)] and shows an
excess of α particles at 6930 keV, characteristic of the decay
of the 10(−) state in 206Fr. This state also decays to the 7(+)

state, and therefore the spectrum displays common features

with the other α-decay energy spectra. The blue spectrum
related to the intermediate hyperfine components [Figs. 1(b)
and 1(e)] shows an excess of α particles at 6228 keV, while the
green spectrum related to the outermost components [Figs. 1(a)
and 1(e)] shows an excess of α particles at 6135 keV. This
arises from the α decay of the (2,3+) and the (7+) states in
202At, respectively. Those are produced directly from the α
decay of the 3(+) and 7(+) states in 206Fr respectively, hereby
establishing the assignment of each hyperfine structure group
to the states in 206Fr. This analysis is additionally carried over
each hyperfine peak separately and confirms the grouping
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Eα=6930 keV

Eα=6228 keV

Eα=6135 keV
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198Bi 618(18) s
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FIG. 2. α-decay pattern of the 206Fr - 202At - 198Bi decay chain
[18]. Only the transitions relevant to the α-decay tagging of the
hyperfine components are presented. The dashed arrows represent γ

decay and the full arrows α decay, whereby the width is proportional
to the branching ratio. Note the spins of 202gAt and 198gBi are the
newly assigned 3(+), instead of (2,3+).
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and isomeric states in trans-lead elements. A similar gradual
increase is observed for all elements as the orbitals below
N = 126 are depleted, due to an onset of core polarization
[23]. The sudden increase at 203Fr is interpreted as an onset of
static deformation at N = 116. However, this increase cannot
fully account for the observed departure of its relative charge
radius from the 82Pb chain [16].

II. EXPERIMENTAL TECHNIQUE

The francium isotopes of interest were produced at the
CERN Isotope Separation On-Line Device (ISOLDE) ra-
dioactive beam facility. Protons at 1.4 GeV from the proton
synchrotron booster (PSB) impinged upon a thick uranium-
carbide target. Francium isotopes were produced through
spallation reactions within the target and surface ionized
through collisions with a hot (2400 K) transfer line. The
203,207Fr ions were then mass separated by using the high-
resolution separator (HRS) and subsequently injected into the
ISCOOL gas-filled radio-frequency cooler buncher [24]. The
ions were allowed to accumulate and released at a rate of
100 Hz with a width of 5 µs before being deflected to the
CRIS experiment [25].

The bunched francium ion beam was neutralized in flight
in a charge-exchange cell filled with potassium vapor (held
at 450 K). Any residual ionic component of the beam was
electrostatically deflected away. The neutralized bunches then
entered an ultrahigh-vacuum interaction region where they
were spatially and temporally overlapped with two laser
beams. The pressure of the interaction region was maintained
at 2 × 10−8 mbar so that nonresonant collisional re-ionization
was minimized. When the frequency of the scanning laser was
equal to that of an allowed transition between the ground and
excited hyperfine states, the francium atoms were resonantly
ionized and deflected onto a microchannel plate (MCP) and
detected.

The hyperfine structure of the francium isotopes was probed
by using the 422 nm 7s 2S1/2 → 8p 2P3/2 transition. An
M-Squared SolsTiS continuous-wave titanium-sapphire laser

(pumped by a Lighthouse Photonics Sprout-G 18 W laser)
produced light at 844 nm. The wavelength was measured by a
HighFinesse WSU2 wavemeter, which was calibrated by using
a temperature-stabilized helium-neon laser as a reference. The
844 nm light was externally frequency doubled by using an
M-Squared ECD-X frequency doubler [26].

To prevent optically pumping to dark states, the 422 nm
light was “chopped” into 100 ns pulses at a rate of 100 Hz by
inducing a λ/2 polarization change through fast switching
of a Pockels cell between 0 kV (off) and +2.4 kV (on)
with a Behlke FSWP91-01 fast square-wave pulser. When
the Pockels cell was on, the 422 nm light had the necessary
polarization to be reflected by a polarizing beam-splitter cube
towards another Pockels cell and polarizing beam-splitter
cube. Only when both Pockels cells were on would light be
reflected towards a 25 m multimode fiber transporting the
light to an optical table adjacent to the CRIS beam line. More
details can be found in Ref. [14]. The extinction ratio of the two
fast-switching setups operating in series exceeded 1 : 105. The
peak intensity of the chopped pulses was 60% of the intensity
of the continuous-wave light entering the fast-switching setup.

A 1064 nm nonresonant step, delayed by 100 ns, was used
to ionize the excited francium atoms in the 8p 2P3/2 state. The
83.5(1.5) ns lifetime of the 8p 2P3/2 [27] state allowed power
broadening and lineshape distortion effects to be removed
without a loss in efficiency [28]. This light was produced by
a Litron LPY 601 50-100 PIV Nd:YAG running at 100 Hz.
The timing of the two laser pulses with respect to the atomic
bunch was controlled by using a Quantum Composers QC9258
digital delay pulse generator.

III. RESULTS

The hyperfine structures of the 7s 2S1/2 → 8p 2P3/2 tran-
sition in 203,207Fr are shown in Fig. 1. The frequency of the
spectra is plotted relative to the centroid frequency of 221Fr.
However, the isotope 219Fr was used as a reference throughout
the experiment in order to minimize the accumulated radioac-
tivity on the MCP due the its shorter half-life of 20(2) ms

FIG. 1. Hyperfine spectra of 203Fr (blue) and 207Fr (red) obtained from collinear resonance ionization spectroscopy, relative to the centroid
frequency of 221Fr.
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Fig. 3 From low-resolution to high-resolution collinear resonance ionization spectroscopy of 221Fr. a Two-
step ionization scheme for francium, with the resonant transition from 7s2S1/2 → 8p2P3/2 at 422.7 nm. b
Schematic of the cw-laser light ’chopping’ method used to achieve high-resolution measurements. c Right-
hand component of the hyperfine structure of 221Fr. In red, initial low-resolution measurements with a
linewidth of 1.5(1) GHz, which could only resolve the lower-state 7s2S1/2 splitting. In blue, 25(1) MHz
linewidths were achieved, enough to resolve the upper-state 8p2P3/2 splitting

a polarization analyser. This analyser is tuned such that the intensity of the laser light is
reduced by a factor of 2000 if no voltage is applied to the Pockels cell. However, if a high
voltage is applied, typically 2.4 kV, the polarization of the light is rotated by 90 degrees,
which maximizes the intensity of the laser light going to the CRIS beamline. Therefore,
by applying short voltage pulses on the Pockels cell, short light pulses are created. More
details on the method can be found in [9]. Schematic diagrams of the resonance-ionization
scheme of francium and the cw-laser light ‘chopping’ method are shown in Fig. 3a and b,
respectively. Figure 3c illustrates the improvement in resolution of the hyperfine structure
of 221Fr from 1.5(1) GHz to 20(1) MHz when this method was used. A key advantage of
this approach is that the length and timing of the laser pulse can be easily and precisely con-
trolled. For example, it is advantageous to adjust the length of the laser pulse based on the
lifetime of the atomic excited state. This way, a balance can be made between maximizing
the efficiency of the excitation process and minimizing optical pumping processes.

The M-Squared SolsTiS can also provide seed light for the injection-seeded system
which allows high-resolution light to be produced. An advantage of such a system is that
efficient single-pass higher harmonic generation with non-linear crystals becomes possible.
By frequency tripling or quadrupling light from the injection-seeded system, deep-UV high-
resolution laser light can be produced with power densities sufficient for efficient excitation
in a multi-step resonance ionization scheme. The injection locked laser system therefore
provides additional wavelengths that a continuous wave laser system cannot produce. Both
the injection locked laser system and the chopped cw laser system have demonstrated
efficient excitation, even for weak transitions.

A new Lee Laser LDP-100MQG 10 kHz Nd:YAG laser capable of producing up to
50 W of 532 nm light has been installed to pump the injection-seeded system and two

221Fr

ionization laser delay of 100 ns with respect to the rise time
of the excitation pulse were determined. With these settings
the blue histogram in Fig. 3 is obtained. If the ionization
step is delayed less then 100 ns, and therefore arrives
temporally overlapped with the excitation pulse, the grey
spectrum in Fig. 3 is obtained. The peaks broaden and shift
to the high-frequency side, and an additional structure also
appears on the high-frequency side of the resonance peaks.
When a constant 2.4 kV voltage is applied (and the atoms
are therefore continuously irradiated), the spectrum in the
inset of Fig. 3 is obtained. The event rate is much lower due
to optical pumping effects, and the peaks are significantly
broadened and shifted to higher frequencies. Figure 3 also
shows the best fitting function for the optimal settings (in
red), consisting of the sum of Voigt profiles centered on the
resonance positions. A total linewidth of 20(1) MHz is
obtained. The total linewidth is dominated by the remaining
Doppler spread of the atom beam and the spectral broad-
ening of the excitation pulse due to the chopping, estimated
at approximately 10 MHz by taking the Fourier transform
of the time profile of the laser pulse.
An example of a resonance ionization spectrum of 219Fr

is shown in Fig. 4. The linewidth of 20(1) MHz is sufficient
to resolve all six expected resonance peaks, which are fitted
as described in, e.g., Ref. [38]. The weighted mean of the
fitted hyperfine parameters are summarized in Table I.
From these parameters, the nuclear magnetic dipole
moment μ and electric quadrupole moment Qs were
determined relative to the values for 221Fr in
Refs. [36,37]. The newly measured value of Qs ¼
−1.21ð2Þ eb (β2 ¼ 0.094) for 219Fr is plotted along with
the Qs values of other francium isotopes from the literature
[9,36] in Fig. 5. The Qs values illustrate the different
structures in these odd-A francium isotopes: for A < 215
the quadrupole moment is nearly zero, as expected in the
shell model for isotopes with a half-filled h9=2 proton orbit
[44]. The small deviation from zero is a signature of

configuration mixing and an increasing contribution from
core polarization towards the neutron-deficient region. The
large absolute values for the quadrupole moments of
219–225Fr are a signature for deformation in their ground
states. The sudden change from strongly negative to
strongly positive spectroscopic quadrupole moments is
understood in the Nilsson model as due to the changing
influence of Coriolis mixing on these prolate deformed
structures. Coriolis mixing is strongest in K ¼ 1=2 bands
and tends to decouple the odd-particle spin from the
deformation axis [45,46]. The 9=2− ground state in 219Fr
is known to be a member of the K ¼ 1=2− band [47]. Thus
the odd-proton spin is decoupled from the nuclear defor-
mation axis [see (b) in Fig. 5], yielding a negative quadru-
pole moment (K < I). In the heavier francium isotopes, the
deformation gradually increases and the nuclear spin gets
gradually more coupled to the deformation axis. The 5=2−

ground state in 221Fr was interpreted also as a member of
the K ¼ 1=2− band, but with a much smaller decoupling
parameter a. In 223;225Fr the 3=2− ground state is a member
of the K ¼ 3=2− band and thus strongly coupled to the
deformation axis (K ¼ I), resulting in a positive quadru-
pole moment.
In summary, we have presented a novel high resolution,

highly efficient collinear resonance ionization spectroscopy
technique. By probing a weak atomic transition in fran-
cium, a linewidth of 20(1) MHz was achieved, which
represents an improvement of the experimental resolution
by nearly 2 orders of magnitude compared to our previous
measurements [21]. The advantages of the new method in
terms of resolution, efficiency, and systematic line shape

FIG. 4 (color online). Example of an experimental hyperfine
spectrum of 219Fr and the best fitting function (red line)
consisting of a sum of Voigt profiles centered on the resonance
positions.

FIG. 3 (color online). Inset: Resonance ionization spectrum
with continuous wave laser light in the first step. The scale and
range on the x and y axes are the same as the main plot. Main:
RIS of the lowest frequency multiplet of 221Fr using chopped cw
light with a pulse length of 100 ns for two delay times of the
ionization step.

TABLE I. Summary of the extracted hyperfine structure con-
stants for the 7s2S1=2 atomic ground state and 8p2P3=2 excited
state of 219;221Fr (values in MHz). The extracted magnetic dipole
moment and electric quadrupole moment are also given. Liter-
ature values were obtained from Refs. [36–38].

Að7s2S1=2Þ Að8p2P3=2Þ Bð8p2P3=2Þ μðμNÞ QsðebÞ
219lit þ6820ð30Þ % % % % % % þ3.11ð4Þ % % %
219exp þ6851ð1Þ þ24.7ð5Þ −104ð1Þ þ3.13ð4Þ −1.21ð2Þ
221lit þ6210ð1Þ þ22.4ð1Þ −85.7ð8Þ þ1.57ð2Þ −1.00ð1Þ
221exp þ6209ð1Þ þ22.3ð5Þ −87ð2Þ þ1.57ð2Þ −1.02ð3Þ
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FIG. 1. Collinear resonance ionization spectroscopy of the low lying states of 206Fr, relative to the centroid frequency of 221Fr. The spin
3(+) state is shown in blue [(b) and (e)], the spin 7(+) state is shown in green [(a) and (e)], and the spin 10(−) state is in red [(c) and (d)].

pulses. Each DGF channel was optimized for the incoming
signal by modifying the on-board parameters. Pulse height
analysis was made on-line and the resulting pulse-height and
timing information were recorded.

III. RESULTS

A. Decay-assisted laser spectroscopy

The hyperfine-structure spectra of the low-lying states
in 206Fr for the resonant 7s 2

S1/2 → 8p 2
P3/2 transition are

shown in Fig. 1. The laser frequency is plotted relative to the
centroid frequency of the reference isotope, 221Fr. Six groups
of three hyperfine components are identified, associated in
pairs to each state in 206Fr: Figs. 1(b) and 1(e) show the
hyperfine structure of 206gFr, Figs. 1(a) and 1(e) show the
structure of 206m1Fr, and Figs. 1(c) and 1(d) show that of
206m2Fr. The linewidth of the 206Fr spectra was determined to
be ∼20(1) MHz, with a background of <10 Hz. The groups
were identified by locking the frequency of the laser to a
hyperfine-structure resonance and deflecting the resonantly
ionized beam to the DSS. From the α-particle decay energies
characteristic of the 3(+), 7(+), and 10(−) states in 206Fr, each
resonance peak could be identified as one of the three states.

The identification of the hyperfine structures is hindered by
the degeneracies in the α-decay pattern of 206Fr (see Fig. 2),
as both the 3(+) and 7(+) states have similar half-lives (15.9 s),
α-decay energies (6792 keV), and branching ratios (84%) [18].
This situation is similar to 202Fr, where the α-decay pattern of
its daughter nucleus 198At had to be relied upon [19]. The α-
decay energy spectra for the outer ( 206m1Fr), middle ( 206gFr),
and inner ( 206m2Fr) hyperfine-structure components of 206Fr
are shown in Fig. 3. The identified peaks arise from 206Fr and
206Rn via the β decay of 206Fr, and from 202At via the α decay
of 206Fr.

The red spectrum of Fig. 3 is related to the innermost
hyperfine components [see Figs. 1(c) and 1(d)] and shows an
excess of α particles at 6930 keV, characteristic of the decay
of the 10(−) state in 206Fr. This state also decays to the 7(+)

state, and therefore the spectrum displays common features

with the other α-decay energy spectra. The blue spectrum
related to the intermediate hyperfine components [Figs. 1(b)
and 1(e)] shows an excess of α particles at 6228 keV, while the
green spectrum related to the outermost components [Figs. 1(a)
and 1(e)] shows an excess of α particles at 6135 keV. This
arises from the α decay of the (2,3+) and the (7+) states in
202At, respectively. Those are produced directly from the α
decay of the 3(+) and 7(+) states in 206Fr respectively, hereby
establishing the assignment of each hyperfine structure group
to the states in 206Fr. This analysis is additionally carried over
each hyperfine peak separately and confirms the grouping
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FIG. 2. α-decay pattern of the 206Fr - 202At - 198Bi decay chain
[18]. Only the transitions relevant to the α-decay tagging of the
hyperfine components are presented. The dashed arrows represent γ

decay and the full arrows α decay, whereby the width is proportional
to the branching ratio. Note the spins of 202gAt and 198gBi are the
newly assigned 3(+), instead of (2,3+).
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and isomeric states in trans-lead elements. A similar gradual
increase is observed for all elements as the orbitals below
N = 126 are depleted, due to an onset of core polarization
[23]. The sudden increase at 203Fr is interpreted as an onset of
static deformation at N = 116. However, this increase cannot
fully account for the observed departure of its relative charge
radius from the 82Pb chain [16].

II. EXPERIMENTAL TECHNIQUE

The francium isotopes of interest were produced at the
CERN Isotope Separation On-Line Device (ISOLDE) ra-
dioactive beam facility. Protons at 1.4 GeV from the proton
synchrotron booster (PSB) impinged upon a thick uranium-
carbide target. Francium isotopes were produced through
spallation reactions within the target and surface ionized
through collisions with a hot (2400 K) transfer line. The
203,207Fr ions were then mass separated by using the high-
resolution separator (HRS) and subsequently injected into the
ISCOOL gas-filled radio-frequency cooler buncher [24]. The
ions were allowed to accumulate and released at a rate of
100 Hz with a width of 5 µs before being deflected to the
CRIS experiment [25].

The bunched francium ion beam was neutralized in flight
in a charge-exchange cell filled with potassium vapor (held
at 450 K). Any residual ionic component of the beam was
electrostatically deflected away. The neutralized bunches then
entered an ultrahigh-vacuum interaction region where they
were spatially and temporally overlapped with two laser
beams. The pressure of the interaction region was maintained
at 2 × 10−8 mbar so that nonresonant collisional re-ionization
was minimized. When the frequency of the scanning laser was
equal to that of an allowed transition between the ground and
excited hyperfine states, the francium atoms were resonantly
ionized and deflected onto a microchannel plate (MCP) and
detected.

The hyperfine structure of the francium isotopes was probed
by using the 422 nm 7s 2S1/2 → 8p 2P3/2 transition. An
M-Squared SolsTiS continuous-wave titanium-sapphire laser

(pumped by a Lighthouse Photonics Sprout-G 18 W laser)
produced light at 844 nm. The wavelength was measured by a
HighFinesse WSU2 wavemeter, which was calibrated by using
a temperature-stabilized helium-neon laser as a reference. The
844 nm light was externally frequency doubled by using an
M-Squared ECD-X frequency doubler [26].

To prevent optically pumping to dark states, the 422 nm
light was “chopped” into 100 ns pulses at a rate of 100 Hz by
inducing a λ/2 polarization change through fast switching
of a Pockels cell between 0 kV (off) and +2.4 kV (on)
with a Behlke FSWP91-01 fast square-wave pulser. When
the Pockels cell was on, the 422 nm light had the necessary
polarization to be reflected by a polarizing beam-splitter cube
towards another Pockels cell and polarizing beam-splitter
cube. Only when both Pockels cells were on would light be
reflected towards a 25 m multimode fiber transporting the
light to an optical table adjacent to the CRIS beam line. More
details can be found in Ref. [14]. The extinction ratio of the two
fast-switching setups operating in series exceeded 1 : 105. The
peak intensity of the chopped pulses was 60% of the intensity
of the continuous-wave light entering the fast-switching setup.

A 1064 nm nonresonant step, delayed by 100 ns, was used
to ionize the excited francium atoms in the 8p 2P3/2 state. The
83.5(1.5) ns lifetime of the 8p 2P3/2 [27] state allowed power
broadening and lineshape distortion effects to be removed
without a loss in efficiency [28]. This light was produced by
a Litron LPY 601 50-100 PIV Nd:YAG running at 100 Hz.
The timing of the two laser pulses with respect to the atomic
bunch was controlled by using a Quantum Composers QC9258
digital delay pulse generator.

III. RESULTS

The hyperfine structures of the 7s 2S1/2 → 8p 2P3/2 tran-
sition in 203,207Fr are shown in Fig. 1. The frequency of the
spectra is plotted relative to the centroid frequency of 221Fr.
However, the isotope 219Fr was used as a reference throughout
the experiment in order to minimize the accumulated radioac-
tivity on the MCP due the its shorter half-life of 20(2) ms

FIG. 1. Hyperfine spectra of 203Fr (blue) and 207Fr (red) obtained from collinear resonance ionization spectroscopy, relative to the centroid
frequency of 221Fr.

034317-2

Ra: K.M. Lynch et al, submitted to PRC.
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FIG. 1. (Color online) (a) The resonance ionization scheme
used to measure the hyperfine structure of the neutron-rich
radium isotopes [17, 18]. (b) The time-structure of the 714-
nm and 555-nm laser light pulses.

between neighbouring isotopes o↵ers further insight into
the border of reflection asymmetry and the e↵ect of the
diminishing octupole correlations as 231Ra is reached.

II. EXPERIMENTAL TECHNIQUE

The radium isotopes were produced at the ISOLDE
facility by impinging 1.4-GeV protons onto a thick
uranium-carbide target. After e↵using and di↵using out
of the target material, the radium atoms were laser-
ionized using the Resonance Ionization Laser Ion Source
(RILIS), accelerated to 30 keV and mass-separated with
the high-resolution separator. The ions were then cooled
and bunched using the ISOLDE linear Paul trap, IS-
COOL, re-accelerated to 30 keV and deflected through
the CRIS beamline [19, 20]. After passing the ions
through the potassium-vapour charge-exchange cell to
neutralise (with an e�ciency of up to 60%), the remain-
ing ionic component was deflected away. The atom bunch
was then spatially and temporally overlapped with pulsed
light from two lasers (see Fig. 1) to resonantly excite and
ionize. This was performed in an 1.2-m ‘interaction re-
gion’ held at a pressure of 1.4⇥ 10�9 mbar.

The atoms were resonantly excited with 714.319-
nm laser light (13999.3569 cm�1) using the
7s2 1S0 ! 7s7p 3P1 atomic transition. Continuous-wave

FIG. 2. (Color online) Hyperfine structures of the neutron-
rich radium isotopes 222�232Ra measured by collinear reso-
nance ionization spectroscopy, relative to the centroid fre-
quency of the reference isotope 226Ra. The dotted lines il-
lustrate the centroid frequencies for the odd-A isotopes. The
y-axis displays arbitrary units that are di↵erent for each iso-
tope.

(cw) laser light at 714 nm was produced by a Matisse

3

2 TS titanium:sapphire (Ti:Sa) ring laser, pumped
by 532-nm cw light produced by a Verdi Nd:YVO4
laser. The cw-light was then ‘chopped’ into 200-ns
pulses at a repetition rate of 100 Hz by passing the
light through a fast-switching Pockels cell [21]. By
inducing a polarisation change of �/2 in the Pockels
cell with a Behlke FSWP91-01 fast square-wave pulser
(0 kV o↵, 2.4 kV on), the short light pulse minimised
optical pumping to dark sub-states (see Sec. IIIA for
further discussion). The 714-nm laser light was then
mirror-coupled and deflected along the central axis of
the CRIS beamline. The following steps used two-step
ionization into the continuum from the 7s7p 3P1 state
with 555-nm laser light, delayed by 200 ns after the start
of the 714-nm laser light pulse. This delay provided
the optimum line shape and resolution for the hyperfine
structure spectra [22]. The second step was a resonant
excitation from the 7s7p 3P1 to the 7s7d 3D2 state at
31993.40 cm�1, followed by non-resonant ionization to
the continuum. The 555-nm laser light was produced by
a Spectron Spectrolase 4000 pulsed-dye laser pumped
by a Litron LPY 601 50-100 PIV Nd:YAG laser at a
repetition rate of 100 Hz. A schematic of the resonance
ionization scheme is shown in Fig. 1(a), with the time-
structure of the ‘chopped’ 714-nm and pulsed 555-nm
laser light shown in Fig. 1(b). The hyperfine structure
of the 714-nm transition was probed with a linewidth
of down to 30 MHz. Broadband 714-nm light was also
produced by pumping a Ti:Sa Z-cavity [23] with 532-nm
light from a Photonics Industries laser. This produced
laser light with a > 5 GHz linewidth, which was used
to search for the hyperfine-structure resonances and
measure the low-yield isotope 233Ra. The timing of the
laser-light pulses was synchronised with the release of
the ion bunch from ISCOOL by a Quantum Composers
9528 digital delay pulse generator, at a rate of 100 Hz.
The laser-ionized ions were deflected through 20� and
detected by a Hamamatsu F-4655-12 microchannel
plate, biased at �2.4 kV.

III. RESULTS AND DISCUSSION

A. The hyperfine structure

The high-resolution hyperfine-structure spectra of the
7s2 1S0 ! 7s7p 3P1 transition in the neutron-rich ra-
dium isotopes are shown in Fig. 2. The frequency is
shown relative to the centroid frequency of the reference
isotope, 226Ra. The most neutron-rich isotope, 233Ra,
was only measured in low resolution. In. Fig. 3 (top) the
newly-measured (high-resolution) hyperfine structure of
231Ra is compared to the (low-resolution) measurement
of 233Ra (bottom), from which the change in its rela-
tive charge radius only can be extracted. Each hyperfine
structure was fit to a pseudo-Voigt line shape using a �2-
minimisation routine to extract A(3P1), B(3P1) and the
centroid frequency, ⌫A.

FIG. 3. (Color online) Hyperfine structure of (top) 231Ra in
high resolution, and (bottom) 233Ra in low-resolution, both
plotted relative to the centroid frequency of the reference iso-
tope 226Ra.

The even-even isotopes in Fig. 2 show the typical
single-peak structure resulting from their 0+ nuclear spin.
The odd-A isotopes in Fig. 2 have either two (for spin I =
1/2 isotopes) or three (for I > 1/2 isotopes) hyperfine-
structure peaks. The third peak in the hyperfine struc-
ture of 227Ra was not measured, and the intensity of the
F
I�1/2 peaks in the hyperfine structures of 229,231Ra are

smaller than expected from angular-momentum coupling
considerations. This is suggested to be due to (despite
chopping the laser light) the linearly-polarised cw-light
optically pumping the atoms into the m

F

= m±I

sub-
states of the 1S0 atomic state. These ‘dark’ sub-states re-
duce the population available to be excited to the F

I�1/2

upper-state, thus reducing the intensity of the hyperfine
structure peak. To fit the hyperfine spectra of 227Ra, the
ratio B(1P1)/B(3P1) = �0.896(5) was used, experimen-
tally determined for the isotopes 221,223Ra [8].
The nuclear spins I and isotope shifts (�⌫ref,A = ⌫A �

⌫ref) of the neutron-rich radium isotopes are presented
in Table I. For completeness, column 3 presents the iso-
tope shifts relative to the reference isotope 226Ra and col-
umn 4 presents the isotope shifts relative to 214Ra at the
N = 126 shell closure, using �⌫226,214 = +41744(4) MHz
measured from this work. The centroid of the closest-in-
time reference scan was used to calculate the isotope shift
for each isotope. For 231Ra, the isotope with the largest
dataset, a standard deviation of 3 MHz on the isotope
shifts was present. Therefore, a systematic uncertainty
of 3 MHz was assigned to each �⌫226,A isotope shift, to
account for the scatter over the course of the experiment.
For isotopes with multiple scans, the weighted mean and
weighted standard deviation of A(3P1) and B(3P1) were
calculated. Literature values of the 714-nm transition
isotope shifts are taken from Ref. [8].
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From isotope shift to charge radii

Figure 2.5: Periodic table showing the number of the number of stable/very-long-lived iso-
topes with which a target can be made for alternative charge radii studies.

This reduces Eq. 2.45 back to Eq. 2.44, with the adjustment that the proportionality constant
F is no longer only the atomic parameter, but includes as well the correction factors for higher
radial moments. Altogether, one may express the total isotope shift as
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It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.

King plot

The main sources of systematic uncertainties in extracting �hr2i from �⌫ are the atomic
parameters M

SMS

and F . Current state-of-the-art calculations only reach a precision of 1%,
while the statistical uncertainties are much higher [DJS05, CCF12].

In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.
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It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.
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and F . Current state-of-the-art calculations only reach a precision of 1%,
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In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.
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The atomic parameters are essential to extract ∂<r2> 
Given 3 independent <r2> measurements, 
one may extract these experimentally…

A. KELLERBAUER et al. PHYSICAL REVIEW A 84, 062510 (2011)

FIG. 4. (Color online) Typical resonance of the bound-bound
electric-dipole transition in 184Os− measured at an ion beam energy
of 5 keV, transformed to the rest frame of the ions. For most data
points, the error bars are smaller than the symbols. The solid line is a
fit of a Gaussian function to the data points.

determined for all naturally occurring isotopes. Due to the
high sensitivity of the collinear spectroscopy, the 4Fe

9/2–6Do
9/2

transition was even observed in 184Os−, an isotope with a
natural abundance of only 0.02%. A typical resoncance in
184Os− is shown in Fig. 4. In Table I all of the measured ISs
are given with respect to 192Os−. The isotopes 187Os− and
189Os− exhibit a hyperfine structure due to their nonvanishing
nuclear spin. The transition frequencies of all hyperfine levels
(4 in the case of 187Os− and 10 in the case of 189Os−) were
measured previously [11]. For those isotopes, the center-of-
gravity frequencies, i.e., the means of the measured sublevel
frequencies weighted by their relative intensities, are listed
in Table I. The uncertainties of the frequency measurements

FIG. 5. (Color online) Resonant transition frequencies of all
measured isotopes and the calculated center-of-gravity frequencies
of the hyperfine structure of 187Os− and 189Os−. The origin of the
ordinate is the resonance frequency of 192Os−. Error bars are smaller
than symbols.

FIG. 6. Plot of δν192,A′
res 192A′/(192 − A′) as a function of

δ⟨r2⟩192,A′
192A′/(192 − A′). The solid line is the weighted linear

regression fit used for the determination of F and MSMS, and the
dashed lines show the uncertainty of the fit.

(15 MHz) are composed of a systematic uncertainty due to
a drift of the wave meter during the measurements and a
statistical uncertainty. The measured transition frequencies
are also plotted in Fig. 5 as a function of mass number A′.
As expected for heavier elements in which the field shift
is dominant, the frequency increases with increasing mass
number A′ and follows the trend of the mean square radii,
including even-odd staggering.

Using Eq. (3) we find MNMS = 141.4 GHz u. Subtracting
the NMS from the total IS δνA,A′

in Eq. (1) and multiplying
by (AA′)/(A − A′), one obtains a linear equation,

δνA,A′

res
AA′

A − A′ = MSMS + F

(
δ⟨r2⟩A,A′ AA′

A − A′

)
, (8)

where δνA,A′

res is the so-called residual IS. In a graphical
representation of Eq. (8), the field shift constant F is the
slope and MSMS is the y intercept at δ⟨r2⟩ = 0. Figure 6
shows the left-hand side of Eq. (8) as a function of
δ⟨r2⟩192,A′

192A′/(192 − A′). The large horizontal error bars
originate from the uncertainty of the changes in mean square
radius, roughly 10%. We then performed a weighted linear
regression fit of Eq. (8) in order to extract experimental values
for F and MSMS. The solid line in Fig. 6 is the result of the
fit, with the dashed curves representing its uncertainty. The
resulting SMS and FS coefficients are MSMS = 2.4(12.6) THz
u and F = 16.2(9.9) GHz fm−2, respectively.

V. CONCLUSION

The IS of the 4Fe
9/2-6Do

9/2 electric-dipole transition in
the osmium anion was studied by high-resolution laser
spectroscopy. This work constitutes the first investigation of
the IS of a dipole-allowed transition in an atomic anion. As
expected for the heavy element Os, the field shift (≈1 GHz)
clearly dominates the IS and is about 1 order of magnitude

062510-4

Os: A. Kellerbauer et al., PRA 84(2011)062510.
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This reduces Eq. 2.45 back to Eq. 2.44, with the adjustment that the proportionality constant
F is no longer only the atomic parameter, but includes as well the correction factors for higher
radial moments. Altogether, one may express the total isotope shift as
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It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.
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and F . Current state-of-the-art calculations only reach a precision of 1%,
while the statistical uncertainties are much higher [DJS05, CCF12].

In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.
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data for the francium isotopes 202−206;221Fr are taken in
run I, and the data for 202−205;221Fr are taken in run II.
Consistency checks are carried out, allowing 206Fr to be
evaluated with respect to the rest of the data set from run II.
A detailed description of this analysis can be found in
Ref. [42]. In run I, no alpha tagging is available, and
consequently, the peaks in the ion-detected hyperfine
spectrum need to be identified in a different way. Recent
measurements of the ground-state hyperfine structure of
206gFr provide the AS1=2 factor for the splitting of the 7s

2S1=2
state [20]. One peak of the (7þ) isomeric state is also
identified in this experiment [see Fig. 1(c) of Ref. [20]],
allowing the positions of the overlapping resonances to be
determined. Therefore only the identities of peaks A and B
(shown in Fig. 11) are unknown. Figure 11(a) presents the
hyperfine structures when peak A is assigned to 206m2Fr and
peak B to 206m1Fr. Figure 11(b) shows the fit when peak A
is 206m1Fr and peak B is 206m2Fr. The suggested identity of
the two resonances (based on mean-square charge radii and
g-factor systematics) is discussed in Sec. IV.

D. Yield measurements

The yields of the neutron-deficient francium isotopes
202–206Fr are presented in Table I. The quoted yields, scaled
ISOLDE-database yields based on an independent yield
measurement of 202Fr, can be expected to vary by a factor
of 2 due to different targets. The quoted value for 204Fr is
estimated based on francium-yield systematics. The com-
position of the beam for 202;204;206Fr is calculated from the
ratio of hyperfine-peak intensities (based on the strongest
hyperfine-structure resonance) from the CRIS ion data. The
composition of the beam for 202Fr is confirmed with the
alpha-decay data measured with the DSS.

E. King-plot analysis

The atomic factors F and M are evaluated by the King-
plot method [45]. The technique combines the previously
measured isotope shifts by Coc et al. [7] of the 7s 2S1=2 →
7p 2P3=2 transition, with 718-nm laser light, with those
made by Duong et al. [10] of the 7s 2S1=2 → 8p 2P3=2

transition (422.7 nm). The isotope shifts of δν207;221 and
δν211;221 from this work are combined with δν220;221 and
δν213;212 from Ref. [10]. These values are plotted against the
corresponding isotope shifts from Coc et al. [7], shown in
Fig. 12. The linear fit of the data, and using

μA;A
0
δνA;A

0

422 ¼ F422

F718

μA;A
0
δνA;A

0

718 þM422 − F422

F718

M718; (3)

where μA;A
0 ¼ AA0=ðA0 − AÞ, enable the evaluation of

F422=F718 ¼ þ0.995ð3Þ and M422 − ðF422=F718ÞM718 ¼
þ837ð308Þ GHz amu, respectively. From these values,
the atomic factors for the 422.7-nm transition are calculated
to be

F422 ¼ −20.67ð21Þ GHz=fm2;

M422 ¼ þ750ð330Þ GHz amu:

For comparison, the atomic factors evaluated for the
718-nm transition are determined by Dzuba et al. to be
F718 ¼ −20.766ð208Þ GHz= fm2 and M718 ¼ −85ð113Þ
GHz amu [46].

The mass factor is the linear combination of two
components: the normal mass shift KNMS and the specific
mass shift KSMS,

M422 ¼ KNMS
422 þ KSMS

422 ; (4)

and is dependent on the frequency of the transition probed.
Subtraction of the normal mass shift of the 422.7-nm
transition (KNMS

422 ¼ þ389 GHz amu) from the mass factor
M422 allows for calculation of the specific mass shift,
giving KSMS

422 ¼ þ360ð330Þ GHz amu. The specific mass
shift for the 718-nm line is determined by Dzuba et al. to be
KSMS

718 ¼ −314ð113Þ GHz amu [46].

TABLE I. Yields of the neutron-deficient francium isotopes at
the ISOLDE facility (1.4-GeV protons on a UCx target). The
nuclear-state compositions of the radioactive beams for
202;204;206Fr are presented.

Yield Proportion of beam
A (Ions/s) Spin 3ðþÞ Spin (7ðþÞ) Spin (10−)

202 1 × 102 76(14)% 24(6)%
203 1 × 103

204 1 × 104a 63(3)% 27(3)% 10(1)%
205 2 × 105

206 3 × 106 63(7)% 27(5)% 9(1)%
aEstimate based on yield systematics.

FIG. 12. A King plot for the extraction of atomic factors F and
M for the 422.7-nm transition. See the text for details.

K. M. LYNCH et al. PHYS. REV. X 4, 011055 (2014)
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topes with which a target can be made for alternative charge radii studies.

This reduces Eq. 2.45 back to Eq. 2.44, with the adjustment that the proportionality constant
F is no longer only the atomic parameter, but includes as well the correction factors for higher
radial moments. Altogether, one may express the total isotope shift as
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It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.

King plot

The main sources of systematic uncertainties in extracting �hr2i from �⌫ are the atomic
parameters M

SMS

and F . Current state-of-the-art calculations only reach a precision of 1%,
while the statistical uncertainties are much higher [DJS05, CCF12].

In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.
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The atomic parameters are essential to extract ∂<r2> 
In the absence of 3 independent <r2> measurements, 

one must rely on atomic calculations…

King plots: T.E. Cocolios et al., PRL 106(2011)052503; 
B. Cheal, T.E. Cocolios & S. Fritzsche, PRA 86(2012)042501; 
K.M. Lynch et al, PRX 4(2014)011055; 
R. Collister et al., PRA 90(2014)052502.
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It is interesting to note that di↵erent nuclear states within a single isotope will have
di↵erent nuclear properties, and therefore may have a di↵erent field shift, while the mass
di↵erence between two nuclear states is negligible on the same scale. In this case, the change
in the atomic transition is referred to as the isomer shift and has the form of Eq. 2.44.
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and F . Current state-of-the-art calculations only reach a precision of 1%,
while the statistical uncertainties are much higher [DJS05, CCF12].

In order to reduce the impact of those parameters on the final nuclear observable, ex-
perimentally extracted atomic parameters are much more attractive. If a su�cient number
of isotopes have been studied with alternative methods to measure �hr2i, such as electron
scattering, muonic decays, or K x-ray studies, it is then possible to benchmark the isotope
shift to those data according to the formalism of King.
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contributions), and y-intercept is the total mass shift factor M . A minimum of 2 points
is required to draw a line, and including the reference isotope A

0, a total of 3 isotopes at
least need to be studied with the alternative method. These respective experiments have
only been performed on stable isotopes so far, due to their limited cross sections. Fig. 2.5
shows which elements satisfy this condition. In the case that only 2 isotopes are available, a
relation between M and F can be determined.

Additional information can be gained from comparing di↵erent atomic transitions within
the same element, with a formalism known as the modified King plot analysis. In this case,
one starts from the principle that �hr2i is independent of the atomic transition for a given
nuclear state. Isolating for that term in Eq. 2.47 gives

µ
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(2.48)

where the subscript 1 and 2 refer to two di↵erent atomic transitions. The modified
King plot is then the plot of µ

AA

0
�⌫

AA

0
2 against µ

AA

0
�⌫

AA

0
1 and will show a line, which slope

is F2
F1

and which y-intercept is M2 � F2
F1

M1. This allows to experimentally relate the atomic
parameters of di↵erent transitions to one another over a wider range of isotopes than available
for the standard King plot method. This approach can be used, for example, to test atomic
calculations by comparing them to experimental observables, see e.g., [CDS+11], or to extract
the atomic parameters of a transition for which no atomic calculations are available, see e.g.,
[LBB+14]. Examples of King and modified King plots are shown in Fig. 2.6.
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FIG. 4. (Color online) Modified King plot between the two
transitions of Po-I studied with laser spectroscopy [30,81]. The
straight line is the best fit through the data points; the dashed line
is the present calculations.

and to investigate an onset of collectivity, suggested to occur
towards N = 40.

D. Translead nuclei

The elements around lead are of great interest to nuclear
physics for the richness of their structure: magic shell closures
at Z = 82 and N = 126, shape coexistence in the neutron-
deficient nuclei [78,79], as well as octupole deformation in
the neutron-rich nuclei [80]. These phenomena are directly
reflected on the shape of the nuclear ground state and have
prompted extensive laser spectroscopic studies [1].

The elements with Z > 82 have only one (near)stable
isotope (bismuth, Z = 83), while all other nuclides are
radioactive. Most of those isotopes are also not naturally
occurring and have to be produced in the laboratory. As
a consequence, the knowledge on their atomic structure is
limited. Moreover, there are no existing charge radii that can
be used for a King plot analysis.

As with the yttrium data, it is possible to assert the accuracy
of the atomic calculations to some extent, by comparing the
modified isotope shifts of two different transitions using a King
plot. This approach was used in the study of the polonium
isotopes [30]. The modified King plot is shown in Fig. 4.
As seen from this figure, the MCDF dotted line is parallel
to the best fit through the data points. We therefore conclude
that the ratio F256/F843 is accurate, giving high confidence
in the independent field shift factors. The difference in the y
intercepts shows, however, the discrepancy in the mass shift
factors. This corresponds to the behavior of the respective
parameters during the calculations: while the field shift factors
F converge reasonably fast, the mass shift factors M are more
sensitive to the details of the calculations. The modified King
plot analysis was used to determine the systematic uncertainty
arising from the mass shift. This systematic uncertainty is
comparable to the statistical uncertainty and does not affect
the nuclear physics conclusions.

In the case of astatine, the situation is even more com-
plicated, as only two atomic transitions were observed in
absorption spectroscopy [82]. A recent online campaign of
studies at radioactive ion beam facilities [83] has permitted the

discovery of many additional transitions. The search for those
transitions and their interpretation has been greatly improved
by the input from theoretical calculations. New ionization
schemes have been developed and the ionization potential has
been determined with great accuracy, and compared with the
atomic calculations. A campaign for the measurement of the
δ⟨r2⟩ is proposed and will require the electronic factor and
specific mass shift parameters to be calculated.

Finally, in the bismuth isotopes, a large data set of δν is
available [84] but no δ⟨r2⟩ could be extracted. Alternative
empirical approaches have been used to interpret the nuclear
effects on the δν but new atomic calculations are required to
finalize the analysis.

Another experimental program will study the anomalous
reduction in mean-square charge radius seen for isomeric states
with a large number of unpaired nucleons [36]. A wealth of
such states exist in 178−182Ta and these studies will significantly
add to the quantitative information available. Furthermore, the
study of these isomers in near-spherical bismuth nuclei will
allow the origin of the effect (be it rigidity of deformation
or diffuseness of the nuclear surface) to be investigated [85].
The same effect may be responsible for the odd-N or even-N
staggering of δ⟨r2⟩, seen across the nuclear chart, but still
poorly understood from a qualitative point of view.

E. Very heavy and superheavy nuclei

The properties of superheavy nuclei are a road map towards
the limit of nuclear existence. They also offer an uncharted
ground where atomic and nuclear models can be tested, but
more often than not, studies on these elements suffer from their
exotic nature and their absence from nature. As these elements
may only be produced in the laboratory and studied in very
limited quantities, almost no information is available on their
atomic structure.

In an effort to reach towards the transfermic nuclei, a first
step is to bridge the gap from the stable elements to uranium.
An international effort is currently underway at radioactive ion
beam facilities to study the nuclei from actinium to fermium
[1]. New facilities are also under construction where more
systematic studies will be performed [86]. Those studies will
eventually require atomic calculations, similarly as was done
for the case of astatine mentioned above, in the search for
atomic levels and subsequently in the measurement campaigns
on δ⟨r2⟩.

For most (super) heavy elements, accurate IS calculations
still remain a challenge. Although a reasonable agreement
between experimental and calculated IS parameters was found
for singly charged Os− ions [63] and Po atoms [30], additional
computations are needed to shed insight into the effects of a
(nearly) open 5f shell for the actinides and beyond. At present,
the MCDF method seems to be most suitable for performing
such computations, and especially for the elements for which
only limited or no atomic data are available yet.

For fermium (Z = 100), for example, first successful
measurements on the low-lying level structure were recently
based on prior MCDF computations [87]. Using a sample of
2.7 × 1010 atoms of the isotope 255Fm with a half-life of 20.1
hours only, two atomic levels were found at wave numbers
25 099.8 ± 0.2 and 25 111.8 ± 0.2 cm−1 and assigned as
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A King plot in our publication used literature D2 isotope shifts along with our D1 isotope shift measurements to extract
combinations of the mass and field shift constants to compare with theory. The 206Fr point was in strong disagreement with the
linear fit of the King plot. This 10σ discrepancy has been resolved with an updated D2 isotope shift [1], determined using more
data with better frequency resolution, and we now include it in our King plot analysis. Additionally, the D2 isotope shift and
ground-state hyperfine splitting for the isomer 206mFr are now available [1]. This enables us to determine its D1 isotope shift and
include it in our King plot.

We include revised versions of Fig. 4 and Table I here. The revised King plot now has slope FD2/FD1 = 1.0521(8) and intercept
(ND2 + SD2 ) − (ND1 + SD1 )FD2

FD1
= 194(78) GHz amu with χ2/ndf = 7.00094/7. Evaluating the normal mass shift constants

TABLE I. Revision and addition to Table I, using our measured D1 isotope shifts and the nuclear spins, D2 isotope shifts, and ground-state
hyperfine splittings from [1]. The D2 isotope shifts are recalculated using 221Fr as the reference isotope as in our previous paper.

Our paper Ref. [1]

Isotope A(P1/2) (MHz) D1δνIS (MHz) Spin A(S1/2) (MHz) D2δνIS (MHz)

206m 869.91(8) 29236(5) 7 6616.0(7) 30689(5)
206 1716.9(2) 29175(5) 3 13052.2(18) 30637(5)

 MHz amu)6 MIS (101D
-130 -125 -120 -115 -110 -105 -100 -95 -90 -85

 M
H

z 
am

u)
6

 M
IS

 (
10

2
D

-130

-125

-120

-115

-110

-105

-100

-95

-90

-85

206m
206207

208
209

210
211

212

213

-130 -125 -120 -115 -110 -105 -100 -95 -90 -85

 M
IS

 r
es

id
ua

ls
2

D

-0.1

-0.05

0

0.05

0.1

206m

206207

208

209
210

211

212
213

 MIS residuals1D
-0.1 -0.05 0 0.05 0.1

-130

-125

-120

-115

-110

-105

-100

-95

-90

-85

206m 206
207

208
209

210

211

212

213

Fit Results

 / ndf = 7.00094 / 72χ

 0.0008±slope = 1.0521 

 78 GHz amu±int = 194 

FIG. 1. (Color online) Revised Fig. 4. The King plot fit now includes 206Fr and 206mFr.
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FIG. 4. (Color online) King-plot analysis for the extraction of
the F and M atomic factors for the measured 714-nm transi-
tion. Literature values for the 468.3-nm atomic transition in
Ra+ are taken from Ref. [8]. Insets are ⇥ 100 magnification
to show the uncertainties on the data values.

with 0.7218(12) from Ref. [14]. The smaller errors are at-
tributed to the smaller uncertainties on our 714-nm tran-
sition isotope shifts, in addition to the extended dataset,
compared to the previous data [8] used in Ref. [14].
An additional scaling factor � (listed in Table I) was

applied to the change in mean-square charge radii to ac-
count for the nuclear deformation of the heavy radium
isotopes, as described in Ref. [14]. For the isotopes
231,233Ra, where no scaling factor is given, a value of
� = 2.8(1)% is used, based on extrapolation from neigh-
bouring isotopes.. The uncertainty on the charge radii
(associated with the 0.1% error on the � value) is neg-
ligible in comparison to the uncertainty originating from
the F - and M -factors. It accounts for an absolute uncer-
tainty of the change in mean-square charge radii of only
0.002 fm2.

C. The change in mean-square charge radii

The change in mean-square charge radii for the
neutron-rich radium isotopes are presented in Table I. In
the same manner as the isotope shifts, the charge-radii
values are evaluated relative to 214Ra. The statistical
uncertainties resulting from the isotope-shift values are
shown in parentheses. The systematic uncertainty result-
ing from the error on the F and M factors are given in
brackets. This systematic uncertainty also includes the
error resulting from the linear fit in the King-plot anal-
ysis. Literature values for the relative charge-radii are
taken from Ref. [14], using isotope shifts measured from
Ref. [8], with the F and M factors for the 468-nm ionic
transition as quoted previously.
The change in mean-square charge radii of the fran-

FIG. 5. (Color online) Change in mean-square charge radii of
neutron-rich francium (red circles [26–28]) and radium (blue
markers [8, 14]) isotopes, relative to N = 126. The blue
shaded area represents the systematic uncertainty on the ra-
dium isotopes due to the field- and mass-shift factors.

cium (Z = 87) (red circles) [26–28] and radium (Z = 88)
(blue markers) [8, 14] isotopes are shown in Fig. 5. New
values from this work are illustrated by the blue stars.
The blue shaded area represents the systematic uncer-
tainty on the radium isotopes, that is propagated from
the 5% uncertainty on F468 (and to a much lesser degree,
the 10% uncertainty on K

SMS

) [14]. The statistical un-
certainties resulting from the isotope shifts are smaller
than the data markers. For the high-resolution measure-
ments of 222�232Ra, this represents up to 0.006% of the
relative charge-radii values. Only for the low-resolution
measurement of 233Ra does the uncertainty increase to
0.5%.
As previously highlighted [28, 29], the radon (Z = 86),

francium (Z = 87) and radium (Z = 88) isotopes show a
remarkable agreement in their charge radii on both the
neutron-rich and -deficient edges of the nuclear chart.
The odd proton in the 1h9/2 orbital in the neutron-
deficient francium isotopes was suggested to act as a
spectator particle in comparison to radon [29], and the
behaviour of radium on the neutron-rich side is similar.
Illustrated in Fig. 5, the extra proton in radium seems
to have a negligible e↵ect on the nature of the deforma-
tion in these nuclei. The small di↵erence in the charge
radii at N = 140, 141 signify the change in the odd-even
staggering behaviour of the two isotopic chains.

D. Odd-even staggering

The odd-even staggering of the change in mean-square
charge radii is a well-known e↵ect resulting from the
smaller radii of odd-N isotopes in comparison to the

Ra
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In-gas-jet laser spectroscopy

The heaviest elements of the periodic table have
intriguing atomic and nuclear properties1. Valence-
electron configurations and ionization potentials are

strongly influenced by relativistic effects directly affecting the
element’s chemical behaviour and thus its position in the periodic
table. In heavy nuclei, a competition between the short-range
nuclear attraction and the long-range Coulomb repulsion
determines their mere existence and properties. Answering
questions such as where does Mendeleev’s table end and which
positions in the periodic table do the heaviest elements occupy
need intertwined chemical, atomic and nuclear physics studies.

Element Z¼ 118 is thus far the heaviest element observed and
some of its basic decay properties have been determined2. Owing
to the extremely low production rates, crucial information on
nuclear excitation energies, spins and parities, electromagnetic
moments and charge radii is scarce for the transactinide isotopes
(ZZ104). Even in the actinide region (ZZ89) such information
only exists for selected, often long-lived isotopes. Copernicium
(Z¼ 112) is the heaviest element where chemical properties have
firmly been established3, whereas lawrencium (Z¼ 103) is the
heaviest element where the ionization potential is measured4.
Until recently, information on atomic transitions ended at
fermium (Z¼ 100)5 but has now been extended to nobelium
(Z¼ 102), where an optical ground-state transition has been
observed6.

Resonant laser ionization is a well-established atomic physics
technique to selectively produce radioactive ion beams and then
deduce atomic properties such as ionization potentials, atomic
levels, transition strengths, isomer and isotope shifts, and
hypefine constants7–9. From these atomic observables, nuclear
properties such as spins, magnetic dipole and electric quadrupole
moments, and differences in mean-square nuclear charge
radii can be deduced in a nuclear-model independent manner.
However, current implementation of resonant laser ionization
can be limited in the accessibility to all these nuclear observables
due to a poor spectral resolution—in the GHz range.
Furthermore, the applicability can be hampered for short-lived
nuclei, even for certain elements, due to physico-chemical
properties.

In this study we describe an approach that is efficient,
chemically independent and applicable to short-lived isotopes

(T1/240.1 s). This major expansion of the so-called in-gas laser
ionization and spectroscopy (IGLIS) technique10,11 has been first
examined offline on stable 63Cu isotopes12. We have validated
this technique on-line in the actinide region by performing
high-resolution laser-spectroscopy studies on the isotopes 214Ac
(T1/2¼ 8.2 s) and 215Ac (T1/2¼ 0.17 s). Its projected spectral
resolution for heavy elements of B100 MHz fulfils the
requirement for accurate extraction of their ground-state
nuclear properties. Moreover, this in-gas-jet laser ionization and
spectroscopy method enables the production of extremely pure
ion beams, including isomeric beams, which are suitable for
further studies.

By choosing the neutron-deficient isotopes of actinium, the
first and name-giving element of the actinide group, as a case
study, we addressed all challenges for high-resolution resonance
ionization spectroscopy of the heavy elements as follows: limited
information on the atomic levels due to the absence of
stable isotopes, limited production rates due to the necessity of
using heavy-ion-induced fusion reactions on thin targets,
large background from stronger reaction channels and the need
to slow down the energetic radioactive ion beam and transfer it
into a controlled ensemble of cooled atoms in a low-density
environment, to minimize Doppler and collisional broadening.

Next to the characterization of the technique, we obtained
nuclear spins, magnetic dipole and electric quadrupole moments,
and differences in mean-square charge radii of neutron-deficient
actinium isotopes around the N¼ 126 shell closure by combining
the spectroscopic data with atomic calculations. A comparison to
large-scale nuclear shell-model calculations provides evidence for
the extent of magicity in this region.

Results
Production and detection of actinium isotopes. We produced
neutron-deficient actinium isotopes in a complete fusion reaction
of 20Ne or 22Ne projectiles on a 197Au target at the Leuven
Isotope Separator On Line facility13 coupled to the CYCLONE
accelerator of the Centre de Ressources du Cyclotron (Louvain-
la-Neuve, Belgium). The reaction products were thermalized
in a gas cell (see Fig. 1), filled with 350 mbar purified argon
and were evacuated together with the buffer gas through a
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Figure 1 | In-gas-jet laser ionization and spectroscopy setup. Short-lived actinium isotopes are produced in the fusion reaction of accelerated neon ions
on a gold target. After thermalization and neutralization in purified argon, the actinium atoms are evacuated out of the gas cell through a de Laval nozzle.
Just before the nozzle, an electric field is created to collect the remaining ions by applying a DC voltage on a pair of electrodes indicated by a þ and a #
sign. The resulting collimated supersonic gas jet at Mach B6 provides a quasi-collisional free environment at a low temperature (TB30 K). The gas jet,
containing the reaction products, is overlapped with the laser beams to resonantly ionize actinium. The ions are subsequently sent out from the gas
cell chamber towards the mass separator through a radiofrequency (RF) ion guide and their decay radiation is finally recorded. The pressure conditions
(colour code on a logarithmic scale) range from 350 mbar in the gas cell to the 0.03 mbar background pressure in the gas cell chamber. The setup is
not shown to scale.
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• The beam is produced off a thin target and 
the recoils are collected and neutralised in a 
noble; 

• The atoms are guided towards a nozzle and 
laser beams are shown either in the exit 
channel (in-gas) or in the (super-)sonic jet; 

• The experiment is performed just as others.

Ac: R. Ferrer et al, Nature Comm. 8(2017)14520.

de Laval (convergent–divergent) nozzle resulting in a collimated
supersonic gas jet. In contrast to former in-gas-cell laser-
spectroscopy studies10,11, the laser beams were now overlapped
with the gas jet outside the gas cell, leading to the resonant
ionization of actinium in the low-density, low-temperature
supersonic gas-jet expansion (see Methods section). The
photoions were then captured and transported in a
radiofrequency ion guide, accelerated, mass separated and
subsequently implanted into an a-decay detection setup. By
recording the a-decay spectra as a function of the laser
wavelength of the excitation step laser, spectra of the hyperfine
structure (hfs) were obtained.

Determination of atomic transitions in actinium. Given the
lack of information on atomic transitions in actinium, we first
performed offline laser-spectroscopic studies using the long-lived
isotope 227Ac (T1/2¼ 21.8 y) to identify an efficient two-step
ionization scheme featuring suitable properties for high-resolu-
tion spectroscopy studies, that is, a measurable hyperfine splitting
and sensitivity to changes in the charge radius (see Methods). As
a result of these experiments, we selected the ionization scheme
shown in Fig. 2a comprising six multiplets (numbered from I to
VI) as the best choice to perform the on-line studies. It is note-
worthy that the angular momentum for the level at 22,801 cm" 1

was identified in these measurements to be J¼ 5/2, which is in
contrast to the reported literature value14. The assignment of the
atomic term as 4Po

5=2 is supported by Multi Configuration Dirac
Hartree Fock (MCDHF) calculations (see Methods).

Study of 212–215Ac in the gas cell. To identify the corresponding
hfs of short-lived 212–215Ac, we then used the in-gas-cell
method10,11 to perform a broad-band spectroscopy search, which
enabled us to narrow down the scanning ranges for the high-
resolution spectroscopy study. An example of such a scan for
215Ac is shown in Fig. 2b. The spectral linewidth of 5.8(2) GHz
(full width at half maximum (FWHM)) mainly resulted from
collisional and temperature-associated (Doppler) broadening and
made it possible to scan efficiently the full B80 GHz hfs of the
4Po

5=2 excited state. However, such a linewidth completely masked
the ground-state hyperfine splitting, essential for the spin and
quadrupole moment determination.

Study of 214,215Ac in the gas jet. Finally, low-temperature and
low-pressure conditions were obtained in the supersonic jet,
where laser ionization and spectroscopy studies on the 214,215Ac
isotopes were performed. The hfs of 215Ac obtained in the jet
experiments is compared with the in-gas-cell results in Fig. 2b,
whereas the parameters and performances of both approaches are
summarized in the second and third column in Table 1.
The reduction of both collisional and temperature-associated
broadening in the jet experiments led to a 15-fold improvement
of the spectral resolution, which enabled a precise fitting of the
ground-state hfs, as shown in Fig. 2c for the triplet (IV) and
Fig. 2d for the doublet (V) transitions in 214Ac and 215Ac,
respectively. Owing to technical constraints, the temporal overlap
of the laser beams with the atoms in the jet at the given laser
repetition rate of 10 kHz (ref. 15) could not be optimized and only
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Figure 2 | Gas cell versus gas jet spectra. (a) Ionization scheme with vacuum wavelengths for the excitation and ionization steps along with the expected
hyperfine splitting for the 212–215Ac isotopes indicating (not to scale) the 12 hyperfine transitions grouped in six (I to VI) multiplets. (b) Measured spectra

(black dots) of the hfs in the 6d 7s2 2D3=2 ! 6d 7s 7p 4Po
5=2 transition from the ground state shown as the a-counts collected in 50 s versus the frequency

detuning n with respect to the value of the centre of gravity. The gas-cell data has been corrected for the pressure shift (see Methods section). The red
(blue) curve shows the best fit of a 12-peak Voigt profile to the data from laser spectroscopy studies in the gas cell (gas jet). (c,d) Zoom in of the triplet
(number IV) and doublet (number V) hyperfine transitions in 214Ac and 215Ac, respectively, for the typical average energy per pulse of 0.8mJ of the
excitation laser radiation. The colour code used to show the different components of the multiplets indicates the corresponding hyperfine transitions as
seen in the excitation scheme in a. One sigma s.d. as statistical errors are reported in all the data points.
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de Laval (convergent–divergent) nozzle resulting in a collimated
supersonic gas jet. In contrast to former in-gas-cell laser-
spectroscopy studies10,11, the laser beams were now overlapped
with the gas jet outside the gas cell, leading to the resonant
ionization of actinium in the low-density, low-temperature
supersonic gas-jet expansion (see Methods section). The
photoions were then captured and transported in a
radiofrequency ion guide, accelerated, mass separated and
subsequently implanted into an a-decay detection setup. By
recording the a-decay spectra as a function of the laser
wavelength of the excitation step laser, spectra of the hyperfine
structure (hfs) were obtained.

Determination of atomic transitions in actinium. Given the
lack of information on atomic transitions in actinium, we first
performed offline laser-spectroscopic studies using the long-lived
isotope 227Ac (T1/2¼ 21.8 y) to identify an efficient two-step
ionization scheme featuring suitable properties for high-resolu-
tion spectroscopy studies, that is, a measurable hyperfine splitting
and sensitivity to changes in the charge radius (see Methods). As
a result of these experiments, we selected the ionization scheme
shown in Fig. 2a comprising six multiplets (numbered from I to
VI) as the best choice to perform the on-line studies. It is note-
worthy that the angular momentum for the level at 22,801 cm" 1

was identified in these measurements to be J¼ 5/2, which is in
contrast to the reported literature value14. The assignment of the
atomic term as 4Po

5=2 is supported by Multi Configuration Dirac
Hartree Fock (MCDHF) calculations (see Methods).

Study of 212–215Ac in the gas cell. To identify the corresponding
hfs of short-lived 212–215Ac, we then used the in-gas-cell
method10,11 to perform a broad-band spectroscopy search, which
enabled us to narrow down the scanning ranges for the high-
resolution spectroscopy study. An example of such a scan for
215Ac is shown in Fig. 2b. The spectral linewidth of 5.8(2) GHz
(full width at half maximum (FWHM)) mainly resulted from
collisional and temperature-associated (Doppler) broadening and
made it possible to scan efficiently the full B80 GHz hfs of the
4Po

5=2 excited state. However, such a linewidth completely masked
the ground-state hyperfine splitting, essential for the spin and
quadrupole moment determination.

Study of 214,215Ac in the gas jet. Finally, low-temperature and
low-pressure conditions were obtained in the supersonic jet,
where laser ionization and spectroscopy studies on the 214,215Ac
isotopes were performed. The hfs of 215Ac obtained in the jet
experiments is compared with the in-gas-cell results in Fig. 2b,
whereas the parameters and performances of both approaches are
summarized in the second and third column in Table 1.
The reduction of both collisional and temperature-associated
broadening in the jet experiments led to a 15-fold improvement
of the spectral resolution, which enabled a precise fitting of the
ground-state hfs, as shown in Fig. 2c for the triplet (IV) and
Fig. 2d for the doublet (V) transitions in 214Ac and 215Ac,
respectively. Owing to technical constraints, the temporal overlap
of the laser beams with the atoms in the jet at the given laser
repetition rate of 10 kHz (ref. 15) could not be optimized and only
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Figure 2 | Gas cell versus gas jet spectra. (a) Ionization scheme with vacuum wavelengths for the excitation and ionization steps along with the expected
hyperfine splitting for the 212–215Ac isotopes indicating (not to scale) the 12 hyperfine transitions grouped in six (I to VI) multiplets. (b) Measured spectra

(black dots) of the hfs in the 6d 7s2 2D3=2 ! 6d 7s 7p 4Po
5=2 transition from the ground state shown as the a-counts collected in 50 s versus the frequency

detuning n with respect to the value of the centre of gravity. The gas-cell data has been corrected for the pressure shift (see Methods section). The red
(blue) curve shows the best fit of a 12-peak Voigt profile to the data from laser spectroscopy studies in the gas cell (gas jet). (c,d) Zoom in of the triplet
(number IV) and doublet (number V) hyperfine transitions in 214Ac and 215Ac, respectively, for the typical average energy per pulse of 0.8mJ of the
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∂<r2> around Z~82
• Rich physics can be extracted 

from these systematic isotopic 
chains; 

• Comparison to the spherical 
droplet model gives an indication 
of the departure from sphericity (Ir, 
Pt, Au, Hg, mTl, Bi, Po, At); 

• Kink at N=126 is characteristic of a 
major shell closure, though the 
origin of it magnitude remains an 
open debate; 

• Odd-even staggering reversal in 
the neutron-rich isotopes is found 
where those isotopes also display 
octupole deformation.

momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Pb: the baseline
tion in the droplet model with !2 around 0.1 improves the
agreement with the data for 184–190Pb, but is inconsistent
with spectroscopic properties [3,11,32]. More realistic ap-
proaches that provide a good description of the coexisting

bands in the neutron-deficient lead isotopes are the beyond
mean-field calculations [4,18] and the Interacting Boson
Model [16,33,34].

The model used in [4] mixes mean-field wave functions
all having a different axial quadrupole deformation.
Around midshell where the lead isotopes are soft, the
collective wave function is spread over a large number of
configurations, and the notion of spherical or deformed
becomes ill defined. One can however still measure the
importance of deformed configurations in the collective
wave function by averaging the deformation of the mean-
field wave functions with their weight in the former. A
collective wave function with a distribution of components
symmetric with respect to the spherical configuration will
have a mean deformation close to zero and can be consid-
ered as spherical. This was indeed the case for the ground
state of the lead isotopes studied in [4]. The resulting hr2i
values underestimate the experimental data and decrease
too quickly with decreasing N (Fig. 3).

The global study of the ground-state properties within
the same formalism presented in [18] points at the sensi-
tivity of the isotope shifts to the details of the effective
interaction. We have verified that the Skyrme interaction
SLy4 used in [18] instead of SLy6 used in [4] brings only
marginal changes. By contrast, the slight reduction of the
pairing strength from [4] to [18] has a significant effect on
the precise balance between excited prolate and oblate
configurations but leads only to a very small increase in
the mean deformation of the ground state. As seen in Fig. 3,
this tiny modification leads to strongly different radii
which overestimate the experimental data showing that
isotope shifts are very sensitive to correlations in the lead
ground-state wave functions.

The "hr2i data are also compared to results from the
configuration mixed IBM calculations where explicit mix-
ing between the configurations resulting from regular 0p!
0h and intruder 2p! 2h and 4p! 4h excitations across
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FIG. 2. Mean square charge radii for the lead [22,31,37],
mercury [20], and platinum [21] isotopes, represented by the
circles (ground state) and triangles (isomeric states), compared
to the predictions of the droplet model [32], represented by the
solid lines. The reference isotope for each element is circled. The
error bars on the experimental results are smaller than the
symbol size. The distance between the different chains is chosen
arbitrarily for better display. The new data points from this work
are displayed with full symbols.
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FIG. 3. Difference from the experimental mean square charge
radii (Expt), the beyond mean-field calculations with normal [4]
(MF) and decreased pairing [18] (MF"), and the IBM calcula-
tions (IBM) to the droplet model calculations for a spherical
nucleus. Isodeformation lines from the droplet model at !2 #
0:1 and 0.15 are shown.

TABLE I. Isotope shifts "#A;208
exp in atomic transitions and

"hr2iexp in mean square charge radii relative to 208Pb, deduced
from this work. The tabulated errors reflect only the isotope shift
uncertainties; the total errors are 0:025 fm2 for 182Pb, 0:013 fm2

for 183–185Pb, and 0:010 fm2 for 186–190Pb, including errors on
the electronic factor and mass shifts.

Isotope T1=2 [s] I "#A;208
exp [GHz] "hr2iexp [fm2]

190Pb 71 0$ !15:86%10& !0:839%5&
189Pb 51 3!

2 !16:82%15& !0:890%8&
189mPb ' ' ' 13$

2 !17:35%20& !0:918%8&
188Pb 25.1 0$ !17:57%12& !0:930%6&
187Pb 15.2 3!

2 !18:78%12& !0:993%6&
187mPb 18.3 13$

2 !19:37%12& !1:025%6&
186Pb 4.82 0$ !19:81%10& !1:048%5&
185Pb 6.3 3!

2 !20:66%15& !1:093%8&
185mPb 4.3 13$

2 !21:26%15& !1:125%8&
184Pb 0.49 0$ !21:74%10& !1:150%5&
183Pb 0.535 3!

2 !22:95%15& !1:215%8&
183mPb 0.415 13$

2 !23:54%15& !1:246%8&
182Pb 0.055 0$ !24:56%25& !1:299%12&
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tion in the droplet model with !2 around 0.1 improves the
agreement with the data for 184–190Pb, but is inconsistent
with spectroscopic properties [3,11,32]. More realistic ap-
proaches that provide a good description of the coexisting

bands in the neutron-deficient lead isotopes are the beyond
mean-field calculations [4,18] and the Interacting Boson
Model [16,33,34].

The model used in [4] mixes mean-field wave functions
all having a different axial quadrupole deformation.
Around midshell where the lead isotopes are soft, the
collective wave function is spread over a large number of
configurations, and the notion of spherical or deformed
becomes ill defined. One can however still measure the
importance of deformed configurations in the collective
wave function by averaging the deformation of the mean-
field wave functions with their weight in the former. A
collective wave function with a distribution of components
symmetric with respect to the spherical configuration will
have a mean deformation close to zero and can be consid-
ered as spherical. This was indeed the case for the ground
state of the lead isotopes studied in [4]. The resulting hr2i
values underestimate the experimental data and decrease
too quickly with decreasing N (Fig. 3).

The global study of the ground-state properties within
the same formalism presented in [18] points at the sensi-
tivity of the isotope shifts to the details of the effective
interaction. We have verified that the Skyrme interaction
SLy4 used in [18] instead of SLy6 used in [4] brings only
marginal changes. By contrast, the slight reduction of the
pairing strength from [4] to [18] has a significant effect on
the precise balance between excited prolate and oblate
configurations but leads only to a very small increase in
the mean deformation of the ground state. As seen in Fig. 3,
this tiny modification leads to strongly different radii
which overestimate the experimental data showing that
isotope shifts are very sensitive to correlations in the lead
ground-state wave functions.

The "hr2i data are also compared to results from the
configuration mixed IBM calculations where explicit mix-
ing between the configurations resulting from regular 0p!
0h and intruder 2p! 2h and 4p! 4h excitations across
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symbol size. The distance between the different chains is chosen
arbitrarily for better display. The new data points from this work
are displayed with full symbols.

 

Mass number A
180 185 190 195 200 205 210

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

Expt

]2
 [f

m
D

M
〉2

〈rδ
〉−2 〈rδ M

F

M
F*

= 0
2

β

= 0.1
2

β

= 0.15
2

β

IBM

N
=1

04

N
=1

26

FIG. 3. Difference from the experimental mean square charge
radii (Expt), the beyond mean-field calculations with normal [4]
(MF) and decreased pairing [18] (MF"), and the IBM calcula-
tions (IBM) to the droplet model calculations for a spherical
nucleus. Isodeformation lines from the droplet model at !2 #
0:1 and 0.15 are shown.

TABLE I. Isotope shifts "#A;208
exp in atomic transitions and

"hr2iexp in mean square charge radii relative to 208Pb, deduced
from this work. The tabulated errors reflect only the isotope shift
uncertainties; the total errors are 0:025 fm2 for 182Pb, 0:013 fm2

for 183–185Pb, and 0:010 fm2 for 186–190Pb, including errors on
the electronic factor and mass shifts.
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tion in the droplet model with !2 around 0.1 improves the
agreement with the data for 184–190Pb, but is inconsistent
with spectroscopic properties [3,11,32]. More realistic ap-
proaches that provide a good description of the coexisting

bands in the neutron-deficient lead isotopes are the beyond
mean-field calculations [4,18] and the Interacting Boson
Model [16,33,34].

The model used in [4] mixes mean-field wave functions
all having a different axial quadrupole deformation.
Around midshell where the lead isotopes are soft, the
collective wave function is spread over a large number of
configurations, and the notion of spherical or deformed
becomes ill defined. One can however still measure the
importance of deformed configurations in the collective
wave function by averaging the deformation of the mean-
field wave functions with their weight in the former. A
collective wave function with a distribution of components
symmetric with respect to the spherical configuration will
have a mean deformation close to zero and can be consid-
ered as spherical. This was indeed the case for the ground
state of the lead isotopes studied in [4]. The resulting hr2i
values underestimate the experimental data and decrease
too quickly with decreasing N (Fig. 3).

The global study of the ground-state properties within
the same formalism presented in [18] points at the sensi-
tivity of the isotope shifts to the details of the effective
interaction. We have verified that the Skyrme interaction
SLy4 used in [18] instead of SLy6 used in [4] brings only
marginal changes. By contrast, the slight reduction of the
pairing strength from [4] to [18] has a significant effect on
the precise balance between excited prolate and oblate
configurations but leads only to a very small increase in
the mean deformation of the ground state. As seen in Fig. 3,
this tiny modification leads to strongly different radii
which overestimate the experimental data showing that
isotope shifts are very sensitive to correlations in the lead
ground-state wave functions.

The "hr2i data are also compared to results from the
configuration mixed IBM calculations where explicit mix-
ing between the configurations resulting from regular 0p!
0h and intruder 2p! 2h and 4p! 4h excitations across
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• In spite of the triple shape 
coexistence found in 186Pb and the 
general proximity of all shapes 
near N=104, there is no evidence 
of a departure from sphericity in 
the Pb ground-state or isomer 
charge distribution. 

• This trend is well reproduced by 
Beyond Mean Field calculations 
and IBM calculations.

Pb: H. De Witte et al., PRL 98(2007)112502.
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Po: the smooth departure
• Smooth onset of deformation is 

found from N=116 downwards. 
• BMF calculations reproduce the 

trend very well and claim no 
intrinsic deformation. 

• Comparison of β2 between ∂<r2>, 
QS, and B(E2) suggests the 
deformation is static. M.D. Seliverstov et al. / Physics Letters B 719 (2013) 362–366 365

Fig. 5. Changes in mean-square charge radii for the polonium isotopes compared
with the predictions of the droplet model [35] for various deformations. The data
were normalized by using ⟨β2

2 ⟩1/2
208 = 0.086, evaluated from the energy of the first

excited 2+ state in 208Po [36]. Our data (including data from Ref. [26]) are shown
with filled symbols. Recalculated (by using King plot) charge radii based on isotope
shifts from Ref. [23] are shown with open symbols. For 191Po results of the fits with
B > 0 and B < 0 are shown with the filled and opened up-triangles, respectively.

quoted in the literature are based on systematics of hindrance fac-
tor values from α-decay studies. For the polonium isotopes with
A > 195, based on the number of observed hfs components (see
Fig. 3), we can exclude I = 1/2 for low-spin states. Obtained hfs
spectra of the low-spin states of 193,195Po can be equally well-fitted
with I = 1/2 or I = 3/2. However, the isotope shift deduced from
the fit has little sensitivity to the nuclear spin. Assuming a spin
1/2 or 3/2 for 195lsPo gives a difference in the isotope shift less
than 5 MHz while the statistical error is 150 MHz. The same is
true for the high-spin state: the spectra of high-spin state 193hsPo
were fitted with spin values ranging from 13/2 to 9/2 yielding iso-
tope shift values of −1.11(15) to −1.09(15) GHz respectively, thus
identical within quoted uncertainties.

For the α-decaying polonium isotopes with A ! 193, the decay
of the high-spin and low-spin isomeric states towards their respec-
tive counterparts in the lead daughter nuclei is only hindered by a
factor between 1.9 and 2.6 and can be considered as favoured α-
decays according to the classification given in Ref. [37]. However,
in contrast to the heavier polonium isotopes, the α-decay from the
high-spin isomer of 191Po towards spherical 13/2+ state in 187Pb
is hindered by a factor of 30 [18]. In the original paper [18], it was
concluded that the α-transition between high-spin isomers was a
strongly hindered #I = 0 transition and a spin 13/2+ was pro-
posed for 191hsPo. The strong hindrance was assumed to be caused
by a difference in configuration between mother and daughter nu-
clei giving rise to a large difference in deformation between the
ground and isomeric states in 191Po, a phenomena similar to what
was observed in the lightest mercury isotopes. A subsequent com-
bined in-beam and decay study performed by the same group,
however, did not firmly fix the spin of the 191hsPo and a range
from 11/2+ to 15/2+ was proposed [32]. It was nonetheless con-
cluded that a large change of deformation occurred in 191Po. We
stress that the spin assumption does not strongly influence the ex-
tracted isotope shift: the isotope shifts extracted for I = 9/2 or
13/2 for 191hsPo differ less than the quoted uncertainty values.
However, because of the low statistics obtained for the 191hsPo
data, an ambiguity exists with respect to the sign of the elec-
tric quadrupole hyperfine coupling parameter B . The data can be
equally well-fitted with a positive or a negative B-parameter. Both
fits are shown in Fig. 4 and resulting values are shown in Fig. 5 and
Table 1. A full discussion on the final spin and parity assignments

Fig. 6. Relative ⟨r2⟩ for the even-Z 80Hg [38], 82Pb [24,39] and 84Po (this work and
Refs. [23,26]).

will be subject of a forthcoming paper where also the magnetic
and quadrupole moments extracted from the present experiment
will be discussed [33].

The isotope shifts and the deduced values of the mean-square
charge radii changes are reported in Table 1 along with the values
of the deformation parameter β2, which were estimated using the
expression:
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where ⟨r2⟩sph
A is the mean-square radius of a spherical nucleus

with the same volume. For the evaluation of ⟨r2⟩sph
A , the droplet

model with a revised parametrization (second parameters set) [35]
was used. The charge radii variations for the polonium isotopes
and the droplet-model predictions for various deformation values
(see Eq. (2)) are shown in Fig. 5.

The charge radii of the polonium isotopes follow the spherical
droplet-model predictions rather closely down to 200Po (N = 116).
However, in the region 191 " A " 199 a gradually increasing de-
viation is observed. The same trend is also clearly seen in the
behavior of the deformation parameters ⟨β2

2 ⟩1/2, deduced by using
Eq. (2). For example, the deformation parameter ⟨β2

2 ⟩1/2 increases
gradually from ∼ 0.1 (201Po) to ∼ 0.2 (193Po) and ∼ 0.23–0.27
(191Po).

The similarities and discrepancies between the different iso-
topic chains in the lead region can be elucidated by comparing
relative changes in mean-square charge radii δ⟨r2⟩ according to
the formalism introduced in Ref. [40] and thoroughly described
in Ref. [41]. The values of δ⟨r2⟩N,124 are normalized within each
isotopic chain to δ⟨r2⟩122,124 in order to allow a comparison be-
tween the isotopic chains. Fig. 6 shows the relative changes in
δ⟨r2⟩ for the mercury, lead and polonium isotope chains. Com-
paring lead with mercury shows, with the exception of the large
isomer shift of the most neutron-deficient mercury isotopes, a re-
markably similar trend. The same is true for the polonium and
lead isotopes between N = 126 and N = 116. However, the lighter
even- and odd-A polonium isotopes depart drastically from the
systematic trend of the heavier isotopes and show also a devia-
tion compared to the lead and mercury isotopes and to the ground
states of the platinum isotopes (the latter are not shown in Fig. 6).
This clearly indicates a strong onset of collectivity for the lightest
polonium at N = 114, far earlier than for the mercury and plat-
inum isotopic chain. Moreover, again in contrast to the mercury
isotopic chain, where strong odd–even staggering is present (the
ground states (I = 1/2) of the odd-A isotopes with N " 105 are
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measurement of the nuclear spin. The χ2 is minimized and compared for each assumed
nuclear spin. A more pronounced difference in χ2 can be achieved by constraining the (spin-
dependent) relative hyperfine intensities to those of a Racah (weak-field angular coupling)
distribution (corrected to give specifically the intensity at 90o) or an experimentally measured
state where such a spin is confirmed. Some spin assignments can often be immediately ruled
out due to the number of hyperfine peaks present [55].

In the extraction of the magnetic moment, equation (10) and therefore equation (15)
assume a point nucleus. Depending on the atomic and nuclear states, the interaction is
sensitive also to the distribution of the magnetization over the nuclear volume. This results in
a reduction of the hyperfine A coefficient by a factor (1 + ϵ) [56]:

A = Apoint (1 − ϵ) . (17)

Therefore,

µ = µref
IA

IrefAref
(1 + #) , (18)

where # ≈ ϵ −ϵref and is dependent on both the nuclear and atomic states. For a given atomic
state, an empirical rule suggests that the hyperfine anomaly, ϵ, is inversely proportional to
the magnetic moment [57] and therefore larger for isotopes with smaller magnetic moments.
Generally, however, the hyperfine anomaly is within the order of 1% [58] and if unknown
is treated as a contribution to the error. According to equation (10), the ratio of upper and
lower state A coefficients, Au/Al should be constant for all isotopes. Any deviation indicates
the presence and level of hyperfine anomaly in at least one of the states. If this state can be
identified, then the state which does not show a significant anomaly can be used to extract the
nuclear moments.

With experimental yield and time constraints, in particular with hyperfine structures
covering a large frequency range, it is not practical or necessary to measure all (or even five)
of the hyperfine peaks. However, the ratio RB = Bl/Bu and, in the absence of a detectable
hyperfine anomaly, the ratio RA = Al/Au should be constant for all isotopes for the given
element and optical transition. Once these ratios have been determined for one isotope, the
number of unknowns to be determined can be reduced to three for each of the other isotopes
via

γ = ν + (αu − αlRA)Au + (βu − βlRB)Bu. (19)

This procedure can also be used to provide a greater confidence from the available hyperfine
peaks where a spin assignment is sought from a χ2 analysis. Alternatively, the ratio of
hyperfine A factors, for a variety of spin assumptions used in the data analysis, may be used
to conclude the correct spin.

A compilation of nuclear moments is given by Stone [59], many of which have been
measured using optical techniques. A review of the theory of nuclear moments has been given
by Neyens [25, 60].

The spectroscopic quadrupole moment, Qs, measured by laser spectroscopy is related to
the intrinsic quadrupole moment in the intrinsic nuclear frame, Q0, via the strong-coupling
projection formula

Qs = Q0

(
3(2 − I (I + 1)

(I + 1)(2I + 3)

)
, (20)

where ( is the projection of the nuclear spin along the intrinsic symmetry axis. The static
deformation parameter, ⟨β2⟩, can be calculated from Q0 using

Q0 ≈
5Z⟨r2⟩sph√

5π
⟨β2⟩ (1 + 0.36⟨β2⟩) , (21)
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comparison between isotones [76, 77]. Tables of experimental mean-square charge radii have
been produced [72] together with theoretical predictions using the relativistic mean-field model
[78] and the extended Thomas–Fermi plus Strutinsky integral (ETFSI) method [79].

3.4. Dynamic deformation and diffuseness

Deformations of an axially symmetric liquid drop nucleus are described by the spherical
harmonics

R(θ) = RN (1 + βiYi0(θ)) , (33)

where RN is a function of βi and ensures volume conservation. For a nucleus with a diffuse
surface, the mean-square charge radius can be expressed as [80]

⟨r2⟩ = ⟨r2⟩sph

(

1 +
5

4π

∞∑

i=2

⟨β2
i ⟩

)

+ 3σ 2, (34)

where ⟨r2⟩sph is an equivalent spherical nucleus with the same volume, often given adequately
by the droplet model [61, 62]. This equation assumes that surfaces of constant density have
the same eccentricity and enclose a constant volume as the nucleus is deformed. A diffuseness
term has been added and results from the folding of a Gaussian distribution with a sharp-
surfaced liquid drop model [61]. Since the value of σ ≈ 0.99 fm is generally regarded as
constant [62], the term vanishes for differences in charge radii:

δ⟨r2⟩A,A′ = δ⟨r2⟩A,A′

sph + ⟨r2⟩sph
5

4π

∞∑

i=2

δ
〈
β2

i

〉A,A′
. (35)

Although there is a dependence on octupole and higher order deformations, and terms can
be added for triaxiality [61], the summation is generally dominated by the quadrupole term.
Global macroscopic–microscopic estimates of deformation parameters, from which δ⟨r2⟩ can
be deduced, have been tabulated [81, 82].

The deformation appears in equation (35) in mean-square form and can therefore be
compared with the same values from B(E2) measurements [83]:

〈
β2

λ

〉
=

(
4π

3ZeRλ
0

)2 ∑

f

B(Eλ : Jgs → Jf ). (36)

Alternatively, a comparison of ⟨β2
2 ⟩ with the square of the static deformation parameter, ⟨β2⟩,

of equation (21), can be used to infer the dynamical nature of the deformation
〈
β2

2

〉
= ⟨β2⟩2 +

(〈
β2

2

〉
− ⟨β2⟩2) = β2

static + β2
dynamic. (37)

An analysis of the rigidity of the deformation can be performed by calculating the charge
radii changes due to the static component of the quadrupole deformation alone and comparing
with the experimentally observed values. This is achieved by substituting the square of the
static deformation ⟨β2⟩2 in place of the mean-square deformation

〈
β2

2

〉
in equation (35). A

discrepancy between these and experimental values, in the absence of octupole or triaxial
deformation, is often indicative of β-softness.

4. Ion beam coolers for laser spectroscopy

Over the last 10 years, the development of ion beam coolers [84, 85] to improve the quality
of low-energy radioactive ion beams has become commonplace. Paul traps use time-varying
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The deformation appears in equation (35) in mean-square form and can therefore be
compared with the same values from B(E2) measurements [83]:

〈
β2

λ

〉
=

(
4π

3ZeRλ
0

)2 ∑

f

B(Eλ : Jgs → Jf ). (36)

Alternatively, a comparison of ⟨β2
2 ⟩ with the square of the static deformation parameter, ⟨β2⟩,

of equation (21), can be used to infer the dynamical nature of the deformation
〈
β2

2

〉
= ⟨β2⟩2 +

(〈
β2

2

〉
− ⟨β2⟩2) = β2

static + β2
dynamic. (37)

An analysis of the rigidity of the deformation can be performed by calculating the charge
radii changes due to the static component of the quadrupole deformation alone and comparing
with the experimentally observed values. This is achieved by substituting the square of the
static deformation ⟨β2⟩2 in place of the mean-square deformation

〈
β2

2

〉
in equation (35). A

discrepancy between these and experimental values, in the absence of octupole or triaxial
deformation, is often indicative of β-softness.

4. Ion beam coolers for laser spectroscopy

Over the last 10 years, the development of ion beam coolers [84, 85] to improve the quality
of low-energy radioactive ion beams has become commonplace. Paul traps use time-varying

14

Laser spec.: B. Cheat & K.T. Flanagan, JPG 37(2010)113101; 
P. Campbell, I.D. Moore & M.R. Pearson, PPNP 86(2016)127.

162 P. Campbell et al. / Progress in Particle and Nuclear Physics 86 (2016) 127–180

35 40 45 50 55 60 65

Fig. 12. (Colour online) Changes in nuclear mean-square charge radii as a function of neutron number in the Kr to Ru region. All data have been obtained
from references in Table 1. Isotope chains are relatively displaced by 0.6 fm2 at N = 58.

(or output) to the symmetry-breaking correction term used to evaluate (predict) the transition ft-value. Such values can be
used to explore the unitary nature of the Cabibbo–Kobayashi–Maskawa matrix or, if taken as unitary, to use other nuclear
observables to infer themean-square charge radius of 74Rb. The bunched beam spectroscopy reported in Ref. [71] and result
shown in Fig. 12 confirms the prediction of a pronounced reduction in the mean-square charge radius of 74Rb relative to a
smooth extrapolation.

6.1.3. The tin region
Charge radii around 50Sn, illustrated in Fig. 14, display a degree of systematic and regular trends that persist throughout

the major shell (spanning a space of 32 valence neutrons). The accessible isotopes, from N < 50 to N = 82 have radii
that can be qualitatively, or quantitatively at the loss of strict physical interpretation, closely described by the simplest
of models. A quadrupole contribution, proportional to the product of the number of particles and number of holes, and
a constant odd–even staggering (OES) term added to a linearly increasing hr2i describes the radial trend in neighbouring
isotope chains almost precisely (using 3 or 4 variables). The defence of a linear and quadrupole term can bemade in a variety
of frameworks reflecting either a spherical-droplet contribution or single-particle orbital size and, for the latter, a residual
interaction proportional to the number of valence pairings. The requirement of an additional odd–even contribution, that
reduces the radius of odd-N nuclei relative to the average of their even-N neighbours, is clear from the data. This staggering
term can be theoretically described, albeit for magic proton shells alone, in themodels of Talmi [360] or blocked pair models
of Zawischa et al. [372,373].

Themost recentwork in the regionhas concentrated on explorations at the extremes of neutron-deficiency, at theN = 50
shell closure in 47Ag [86], and extremes of neutron-excess, at the N = 82 shell closure in 48Cd [89].

In the chain of cadmium, 48Cd, the spectroscopy accessed the most recently developed, sustained CW, short-wavelength
UV production of 214.5 nm laser light. The short wavelength permitted excitation of the alkali-like 2S1/2 – 2P3/2 D2 transition
in the cadmium ion and access to a transition especially suitable for confident evaluation of critical atomic factors (field
shifts, mass shifts, and hyperfine fields). The measured systems included the majority of the long-lived isomers abundant
in the region and of these a near perfect linear trend of the 11

2
� isomer radii is a notable result. For interpretation of this

behaviour, a spherical single-particle shell model in a seniority coupling scheme can provide a convincing description for
h11/2 systems [89]—for the uniform behaviour to persist beyond this shell is a result still requiring further explanation.

• This approach has been successfully used 
in the Y isotopes to show that there is a 
stepwise change in shape at N~60.
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Back to Po: BMF view

BMF: T. Grahn et al., PRL 97(2006)062501; 
T. Grahn et al, NPA 801(2008)83.

Ground state only

All states
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Laser spectroscopy & shapes
• Extensive data has been gathered in the Z~82 region in the last decade. 
• Beyond the original observation of shape staggering in Hg, a lot of new 

evidence of shape evolution has been gathered 
➡ Sphericity in Pb 
➡ Smooth onset of deformation in Po & At 
➡ Return to sphericity in Au & Hg? => under investigation 
➡ Large isomer shift in Ir, Tl, Bi => shape coexistence
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Laser spectroscopy & shapes
• Extensive data has been gathered in the Z~82 region in the last decade. 
• Beyond the original observation of shape staggering in Hg, a lot of new 

evidence of shape evolution has been gathered 
➡ Sphericity in Pb 
➡ Smooth onset of deformation in Po & At 
➡ Return to sphericity in Au & Hg? => under investigation 
➡ Large isomer shift in Ir, Tl, Bi => shape coexistence 

• Furthering mapping of the edges of this region 
➡ New data on Au, Hg, Tl, Bi, At to be published in the coming months 
➡ Southward: study of Os, W, … (out of reach of thick-target ISOL) 
➡ Northward: Rn, Fr, Ra, … (out of reach of current techniques) 

• Moving on to a new domain => actinides & super heavies
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Absolute charge radii
A different perspective on the same 
data
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only parameter that can be determined is the rms
radius, i.e., E. They 6nd that the radius of the uniform
distribution is given roughly by 1.1OA &)(10 " cm for
Ti and Cu (assuming a mu-meson mass of 207 electron
masses). A more elaborate analysis of their experiments
in Pb by Hill and Ford, " using charge distributions
with Qnite surface thicknesses, yields the value for ro
of 1.18)(10 "cm, in good agreement with our results.
There remains, however, a discrepancy between the
values of ro obtained from the mu-mesonic atom
experiments and from our electron scattering experi-
ments for the lighter nuclei, especially Cu and Ti; we
should expect results for these elements to agree with
our results on Co, V, and Ca . The origin of this dis-
crepancy is not known to us. $
As regards the other quantities listed in Table III,

we note erst that the surface thickness t is approxi-
mately constant, to within the quoted errors, and equal
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Fio. 14. (a) Charge distributions p(r) for Ca, V, Co, In, Sb, Au,
and Bi. They are Fermi smoothed uniform shapes, with the
parameters given in Table III, and yield the cross sections shown
in Figs. 3 and 8—12. (b) A plot of (3/2Z)p(r) for the above nuclei.
On the assumption that the distribution of matter in the nucleus
is the same as the distribution of charge, this represents the
"riucleon density. "

to about 2.4X 10 "cm. Expressed in terms of s Ldefined
by the integral relation (5)), this is 2.0&& 10 " cm.
The central charge density p (0), calculated from c and
s by means of Eq. (7), is given in units of 10"coulomb
per cm'. For gold, for exp.mple, it corresponds to 0.068
proton per (10 "cm)'. It shows a significant decrease

30 50 70 90 IIO I30 l50
SCATTERING ANGLE IN DEGREES

FIG. 13. Experimental cross sections at 183 Mev for the nuclei
Hf, Ta, W, Th, and U, Absolute cross sections have been obtained
from the counting rate ratio with respect to gold, and from the
absolute cross section for gold given in Fig. 3. The dashed lines are
smooth curves connecting the experimental points, and are not
theoreti cal, The curves have been shifted vertically by factors of
ten as indicated.

TABLE III. Results of the analysis of the group (a) nuclei in
terms of charge distribution (1), the Fermi smoothed uniform
shape. All lengths are in units of 10 "cm, charge densities in 10"
coulombs/cm', and energies in Mev. The accuracy of these
results (except for gold, for which the accuracy is given in the
caption of Table I) is estimated as follows: radial parameters,
~2 percent; surface thickness parameter, ~10 percent, although
the last figure may be perhaps a little larger for the lighter nuclei.
The quantity p0 is the normalization parameter occurring in the
definition (1), and physically is probably an average value of p
for the central regions. It is not the actual central density, which
cannot be determined accurately from these experiments.

c R c/A& =r1 R/A& =ro R/(2Z)& =r2 PoPote added in proof .—Professor E. P. Wigner has kindly
pointed out to us that, following his suggestion, B. G. Jancouici
(Phys. Rev. 95, 389 (1954)) made a detailed calculation on the
Coulomb energy in the pairs (N", 0")and (F",0") and showed
that nuclear radii determined from mirror nuclei data were larger
than those obtained by using the results of Fitch and Rainwater
for light elements (ro 1.2)&10 ' cm). Thu——s this discrepancy had
been noted earlier.

20Ca40
23V61
27CP 69
49$IIII6
6 ISb'»
79AU 197

93Bj209

3.64 4.54 1.06 1.32
3.98 4.63 1.07 1 .25
4.09 4.94 1.05 1 .27
5.24 5.80 1.08 1 .19
5.32 5.97 1.07 1,20
6.38 6.87 1.096 1 .180
6.47 7.13 1.09 1.20

1.33 2.5
1.29 2.2
1.30 2.5
1.26 2.3
1.28 2.5
1.2 70 2.32
1.30 2.7

1.28 78
1.21 100
1.26 130
1 ~ 18 360
1~17380
1.09 790
1.07 840
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Absolute charge radii

• The available data are limited as 
there are no anchor point beyond 
83Bi. 

• The picture is rather messy as 
everything seem to overlap near 
N=104. 

• The systematic uncertainty is not 
fully propagated on this picture 
and can grow dramatic as the data 
get further from the reference 
isotope.

T.E. Cocolios, Hyperfine Interactions 238(2017)16.

Neutron Number N
100 105 110 115 120 125 130

]2
> 

[f
m

2
<rδ

28.5

29

29.5

30

30.5

31

31.5

21fm

N
=1

26

N
=1

04

Pb

Hg

Pt

Po

Rn

Ra

Au

Tl

Bi

At

Fr



         Institute of Nuclear & Radiation Physics 
          Interdisciplinary Research Group34

Shapes & sizes
• The jump between Pb & Bi is large as 

the Z=82 shell is crossed. 
• The spread for Z<82 is irregular with a 

large jump from Tl to Hg, then a 
cluster until Pt, and finally a large 
jump to Ir again. 

• Many unexpected features…

‣ mTl is a perfect match to Pb; 

‣ gTl & Hg are a perfect match; 

‣ Deformed Pt match with Pb & mTl; 

‣ Deformed Au & Hg do not match anything; 

‣ Extending data on Au, Hg, and Bi is essential.

T.E. Cocolios, Hyperfine Interactions 238(2017)16.
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Isotonic evolution

T.E. Cocolios, Hyperfine Interactions 238(2017)16.
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Isotonic evolution
I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95 73

Fig. 3. Isotopic behaviour of rms charge radii for medium mass and heavy elements: from 36Kr to 96Cm. For clear presentation, these elements are grouped in three panels
with identical R and N scales in such a way that the major neutron shell closures at N = 50, 82 and 126 are well pronounced.

theoretical calculations [32]. Nörtershäuser et al. [32] used this
value as absolute reference for the radii in the Li isotopic chain
and their results, themost correct existing data for Li, are displayed
without any changes in Table 1.

Let us note that for Re, Po, Rn, Fr, Ra and Cm there are no
experimental R data. Reference radii R0 are calculated by the
formula

R0 =
 

r + r1
A2/3
0

+ r2
A4/3
0

!

⇥ A1/3
0 (8)

with parameters: r0 = 0.9071(13) fm, r1 = 1.105(25) fm, r2 =
�0.548(34) fm, which are the results of a least-squares fit
to radii along the line of stability (see Table 2 in Ref. [13]).
These parameters are correlated. Therefore for safety’s sake, for
the uncertainty �R0 the value 2 ⇥ (�R0,unc) was used, where
�R0,unc is the value calculated by the assumption of uncorrelated
parameters.

It is worth considering the problems connectedwith the proton
radius the experimental value of which strongly changed during
the years (see Fig. 1 and references therein [33–38]). In 2010, a

measurement of muonic hydrogen atom Lamb shift [38] resulted
in an rms charge radius value rp,µ = 0.84184(67) fm, which differs
significantly from the earlier values obtained by electronic
measurements (see e.g. 2nd paragraph in Section 2.1. of Ref. [13]
and Section 5 in Ref. [7]). This strong deviation between electronic
andmuonic resultsmay question the correctness of some quantum
electrodynamic (QED) calculations or even the validity of the
Standard Model of particle physics [39], and produced an active
interest in the literature [40–44]. As this problem is not yet
settled, it seems advisable to remain on the safe side, and to
restrict ourselves to data derived from electronic measurements.
See also [45].

4. Global behaviour of rms nuclear charge radii

Transforming �hr2i into absolute rms radii values, one receives
a global overlook on the charge radii trend in an extended region
of nuclei from He to Cm. The accuracy of the combined data is high
compared to that of the directlymeasured radii values for the same
element.

Neutron 

N=82: I. Angeli & K.P. Marinova, ADNDT 99(2013)69.

• Z~82 and N~82 display strikingly similar features: 
‣ Kink at the shell closure; 
‣ Similar behaviour between chains to first order; 
‣ Slight increase below the shell closure, e.g. in 

Eu. More data is required for N<82!
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Absolute radii & sizes
• The data on absolute radii is much more limited than that on relative radii. 
• The impact of the propagation of the systematic uncertainties makes firm 

conclusions more difficult. 
• The interpretation of the data is questionable. Are the various overlaps 

purely coincidental or do they carry more information than we have 
considered so far? 

➡ We need new approaches to collect data on absolute <r2> on exotic nuclei 
using old techniques (muonic x-rays, electron scattering, …) on radioactive 
isotopes!
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Laser-assisted work
Using the lasers to help identify / 
purify the isotopes of interest…
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Figure 3. (color online) The hyperfine structure of the 3/2(�) and 13/2(+) states in 195Po (left) and 197Po (right). The dashed
lines indicate the wavenumbers used for the mass measurements [26, 32]. Note that the two hyperfine spectra were recorded in
a di↵erent experiment, hence the laser resolution achieved in the present work is di↵erent.

determination took place. In the precision trap, the mass
was measured by using the time-of-flight ion-cyclotron-
resonance (ToF-ICR) technique [39]. A quadrupolar RF
field was scanned around the cyclotron frequency of the
ions under investigation [40]. For each frequency, the ions
were then ejected towards an MCP detector and their
time-of-flight measured. When the frequency of the RF
field coincides with the cyclotron frequency of the ion of
interest, the time of flight reaches a minimum. By mea-
suring the cyclotron frequency of the ion, one can extract
its charge-to-mass ratio mass q/m from its cyclotron fre-
quency:

⌫
c

=
qB

2⇡m
. (2)

To eliminate the magnetic field B from the equation
(as it cannot be directly measured with su�cient accu-
racy), cyclotron frequency measurements ⌫

c,ref

of a ref-
erence ion with a precisely known atomic mass m

ref

were
performed. The atomic mass m

x

of the nuclide of inter-
est is then obtained using the cyclotron-frequency ratio,
r = ⌫

c,ref

/⌫
c

, as:

m
x

= r(m
ref

�m
e

) +m
e

. (3)

All the cyclotron frequency ratios in this work have been
determined with respect to 133Cs+.

III. RESULTS

During the polonium campaign, two di↵erent types of
measurements were performed. First, the polonium iso-
topes were ionized with RILIS and sent to the decay sta-
tion where the accurate ratio of ground state to isomer
was obtained from ↵-decay schemes. Second, for mass
measurements, ToF-ICR spectra were recorded for each
individual state or for both together. The combination

of these di↵erent measurements enabled determination of
the precise mass values of the investigated states.

A. 195Po

For the 195Po measurements, it was possible to selec-
tively enhance the production of either nuclear state by
tuning the laser to a specific wavenumber. In case of the
high-spin state 13/2+ with half-life of 2 s, the state se-
lection was achieved by tuning the laser frequency to the
wavenumber 11853.75 cm�1 where the ionization of the
13/2+ state is dominant, see Fig. 3(a). The amount of
the 13/2+ state was deduced from the recorded ↵-decay
energy spectrum to be R

m

= 94(2)% as illustrated in
Fig. 4(a). Thus, three quasi-pure high-spin ToF-ICR res-
onances were recorded with excitation times of up to 2 s.
A representative ToF-ICR spectrum is shown in Fig. 5.

For the longer-lived low-spin state 3/2� with half-life of
4.64 s, the highest intensity corresponds to the wavenum-
ber 11853.83 cm�1. This laser setting is not su�cient to
separate the two states but rather gives a mixture be-
tween the two states leading to R

g

= 56(1)% ground
state, as inferred from the ↵-decay energy spectrum in
Fig. 4(b). Therefore, the di↵erence in the half-life of the
two states of 195Po was exploited, to modify the ratio be-
tween them. In addition to the RILIS laser setting, the
ions were kept in the preparation trap for more than 2 s
and then transferred to the precision Penning trap. This
way, R

g

was increased to be between 75 and 85 % and
thus three ToF-ICR resonances were recorded with exci-
tation times of up to 2 s in the precision Penning trap,
shown in Fig. 5. For each state, the frequency ratio is
presented in Table I.
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α-decay spectroscopy of 195Po

195Po decay: T.E. Cocolios et al., JPG 37(2010)125103.
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Figure 1. Relevant decay schemes of 195Pohs and 195Pols from [7] and this work. Note that the
order and energy difference x and y between the low- and high-spin isomers in respectively 195Po
and 191Pb are not known.

1. Introduction

Shape coexistence is an important phenomenon in the region of neutron-deficient lead isotopes,
and extensive experimental and theoretical studies have been performed [1–15]. With 109
neutrons, 191Pb is located in the heart of this region. In the present study, we report on the
α decay of 195Po and on the β decay of 191Bi, both parents of 191Pb. The fine structure
in the α decay of the low-spin isomer 195Pols and the high-spin isomer 195Pohs has already
been studied in an earlier experiment using the gas-filled separator RITU [7]. An intruder
state was identified at 597 keV, suggested as possibly originating from shape coexistence.
However, limitations in the production mechanism and measuring conditions prevented the
determination of the conversion coefficient of the decay from that level. The observation of
an E0 component in this decay would indicate that the two connected states are of the same
spin and parity.

The ground-state and isomer properties of the polonium isotopes have been studied in
a campaign of experiments at CERN ISOLDE (Run I in 2007 for 193–200,202,204Po and Run
II in 2009 for 191,192,195,196,201,203,206–211,216,218Po) using in-source laser spectroscopy, in an
approach similar to that followed for the neutron-deficient lead isotopes [16, 17]. This study
allowed the fine structure in the α decay of 195Po to be revisited. The relevant parts of the
decay chain at mass 195 are shown in figure 1.
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Figure 2. α-particle energy spectra measured at mass number 195 while ionizing polonium
(Run II) using the front detector (top) and the back detector (bottom) over a period of 4 h. The
peaks are labelled in the top spectrum with their assignments. The low- and high-energy tails of
the two main α lines, indicated by the dotted arrows in the bottom spectrum, are labelled for the
discussion in the text.

the α particles emitted through the carbon foil. Calculations indicate that at a beam energy
of 50 keV, the polonium isotopes are implanted at a depth of 25 nm [25] compared to the
90 nm thickness of the foil. This tail has a cut-off due to the limited angular range covered
by the detectors and allowed by the foil mount geometry, and is more pronounced in the back
detector.

A high-energy tail is also present and is attributed to the random summing of the energy
of an α particle from the decay of 195Po with that of a positron from the β decay of 195Tl. The
maximum β summing for the two main peaks in figure 2, corresponding to the energy loss of
a β particle in a Si detector, is indicated by d and e.

Another feature of the α-particle energy spectrum, labelled c in figure 2, is a broad shoulder
on top of the high-energy tail from β summing. This extra shoulder has been identified through
α–γ coincidences. Figure 4 shows the energy of the α particles as a function of the α–γ time
difference $t for events in coincidence with the 384 keV γ -ray transition from the internal
decay of 195mTl (see the inset in figure 3). The two broad bands at an α energy of 6606 keV and
6699 keV are due to random coincidences with the 384 keV transition. Both bands exhibit a
side structure that seems to vanish at $t ≈ 1200 ns. This is attributable to the true coincidence
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the α particles emitted through the carbon foil. Calculations indicate that at a beam energy
of 50 keV, the polonium isotopes are implanted at a depth of 25 nm [25] compared to the
90 nm thickness of the foil. This tail has a cut-off due to the limited angular range covered
by the detectors and allowed by the foil mount geometry, and is more pronounced in the back
detector.

A high-energy tail is also present and is attributed to the random summing of the energy
of an α particle from the decay of 195Po with that of a positron from the β decay of 195Tl. The
maximum β summing for the two main peaks in figure 2, corresponding to the energy loss of
a β particle in a Si detector, is indicated by d and e.

Another feature of the α-particle energy spectrum, labelled c in figure 2, is a broad shoulder
on top of the high-energy tail from β summing. This extra shoulder has been identified through
α–γ coincidences. Figure 4 shows the energy of the α particles as a function of the α–γ time
difference $t for events in coincidence with the 384 keV γ -ray transition from the internal
decay of 195mTl (see the inset in figure 3). The two broad bands at an α energy of 6606 keV and
6699 keV are due to random coincidences with the 384 keV transition. Both bands exhibit a
side structure that seems to vanish at $t ≈ 1200 ns. This is attributable to the true coincidence
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Figure 5. From top to bottom: background- and random-subtracted γ -ray energy spectra in
coincidence with the α particles with energy around 6399 keV (top), and 6047 keV, 6027 keV or
5985 keV (bottom) from the fine structures in the decay of 195Po (Run II). The γ rays are labelled
according to their energy in keV.

2.3. Fine-structure α decay and branching ratio determination

The fine-structure decays of 195Po have been investigated using the α–γ coincidence data.
The γ -ray energy spectra in prompt coincidence with the α-decay peaks of 195Pols,hs identified
around Eα = 6000 keV and Eα = 6400 keV are shown in figure 5. Two previously observed
transitions at 597.2(5) keV and 669.6(5) keV [7] can be seen. Additional transitions at 143(1),
214.8(5), 383(1), 427(1) and 483(1) keV are identified for the first time. The energy of the
transitions at 214.8 and 383 keV add up to 597.8(12) keV and are therefore consistent with a
cascade that decays from the 597.2 keV level.

The energy of the α particles populating each state can be determined by gating on
the γ -ray transitions separately to produce γ -gated α-particle energy spectra, as shown in
figure 6. The two known α decays around 6050 keV can be cleanly identified as (1) an α

decay with energy Eα = 6047(5) keV in coincidence with the 669.6 keV γ -ray transition
and (2) an α decay with energy Eα = 6027(5) keV in coincidence with the 597.2 keV γ -
ray transition. This 6027 keV α decay is also observed in coincidence with the 383 keV and
214.8 keV γ -ray transitions. Also in coincidence with the 214.8 keV γ -ray transition are α de-
cays at energies 5985(10) keV, 6047 keV and 6399(10) keV. The α particles at energy 5985 and
6399 keV are observed for the first time in the α decay of 195Po. In the spectrum of the
427 keV γ transition, the new α-decay peak at an energy of 5985 keV is also observed and
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• Isomer selection with RILIS 
using the different hyperfine 
structures; 

• α-γ correlations revealed new 
details of the low-energy 
structure of 191Pb.
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of some excited levels are proposed. Note that true summing in the γ detectors alone cannot
explain the observed relative intensities and that those transitions are therefore real.

From the study of the decay of the isotopes 195,197Bi [21, 22], it has been observed that the
most intense transition leading to the low-spin isomer in the lead daughter isotope is the decay
of the 5

2
−

excited state to the 3
2

−
state and this was interpreted as the transition between the

ν2f5/2 and ν3p3/2 quasiparticle states. By comparing the relative intensities of the different
transitions presented in table 4, the 174.5 keV level in 193Pb is therefore a good candidate for
a similar configuration, dominated by a quasiparticle excitation in the ν2f5/2 level. In the case
of 197Pb [22], a calculation using a surface delta interaction [35] concluded that these levels
had actually almost 100% one-quasiparticle character. A similar behaviour might be expected
for 193Pb.

In 191Pb, the 214.8 keV level is populated both by the β decay of the high-spin Iπ =
( 9

2
−)

state in the 191Bi isotope and in the α decay of the low-spin Iπ = 3
2

(−)
state in the 195Pols

isotope. Considering the high HF in the α decay, only spin assignments of I = 5
2 or 7

2 are
possible. Based on the systematics of the low-excitation energy levels in the neighbouring
odd-A Pb isotopes, a spin assignment

( 5
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is proposed, corresponding similarly as before

to a mostly one-quasiparticle ν2f5/2 level. The systematics of the lowest energy levels with
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are shown in figure 9. Since no data can yet assert for the purity of
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Figure 1. Relevant decay schemes of 195Pohs and 195Pols from [7] and this work. Note that the
order and energy difference x and y between the low- and high-spin isomers in respectively 195Po
and 191Pb are not known.

1. Introduction

Shape coexistence is an important phenomenon in the region of neutron-deficient lead isotopes,
and extensive experimental and theoretical studies have been performed [1–15]. With 109
neutrons, 191Pb is located in the heart of this region. In the present study, we report on the
α decay of 195Po and on the β decay of 191Bi, both parents of 191Pb. The fine structure
in the α decay of the low-spin isomer 195Pols and the high-spin isomer 195Pohs has already
been studied in an earlier experiment using the gas-filled separator RITU [7]. An intruder
state was identified at 597 keV, suggested as possibly originating from shape coexistence.
However, limitations in the production mechanism and measuring conditions prevented the
determination of the conversion coefficient of the decay from that level. The observation of
an E0 component in this decay would indicate that the two connected states are of the same
spin and parity.

The ground-state and isomer properties of the polonium isotopes have been studied in
a campaign of experiments at CERN ISOLDE (Run I in 2007 for 193–200,202,204Po and Run
II in 2009 for 191,192,195,196,201,203,206–211,216,218Po) using in-source laser spectroscopy, in an
approach similar to that followed for the neutron-deficient lead isotopes [16, 17]. This study
allowed the fine structure in the α decay of 195Po to be revisited. The relevant parts of the
decay chain at mass 195 are shown in figure 1.

2

195Po decay: T.E. Cocolios et al., JPG 37(2010)125103.
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1. Introduction

Shape coexistence is an important phenomenon in the region of neutron-deficient lead isotopes,
and extensive experimental and theoretical studies have been performed [1–15]. With 109
neutrons, 191Pb is located in the heart of this region. In the present study, we report on the
α decay of 195Po and on the β decay of 191Bi, both parents of 191Pb. The fine structure
in the α decay of the low-spin isomer 195Pols and the high-spin isomer 195Pohs has already
been studied in an earlier experiment using the gas-filled separator RITU [7]. An intruder
state was identified at 597 keV, suggested as possibly originating from shape coexistence.
However, limitations in the production mechanism and measuring conditions prevented the
determination of the conversion coefficient of the decay from that level. The observation of
an E0 component in this decay would indicate that the two connected states are of the same
spin and parity.

The ground-state and isomer properties of the polonium isotopes have been studied in
a campaign of experiments at CERN ISOLDE (Run I in 2007 for 193–200,202,204Po and Run
II in 2009 for 191,192,195,196,201,203,206–211,216,218Po) using in-source laser spectroscopy, in an
approach similar to that followed for the neutron-deficient lead isotopes [16, 17]. This study
allowed the fine structure in the α decay of 195Po to be revisited. The relevant parts of the
decay chain at mass 195 are shown in figure 1.
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Mapping the 13/2+ isomer
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Figure 3. (color online) The hyperfine structure of the 3/2(�) and 13/2(+) states in 195Po (left) and 197Po (right). The dashed
lines indicate the wavenumbers used for the mass measurements [26, 32]. Note that the two hyperfine spectra were recorded in
a di↵erent experiment, hence the laser resolution achieved in the present work is di↵erent.

determination took place. In the precision trap, the mass
was measured by using the time-of-flight ion-cyclotron-
resonance (ToF-ICR) technique [39]. A quadrupolar RF
field was scanned around the cyclotron frequency of the
ions under investigation [40]. For each frequency, the ions
were then ejected towards an MCP detector and their
time-of-flight measured. When the frequency of the RF
field coincides with the cyclotron frequency of the ion of
interest, the time of flight reaches a minimum. By mea-
suring the cyclotron frequency of the ion, one can extract
its charge-to-mass ratio mass q/m from its cyclotron fre-
quency:

⌫
c

=
qB

2⇡m
. (2)

To eliminate the magnetic field B from the equation
(as it cannot be directly measured with su�cient accu-
racy), cyclotron frequency measurements ⌫

c,ref

of a ref-
erence ion with a precisely known atomic mass m

ref

were
performed. The atomic mass m

x

of the nuclide of inter-
est is then obtained using the cyclotron-frequency ratio,
r = ⌫

c,ref

/⌫
c

, as:

m
x

= r(m
ref

�m
e

) +m
e

. (3)

All the cyclotron frequency ratios in this work have been
determined with respect to 133Cs+.

III. RESULTS

During the polonium campaign, two di↵erent types of
measurements were performed. First, the polonium iso-
topes were ionized with RILIS and sent to the decay sta-
tion where the accurate ratio of ground state to isomer
was obtained from ↵-decay schemes. Second, for mass
measurements, ToF-ICR spectra were recorded for each
individual state or for both together. The combination

of these di↵erent measurements enabled determination of
the precise mass values of the investigated states.

A. 195Po

For the 195Po measurements, it was possible to selec-
tively enhance the production of either nuclear state by
tuning the laser to a specific wavenumber. In case of the
high-spin state 13/2+ with half-life of 2 s, the state se-
lection was achieved by tuning the laser frequency to the
wavenumber 11853.75 cm�1 where the ionization of the
13/2+ state is dominant, see Fig. 3(a). The amount of
the 13/2+ state was deduced from the recorded ↵-decay
energy spectrum to be R

m

= 94(2)% as illustrated in
Fig. 4(a). Thus, three quasi-pure high-spin ToF-ICR res-
onances were recorded with excitation times of up to 2 s.
A representative ToF-ICR spectrum is shown in Fig. 5.

For the longer-lived low-spin state 3/2� with half-life of
4.64 s, the highest intensity corresponds to the wavenum-
ber 11853.83 cm�1. This laser setting is not su�cient to
separate the two states but rather gives a mixture be-
tween the two states leading to R

g

= 56(1)% ground
state, as inferred from the ↵-decay energy spectrum in
Fig. 4(b). Therefore, the di↵erence in the half-life of the
two states of 195Po was exploited, to modify the ratio be-
tween them. In addition to the RILIS laser setting, the
ions were kept in the preparation trap for more than 2 s
and then transferred to the precision Penning trap. This
way, R

g

was increased to be between 75 and 85 % and
thus three ToF-ICR resonances were recorded with exci-
tation times of up to 2 s in the precision Penning trap,
shown in Fig. 5. For each state, the frequency ratio is
presented in Table I.
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Table I. Weighted-average frequency ratios r̄ of Po+ isotopes obtained with respect to 133Cs+ [41, 42]. The error is based on
statistical and systematic uncertainty. The corresponding mass excess values (ME) are shown as well. AME16 values were
taken from [41, 42].

Isotopes I⇡ r̄ ME (keV) AME16 (keV)

195gPo 3/2(�) 1.4671205566(495) �11117.9(61) �11060(40)
195mPo 13/2(+) 1.4671217650(584) �10968.3(72) �10965(28)
196gPo 0+ 1.4746257515(477) �13467.9(59) �13473(14)
197gPo (3/2�) 1.4821505060(804) �13396.4(100) �13360(50)
197mPo 13/2(+) 1.4821521160(523) �13197(7) �13130(90)
199mPo (13/2+) 1.4971864768(395) �14929.4(49) �14897(18)
203gPo 5/2� 1.5272639530(453) �17310.3(56) �17311(9)
208gPo 0+ 1.5648835996(448) �17469.5(55) �17469.6(17)

Figure 5. (color online) ToF-ICR resonances of 195(g,m)Po
with 2 s excitation time in blue triangles (ground state) and
red triangles (isomeric state). The red (blue) dashed line rep-
resents the center frequency of the ground (excited) state.
Quasi-pure samples of either state were measured thanks to
selective enhancement from RILIS and di↵erent half-lives (see
text for details). The solid lines represent the fit of the theo-
retical line shape [40] to the experimental data.

possible source of systematic frequency shifts arises from
the existence of a small fraction of partially unresolved
ground/isomeric state in the 195(g,m),197mPo measure-
ments which were analyzed as single-resonances. To es-
timate the systematic error in our single-resonance anal-
ysis, each file in question was fitted, as a pure resonance,
with a least squares curve fit from which the best fit pa-
rameters were extracted. Those parameters were then
used to generate an idealized pure resonance to be in
the right frequency range of interest and with represen-
tative parameters. A second resonance was then gener-
ated, having the same parameters but being a mixture of
the ground and isomeric resonances with the respective

Figure 6. (color online) ToF-ICR resonance of 197(g,m)Po.
The low-spin ToF- ICR resonance was recorded with 5 s ex-
citation while the high-spin with 3 s. The two resolved reso-
nances in the red circle ToF-ICR spectrum are isomer (left)
and ground (right) states. The pure isomeric state is rep-
resented by the blue triangles ToF-ICR spectrum. The red
(blue) dashed line is the center frequency of the ground (ex-
cited) state. The solid lines are fits of the experimental data
to the theoretical line shape [40].

weights given by the ↵-spectroscopy information.. The
mixed resonance was then also evaluated using a single fit
and the shift between the resulting center frequency and
the center of the pure resonance was added in quadrature
as a systematic error. The more detailed evaluation of
systematic errors resulting from mixed resonances fitted
as single resonances is shown in Fig. 7. A systematic
shift of the fitted ground-state frequencies was observed
by varying the weight of the isomeric state from 0 (no
isomeric state is present) to 1 (purely isomeric state).
With a 0.1 s excitation, one expects a linear shift of the
frequency towards the isomeric frequency since the two

8

Figure 8. (color online) Simplified ↵-decay scheme from low-
and high-spin states in 203,205Ra to 191,193Pb. Using the exci-
tation energies from this work in 195,197Po and the Q↵-values
[41, 42], the excitation energy in each linked isotope is de-
termined. The red and blue lines represent the ground and
excited states, respectively.

IV. DISCUSSION

The ↵-decay spectroscopy supported the mass mea-
surements by providing an accurate measurement of the
high-to-low-spin ratio for a given RILIS laser frequency
setting. The ratio was used to identify the spin of the
nuclear state of the ions for the corresponding ToF-
spectrum. Furthermore, it was possible to distinguish the
state ordering in the mass measurement. As follows from
Eq. (2), the state with a higher cyclotron frequency cor-
responds to the lighter, more bound, ground state, while
the one with a lower cyclotron frequency corresponds to
the excited state with higher mass. The results obtained
from ↵-decay spectroscopy and mass measurements com-
bined show that the 13/2+ state is the excited state in
both 195Po and 197Po.

The excitation energy E⇤ of the 13/2+ isomer state
in 195,197Po was obtained in terms of the measured cy-
clotron frequency using Eq. (3).

E⇤ = (r̄
iso

� r̄
g

)(m
ref

�m
e

), (4)

where r̄
iso

and r̄
g

are the weighted-average of the fre-
quency ratios of isomeric and ground states, respectively.

Based on the extracted excitation energies of the 13/2+

states in 195,197Po, the excitation energies of other iso-
topes in the ↵-decay chains shown in Fig. 8 are deter-
mined by adding or subtracting the di↵erence in Q

↵

-

Figure 9. (color online) The excitation energy of the 13/2+

state in odd-A polonium isotopes in the neutron-deficient lead
region. The excitation energies determined indirectly by using
the new mass data and ↵-decay Q↵-values are also shown.
The results obtained from ISOLTRAP (red) show that the
13/2+ configuration does not become the ground state. Data
from [41, 42] are shown with other colors.

values between the two high-spin and low-spin chains.
According to the new ISOLTRAP results, the high-spin
states never become ground states. The 13/2+ states
are the excited states in each of 191,193Pb, 199,201Rn and
203,205Ra. All 13/2+ excitation energies are presented in
Table II. Figure 9 shows the 13/2+ excitation energies
across a long chain of isotopes in the lead region. The
isomers are obtained by a valence neutron occupying the
⌫i13/2 orbital, as evidenced in Hg, Pb, and Po by the
nuclear dipole magnetic moment [45–47]. The evolution
of their energies is therefore expected to relate to that
of the single particle orbital ⌫i13/2. A parabolic trend is
observed, reaching a minimum at N = 107 for mercury,
N = 105 for lead and N = 103 for polonium.
This behaviour is also observed in the neutron-rich iso-

topes near the tin chain with (proton number Z = 50).
The ⌫h11/2 state is observed as an isomer in neutron-rich
tin (Z = 50), cadmium (Z = 48) and tellurium (Z = 52)
isotopes. The energy of the excited state arising from
the ⌫h11/2 orbital drops from N = 82 and almost be-
comes degenerate with the ground states ⌫s1/2 and ⌫d3/2
for nuclei between N = 65 and 82. In the tin isotopes,
however, the di↵erence in energy between the 11/2� and
3/2+ states decreases with smallerN , which leads to level
inversion as the isomeric state 11/2� becomes the ground
state between N = 73 and N = 77.
It is also interesting to note that the energies of the

13/2+ states are generally independent of the occupation
of the proton orbitals. They all behave alike whether for
a closed shell (Pb), two proton holes below Z = 82 (Hg),
or have protons in orbitals above Z = 82 (Po, Rn, and
Ra). It is even more striking as this is not seen in other

• Isomer selection with RILIS using the different hyperfine structures; 
• Isobar (Tl) purification with the ISOLTRAP MR-ToF-MS; 
• High-resolution Penning trap mass measurement of purified states; 
• Daughter / mother isotope masses determined along the α-decay chain: Pb-Rn-Ra.
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p3/2

i13/2

Po mass measurements:  N.A. Althubiti et al., PRC in press.

RILIS 
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Mapping the odd-A isotopes

• Isomer selection from the different production 
mechanisms (direct production vs. in-target decay); 

• Isomer identification with decay spectroscopy behind the 
Penning trap; 

• High-resolution Penning trap mass measurement of 
mixture of states; 

• Full mapping of the 7+ state in the region.
Tl mass measurements:  J. Stanja et al., PRC 88(2013)054304.

J. STANJA et al. PHYSICAL REVIEW C 88, 054304 (2013)

TABLE I. ISOLDE operational parameters for the individual runs. Listed are the ion source, the ion energy, the magnetic separator, and
the production rate. Production rates are given in ions/s at the focal plane of the mass separator and determined either from the ISOLDE Target
Group yield measurements or from the measured rates in the experimental setup, corrected for ion transport efficiency. For details see text.

Isotope Ionization Ion energy (keV) Magnetic separator Production rate (ions/s)

190Tl Hot plasma 30 HRS ∼1 × 106

190Tl Surface + RILIS 50 GPS ∼1 × 108

194Tl Surface 40 HRS ∼1 × 104

198At Surface + RILIS 50 HRS ∼1 × 103

in Table I. The proton-induced spallation, using a target made
from uranium carbide (UCx), was followed by surface, hot
plasma, or laser ionization. The latter used the resonance
ionization laser ion source (RILIS) [11], which, in the case
of 198At [12], provided a narrow-band mode [13] which
was sufficient to resolve the hyperfine structure by in-source
laser spectroscopy. After the ionization process, the ions were
accelerated and mass selected with a magnetic separator, either
the high-resolution separator HRS or the general-purpose
separator GPS. Subsequently, the ions were guided to the
ISOLTRAP experiment.

The ISOLTRAP mass-measurement setup [6,7] consists of
a radio-frequency quadrupole (RFQ) cooler and buncher [14],
a multireflection (MR) time-of-flight (TOF) mass separator
(MS) [15], a preparation, and a precision Penning trap,
as shown in Fig. 1. The quasicontinuous ion beam from
ISOLDE is buffer-gas-cooled and bunched in the RFQ ion
trap before being sent as low-energy and low-emittance
ion bunches to the subsequent ion traps. The isobaric con-
taminations in the ion bunches can be removed either in
the MR-TOF MS or in the cylindrical preparation Penning
trap.

For Tl measurements the mass-selective buffer-gas cooling
method in the latter was applied [16]. In the case of astatine,
the ISOLDE beam was contaminated mainly with two orders
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FIG. 1. (Color online) Scheme of the ISOLTRAP setup [6,7],
with (1) the RFQ cooler and buncher, (2) the MR-TOF MS with
Bradbury-Nielsen gate, (3) the preparation Penning trap, (4) the
precision Penning trap, and (5) the decay-station extension. Inset:
Schematic top view of the decay station.

of magnitude more 198Tl ions. Thus, the ions were first trapped
in the MR-TOF MS to separate the contaminating ions from
the ions of interest. The resulting TOF separation of 2 µs
allowed to remove the contaminating ions subsequently with
a Bradbury-Nielsen gate [17]. Remaining contaminants were
removed with the mass-selective buffer-gas cooling method in
the preparation Penning trap.

In the hyperbolic precision Penning trap even isomers
of a few hundred kilo-electron-volt (A ! 150) excitation
energy can be resolved and removed [18–21] and the mass is
determined with the TOF ion cyclotron resonance (TOF-ICR)
method. To this end, an RF-excitation scheme is applied to
the stored ions followed by a TOF measurement [22,23] to
determine the cyclotron frequency νc of the ion with charge q
in magnetic field B, which is linked to its mass mi according
to

νc = 1
2π

qB

mi

. (1)

The resonance pattern resulting from several tens of measure-
ments is shown in Fig. 2. If the excitation frequency is equal to
νc the TOF reaches a minimum. With the measurement cycle
described above typically an ion transport efficiency of the
order of 0.1% is reached, limited mostly by the injection into
the RFQ cooler and buncher.

To calibrate the magnetic field during the measurements, an
additional measurement of a reference ion with a well-known
mass is carried out. The atomic mass ma of interest is then
given by

ma = r(mref,a − me) + me, (2)

with r = νc,ref/νc the cyclotron frequency ratio, me the
electron mass, and mref,a the atomic mass of the reference.

Alternatively, the ISOLTRAP experiment can be used
as a purification setup which provides isomerically pure
ion samples, which are of great interest for nuclear-decay
spectroscopy. Therefore, the ISOLTRAP mass-measurement
section was extended by a decay-spectroscopy setup, as shown
in Fig. 1, described in detail in [8].

For decay measurements, ion bunches, with up to 30 ions
of interest, are transferred to the trap for purification. After
ejection from the precision trap the ions, with an energy of
a few electron volts, are reaccelerated by a pulsed cavity to
15 keV. Subsequently, they are implanted into an aluminized
Mylar tape which is housed in a decay chamber. Any daughter
activity can be removed from the decay chamber before
implanting a new sample using a tape transport system.
At the implantation point the tape is surrounded by a thin
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FIG. 2. Resonances obtained for 194Tl with the TOF-ICR method
and an excitation time of 3 s in the precision trap. The solid lines are
fits of the theoretical line shape to the data. The resonance corresponds
to (a) the isomer (protons on) and (b) the ground state (protons off).
For details see text.

plastic-scintillator tube which is sensitive to β particles and
covers almost 4π of the solid angle. The scintillator is
connected to a light guide that distributes the scintillation
light to two photomultiplier tubes perpendicular to each other
and shielded by mu-metal from the residual magnetic field of
the precision-trap magnet. Furthermore, the decay chamber
has aluminum walls which are only 1 mm thick and thus
allow γ -ray detection with high-purity germanium (HPGe)
detectors outside the vacuum but in close geometry (in both
cases only a few centimeters from the sample). For the
measurements presented here, one HPGe detector with 55%
relative efficiency was used for 194Tl and two with 70% and
32% relative efficiency (with respect to a 3 × 3-in. NaI crystal

at 1332 keV) were placed in 180◦ geometry for 190Tl (see
inset in Fig. 1). The signals of the photomultiplier tubes and
HPGe detectors were recorded with a triggerless digital data
acquisition system based on XIA DGF-4C modules [24]. This
allowed the construction of coincidences off-line.

III. MEASUREMENTS

Here, the results from a combination of mass and decay
measurements for 190,194Tl as well as those from a mass
measurement of 198At are presented. The properties of the
investigated states of these three nuclides are summarized in
Table II.

A. 194Tl

The ground-state spin of 194Tl has previously been assigned
2− [3]. A (7+) spin has been tentatively assigned to the
isomeric state [29], but its excitation energy has never been
reported. During the 194Tl studies with ISOLTRAP, upon
proton impact, only one state was produced directly [see
Fig. 2(a)]. Additional spin states are fed by decays of heavier
species which are produced in the target. If the half-lives are
suitable, their yields can be enhanced with respect to the direct
production by stopping the proton irradiation on the target
regularly. The study of such a case is shown in Fig. 2(b),
where the initial state was suppressed and instead a state of
lower mass became visible, most likely owing to the decay
sequence [26],

198Pog α−−−−−−→
t1/2=1.76 m

194Pbg EC+β+

−−−−−→
t1/2=12 m

194Tlg. (3)

From the electron capture (EC)/β+ decay of 194Pb, only low-
spin states in 194Tl are populated, which subsequently decay
to the 194Tl 2− ground state. Thus, the (7+) isomeric state is
not produced in this case. The production rate for the directly
populated state is listed in Table I, while the other state was
produced with about an order of magnitude lower yield; hence
the larger error bars.

Frequency ratios have been determined for 194Tlg,m+

with respect to 133Cs+. The details of the 194Tlg mass
determination are given in [30] and [31]. For 194Tlm, six
resonances were recorded with the TOF-ICR method, yielding
a weighted average frequency ratio of 1.459 470 699 2(310).
Here, the statistical uncertainty accounts for 87% of the error,
while the remaining systematical uncertainty is caused by a

TABLE II. Mass excess (ME) and QEC values of 190,194Tl and 198At from the literature [25–27] and values determined in this work by direct
mass measurement. The latter are partially included in a recent atomic mass evaluation [28]. Values are given in keV. Extrapolations based on
systematics are indicated by superscript asterisks.

Nuclide Spin ME QEC

Literature This work Literature This work

190Tlm 7(+) −24 200∗(70∗) −24 289.3(6.4) 7 090(140) 7 081(17)
194Tlg 2− −26 830 (140) −26 937(14) 5 370(140) 5 247(14)
194Tlm (7+) −26 530∗(240∗) −26 677.2(3.8) 5 370(140) 5 507(5)
198Atg (3+) −6 670(50) −6 715(6) 8 803(53) 8 758(18)
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Laser-assisted studies
• Laser spectroscopy can be used to purify a sample and even select an 

isomer. 
• In-source laser spectroscopy is already sufficient to study heavy isotopes. 
• Collinear Resonance Ionization Spectroscopy offers further possibilities 

across the whole nuclear landscape, but at some efficiency cost. 

• In-depth studies have been performed on the polonium isotopes 
➡Decay spectroscopy of 195,199Po, in particular highlighting the evolution 

of the 5/2- state in Po; 
➡Mass measurement of 195,197,199Po have revealed that the 13/2+ state 

never becomes the ground state across the Pb, Po, Rn, Ra isotopic 
chains.
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Summary
• Laser spectroscopy is a powerful tool to study ground state properties and 

to produce and purify radioactive ion beams. 
• Around Z~82, extensive work has been performed and has revealed a 

reach amount of features in terms of shapes and sizes, using ∂<r2> and QS 
alike. 

• The comparison of isotonic chains shows a very different profile and more 
work is required to have absolute radii across the region. New programs 
have been initiated and hopefully more will follow. 

• In the Z~82 region, the degeneracy between opposite parity states, 
involving especially the neutrons in the i13/2 orbital, has been lifted by laser-
assisted mass measurements.



Do you want  
more?
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Fig. 1. The chart of the nuclides according to optical spectroscopy. Black squares indicate the stable or very long-lived nuclei, red squares indicate optical
measurements of radioactive isotopes/isomers. Isotopes coloured green are measurements for which data as of July 2015 are currently unpublished. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

further here. A general review of nuclear moments is not presented. A substantial number of methods, outside of laser
spectroscopy, exist for the measurements of these parameters, reviewed by Neugart and Neyens in 2006 [6]. A complete
evaluation of nuclear moment results is maintained by Stone [7], Nuclear Data Section of the IAEA, Vienna. Two further
nuclear parameters, the distribution of magnetism and the mass of the nucleus, produce measurable perturbations in the
atomic structure. The former gives rise to the so-called ‘‘hyperfine anomaly’’ and is considered in Section 2.2.1. A recent
compilation of the measured anomalies has been published by Persson [8]. The latter, the nuclear mass, produces the
‘‘mass shift’’ in atomic spectra, Section 2.3, and requires evaluation for the extraction of nuclear radial parameters. The
evaluation requires knowledge of the nuclearmass. Precisionmeasurements of the nuclearmass provide valuable structural
information, akin to that provided by charge radii measurements, and are considered further.

A general review of precision atomic physics techniques applied to radioactive nuclear beams (including laser
spectroscopy) has recently been made by Blaum, Dilling and Nörtershäuser [9]. Results presented in that review highlight
the close structural connection between mass measurements and charge radii. Moreover the majority of the present and
planned Penning-trap mass spectrometers [9] are now, or will be, sited at facilities with on-line laser spectroscopy stations
with many sharing common beam preparation traps (Section 4.1). The future possible spectroscopy with such combined
stations is considered in Section 8.

The current status of measurements made for contemporary nuclear physics using optical spectroscopic methods is
summarised in Fig. 1. The measurements which are currently unpublished are highlighted in green. Table 1 presents an
overview of optical measurements as of July 2015 (non-optical measurements are not listed but are discussed where
pertinent within this report). References published since the review of Cheal and Flanagan [5] are indicated separately for
clarity. All data published prior to the review of Otten [2], are referred in Table 1 to that review. For earlier data not contained
in [2] the original references are provided. In the event of re-evaluation both the re-evaluation and original work are
cited.

2. Nuclear perturbations of the atomic structure

In an atomic nucleus, with atomic spin Ĵ , nuclear spin Î and total angular momentum F̂ = Î + Ĵ , spectroscopic measure-
ments of transition frequencies may be attempted between states involving electronic transitions (most typically, electric
dipole) or within the same atomic state (magnetic dipole) or, in the presence of an external field, between substates,mJ ,mF ,
of these levels. The following considerations are discussed in the context of the former (electronic) transitions. Spectroscopy
within the hyperfine multiplet, defined below, is discussed in Section 2.2.1.

As highlighted in the introduction, the nuclear spin,multipolemoments, radial extent of the charge distribution, distribu-
tion of magnetism and the mass produce (measurable) perturbations of the atomic structure. The interactions that give rise
to these perturbations and the methods used to extract nuclear observables from their measurement are described below.
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N~60 region
J. Phys. G: Nucl. Part. Phys. 37 (2010) 113101 Topical Review
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Figure 6. Mean-square charge radii changes in the region of the sudden onset of deformation at
N = 60. The isotope chains have been arbitrarily offset from one another for clarity.

there is little mixing between the deformed states and the ground-state wavefunction. Even
at N = 104, where the separation between the deformed bands and the ground state is small,
the δ⟨r2⟩ data demonstrate that the ground state remains essentially spherical [7]. In stark
contrast, the charge radii of the neutron-deficient Po isotopes demonstrate a clear (prolate)
deformation. A comparison with beyond mean-field calculations demonstrates that different
shapes do indeed mix with the ground-state wavefunction [205].

6.5. Sudden onset of deformation at N = 60

In the mass A ≈ 100 region, a sudden onset of deformation has long been established at
N ≈ 60, but the nature of the transition is disputed [230–232]. In the optical data, the
changing behaviour with neutron number manifests itself not only in the quadrupole moments
but also as an increase in the mean-square charge radius. A sudden increase was first observed
in the rubidium isotopes (Z = 37) [233] and later in strontium (Z = 38) [234–236], but
its absence is noted in krypton (Z = 36) [237]. Optical spectroscopy of elements above
these were hindered by their refractory nature, but the development of the IGISOL [9], and
specifically an ion beam cooler [53, 91], enabled measurements of zirconium (Z = 40)
[53, 179, 180], yttrium (Z = 39) [99, 178], niobium (Z = 41) [98] and molybdenum
(Z = 42) [181] to be performed. In the cases of yttrium and niobium, which have a J = 0
atomic ground state, in-cooler optical pumping techniques were used to determine the nuclear
spin [98, 99, 181].

The current picture [54] shows the onset of deformation framed by the isotope chains of
krypton (Z = 36) and molybdenum (Z = 42), as shown in figure 6. The yttrium (Z = 39)
isotopes mark the centre of this phenomenon with the magnitude and nature of the deformation
being symmetrical about this chain. In the region between N = 50 and N = 60, the yttrium

30

key structural information that is usually garnered only
after extensive spectroscopy. Shown in the lower panel of
Fig. 1 are mean-square charge radii, obtained by high-
resolution laser spectroscopy, for many of the same iso-
topic chains. The sudden changes seen in the binding
energies are also reflected by the radii, as discussed below.

The measurements were performed with the Penning-
trap mass spectrometer ISOLTRAP [20] located at the
isotope-separator facility ISOLDE at CERN. The Kr nu-
clides were produced by irradiating a 50 g=cm2 uranium-
carbide target with pulses of 1.4-GeV protons from
CERN’s Proton Synchrotron Booster accelerator. The nu-
clear reaction products diffused from the hot target through
a water-cooled transfer line into the new versatile arc-
discharge ion source [21]. The singly-charged ions were
transported at 30 keV through the two-stage high-
resolution mass separator into the ISOLTRAP cooler-
buncher where they were prepared for capture into the
cylindrical Penning trap. Usually, high precision mass
measurements are carried out in the second, hyperbolic-
shaped precision Penning trap where the cyclotron fre-
quency !c ¼ qB=ð2"mÞ (q and m are the charge and the

mass of the ion, respectively, and B is the magnetic field of
the trapped ion is measured via the established time of
flight ion-cyclotron-resonance detection technique [22].
This was indeed the case for 96Kr [see Fig. 2, top panel].
Because of the much lower yield of 97Kr, exacerbated by
its particularly short half-life (T1=2 ¼ 63 ms) and the high
charge-exchange rate of Kr ions with the residual gas, only
the first (preparation) trap was used to measure the mass of
this nuclide. There, a mass-selective ion-centering proce-
dure [23] is applied before extracting and transporting the
ions to a detector for counting. The theoretical line shape
of the cyclotron-resonance peaks from the preparation trap
has not (yet) been fully described. In the past, fits to a
Gaussian form have been used (see, e.g., [24–26]). Given
the proper conditions, the thermalized ions are centered in
the preparation trap. When they are extracted through the
3-mm aperture in the end cap electrode, the expected
detected-ion profile as a function of centering frequency
should be a step function. However, the ion distribution
results in a flat profile with smoothed edges.
The 97Kr spectrum [Fig. 2, bottom panel] was analyzed

using a Gaussian fit as well as a symmetric, flattened fit
(inspired by the Woods-Saxon nuclear potential) with fre-
quency, offset, amplitude, width, and wall smoothness as
free parameters. Additionally, the frequency center and
variance of the ion distributions were determined using a

FIG. 2 (color online). (Top panel) Time of flight recorded for
96Kr ejected from the precision trap and (bottom panel) ion
counts for 97Kr ejected from the preparation trap, as a function
of excitation frequency.

FIG. 1 (color online). (Top panel) Two-neutron separation
energies (S2n) for Z ¼ 32–45 versus N. The new Kr data
reported here are represented by filled diamonds (error bars
smaller than the points). Other data from [16], complemented
by [17] for Kr; [18] for Sr, Mo, and Zr; and [19] for Y and Nb.
(Bottom panel) Difference in mean-square charge radii for the
N ¼ 60 region. Data are from [28] for Kr, [39] for Rb, [40,41]
for Sr, [29] for Y, [30] for Zr, [31] for Nb, and [32] for Mo.

PRL 105, 032502 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
16 JULY 2010

032502-2

Laser spec.: P. Campbell, I.D. Moore & M.R. Pearson, PPNP 
86(2016)127. 
Mass meas.: S. Naimi et al., PRL 105(2010) 032502.
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N~Z<50 region
164 P. Campbell et al. / Progress in Particle and Nuclear Physics 86 (2016) 127–180

50 55 60 65 70 75 80 85

Fig. 14. Changes in nuclear mean-square charge radii as a function of neutron number in the Ag to Sn region. All data have been obtained from references
in Table 1. Light grey arrows indicated for the Ag isotopic chain represents different analysis options presented in [86]. Isotope chains have been offset by
0.5 fm2. (Colour online).

persists through the isotones and remains apparent in a staggering inversion (the odd-N nuclei having larger radii than the
mean of the even-N neighbours) as low as the mid-shell 72Hf isotopes [125]. A long-standing desire in the field would see
a reanalysis of these data, coupled to precision non-optical data, that permits an evaluation of isotonic radial trends (such
as that attempted by Nadjakov et al. with existing data [375]). In order to reduce overwhelming systematic uncertainties
such an extraction could only realistically be attempted following precision determination of absolute hr2i that provide
�hr2iZ,Z 0 results at an accuracy comparable to those of isotope shifts. Potential routes to suchmeasurements are highlighted
in Section 8.

7. Heavy mass nuclei

In the current review, the locality of heavy mass nuclei is defined as spanning those elements around Pb (Z = 82)
whose neutron-deficient isotopes exhibit the phenomenon of shape coexistence, to the very few nuclei studied above U
(Z = 92). The experiments reported in this region of the nuclear chart may broadly be attributed to the two general
techniques discussed in Sections 3.4 and 3.5, namely high resolution collinear laser spectroscopy as well as resonant

Laser spec.: P. Campbell, I.D. Moore & M.R. Pearson, PPNP 
86(2016)127. 
Ag.: R. Ferrer et al., PLB 728(2014)191.
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Ca isotopes
NATURE PHYSICS DOI: 10.1038/NPHYS3645 ARTICLES

150
49Ca (I = 3/2)

51Ca (I = 3/2)

52Ca (I = 0)

100

50

20

10

Co
un

ts
 p

er
 p

ro
to

n 
pu

ls
e

2

1

0 2,000
Relative frequency (MHz)

3,000

Figure 2 | Examples of hyperfine structure spectra measured for the Ca
isotopes in the 393-nm 4s 2S1/2!4p 2P3/2 ionic transition. The solid lines
show the fit with a Voigt profile. Frequency values are relative to the centroid
of 40Ca. The position of each hfs centroid is indicated by the dashed lines.

magnitude. It is now possible to routinely perform experiments with
beams of ⇠104 ions s�1 (ref. 23).

In this work, we have further optimized the photon detection
sensitivity and at the same time reduced further the photon
background events8, now allowing the study of calcium isotopes
produced with a yield of only a few hundred ions per second. While
preserving the high resolution, this sensitivity surpasses the previous
limit by two orders of magnitude, achieved by an ultrasensitive
particle detection technique employed on Ca isotopes18.

The short-lived Ca isotopes studied in this work were produced
at the ISOLDE on-line isotope separator, located at the European
Center for Nuclear Research, CERN. High-energy proton pulses
with intensities of ⇠3⇥ 1013 protons/pulse at 1.4GeV impinged
every 2.4 s on an uranium carbide target to create radioactive
species of a wide range of chemical elements. The Ca isotopes
were selected from the reaction products by using a three-step
laser ionization scheme provided by the Resonance Ionization Laser
Ion Source (RILIS; ref. 24). A detailed sketch of the di�erent
experimental processes from the ion beam production to the
fluorescence detection is shown in Fig. 1.

After selective ionization, Ca ions (Ca+) were extracted from
the ion source and accelerated up to 40 keV. The isotope of
interest was mass-separated by using the High-Resolution Mass
Separator (HRS). The selected isotopes were injected into a gas-
filled radiofrequency trap (RFQ) to accumulate the incoming
ions. After a few milliseconds, bunches of ions of ⇠5 µs temporal
width were extracted and redirected into a dedicated beam
line for collinear laser spectroscopy experiments (COLLAPS). At
COLLAPS, the ion beamwas superimposed with a continuous wave
laser beam fixed at a wavelength of 393 nm (see Methods), close
to the 4s 2S1/2 !4p 2P3/2 transition in the Ca+. The laser frequency
was fixed to a constant value, while the ion velocity was varied
inside the optical detection region. A change in the ion velocity
corresponds to a variation of laser frequency in the ion rest frame.
This Doppler tuning of the laser frequency was used to scan the
hyperfine structure (hfs) components of the 4s 2S1/2 ! 4p 2P3/2
transition. At resonance frequencies, transitions between di�erent
hfs levels were excited, and subsequently the fluorescence photons
were detected by a light collection system consisting of four lenses
and photomultiplier tubes (PMT) (see ref. 8 for details). The photon
signals were accepted only when the ion bunch passed in front of
the light collection region, reducing the background counts from
scattered laser light and PMT dark counts by a factor of ⇠104. A
sample of the hfs spectra measured during the experiment is shown
in Fig. 2. Isotopes with nuclear spin I =0 do not exhibit hyperfine
structure splitting. Consequently, only a single transition is observed
for 52Ca.
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Figure 3 | Charge radii of Ca isotopes. a, Experimental charge radii
compared to ab initio calculations with chiral EFT interactions NNLOsat,
SRG1, SRG2, as well as DFT calculations with the UNEDF0 functional.
Experimental error bars are smaller than the symbols. The absolute values
were obtained from the reference radius of 40Ca (Rch =3.478(2) fm;
ref. 26). The values of 39Ca and 41,42Ca are taken from refs 45,46,
respectively. A systematic theoretical uncertainty of 1% is estimated for the
absolute values due to the truncation level of the coupled-cluster method
and the finite basis space employed in the computation. b, Experimental
r.m.s. charge radius in 52Ca relative to that in 48Ca compared to the ab initio
results as well as those of representative density functional theory (DFT)
and configuration interaction (CI) calculations. The systematic
uncertainties in the theoretical predictions are largely cancelled when the
di�erences between r.m.s. charge radii are calculated (dotted horizontal
blue lines). Experimental uncertainties are represented by the horizontal
red lines (statistical) and the grey shaded band (systematic).

The isotope shifts were extracted from the fit of the hfs
experimental spectra, assuming multiple Voigt profiles in the � 2-
minimization (see Methods). The measured isotope shift relative
to the reference isotope 40Ca, and the corresponding change in the
mean-square charge radius are shown in Table 1. Statistical errors
(parentheses) correspond to the uncertainty in the determination
of the peak positions in the hfs spectra. The systematic errors in
the isotope shift (square brackets) are mainly due to the uncertainty
in the beam energy, which is also the main contribution to
the uncertainty in the charge radius. Independent high-precision
measurements of isotope shifts on stable Ca isotopes25 were used for
an accurate determination of the kinetic energy of each isotope. The
stability of the beam energy was controlled by measuring the stable
40Ca, before and after the measurement of each isotope of interest.

Our experimental results (Table 1 and Fig. 3) show that the root-
mean-square (r.m.s.) charge radius of 49Ca presents a considerable
increase with respect to 48Ca, �hr 2i48,49 = 0.097(4) fm2, but much
smaller than previously suggested17. The increase continues towards
N = 32, resulting in a very large charge radius for 52Ca, with an
increase relative to 48Ca of �hr 2i48,52 =0.530(5) fm2.
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during spectra 5 to 11, which resulted in the disappearance of the ion
counts in question. This unambiguously identified these ions as 54Ca.
Figure 2b corresponds to about 90 min of data-taking. MR-TOF MS
spectra of 53Ca and 54Ca were taken in total for 12.6 h and 18.2 h,
respectively.

Our results (rICR and CTOF) for the exotic calcium isotopes investi-
gated (51,52Ca and 53,54Ca, respectively) are summarized in Table 1,
including the resulting mass excesses. The ISOLTRAP values of 51Ca

and 52Ca determined with the Penning trap agree well with the recent
measurements by TITAN4. The uncertainties were reduced by factors
of 40 and 80, respectively, owing to longer excitation times (600 ms in
the case of ISOLTRAP as compared to 80 ms in the case of TITAN),
higher cyclotron frequencies and higher calcium ion yields. The masses
of 53,54Ca determined by the MR-TOF MS have been experimentally
addressed for the first time. As a consistency check, the 52Ca mass was
also measured by the new MR-TOF method, and the mass excess is in
full agreement with both Penning-trap results (Table 1). Furthermore,
a second cross-check measurement in the vicinity of the newly mea-
sured masses was performed. The mass excess of the stable isotope 58Fe
was determined with the stable reference isotopes 58Ni and 85Rb. The
measurement resulted in a mass excess of 262,168.0(47.0) keV/c2,
where the statistical uncertainty is given in parentheses. With a devi-
ation of 13.5 keV/c2 from the literature value28, it agrees well within its
statistical uncertainty. The uncertainties in the MR-TOF method
quoted in Table 1 for 53Ca and 54Ca denote the statistical standard
deviation. For the cross-checks, the MR-TOF method has thus been
employed to measure the mass of a slightly lighter isotope and a slightly
heavier isotope, 52Ca and 58Fe, respectively. The deviations from the
Penning-trap measurement and the literature value, respectively, are
taken as estimates of the relative systematic uncertainty, which lies in
the low 1027 range. Additional cross-check measurements to determine
the systematic uncertainty have been performed over a wide mass range
and will be detailed elsewhere. The precision and fast measurement
cycle of the MR-TOF method makes this a promising approach for the
mass spectrometry of isotopes with lower yield and shorter half-life
than currently accessible.

The binding energies encode information about the ordering of shell
occupation, and thus are essential in the quest for shell closures in exotic
regions of the nuclear chart. Our high-precision data can be used to
provide a critical benchmark for the behaviour far from stability, namely,
the two-neutron separation energy S2n 5 B(Z,N) 2 B(Z,N 2 2), where
B(Z,N) is the binding energy (defined as positive) of a nucleus with Z
protons and N neutrons. The S2n values are a preferred probe of the
evolution of nuclear structure with neutron number, and can be used to
challenge model predictions, as shown in Fig. 3. The pronounced
decrease in S2n revealed by the new 53Ca and 54Ca ISOLTRAP masses
is similar to the decrease beyond the doubly magic 48Ca. In general,
correlations induced by deformation could also cause such a reduction
in S2n, but in the calcium isotopes studied here deformation is expected
to have no role29. Therefore, our new data unambiguously establish a
prominent shell closure at N 5 32. The strength of this shell closure can
be evaluated from the two-neutron shell gap, that is, the two-neutron
separation energy difference S2n(Z,N) 2 S2n(Z,N 1 2). Figure 3c shows a
two-neutron shell gap for 52Ca of almost 4 MeV, where the rise towards
52Ca at N 5 32 is as steep as that towards 48Ca at N 5 28. The peaks at
N 5 Z in Fig. 3c are due to the additional correlation energy for sym-
metric N 5 Z nuclei, known as Wigner energy.

Calcium marks the heaviest chain of isotopes studied with three-
nucleon forces based on chiral effective field theory3–6. Figure 3a shows
the predictions of our microscopic calculations with three-nucleon
forces (that is, ‘NN 1 3N’) using many-body perturbation theory
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Figure 3 | Comparison of experimental results with theoretical predictions.
a, b, Two-neutron separation energy S2n (ref. 28) of the neutron-rich calcium
isotopes as a function of neutron number N, where the new ISOLTRAP values
are shown in red. In a, the ISOLTRAP masses are compared to predictions from
microscopic valence-shell calculations with three-nucleon forces (NN13N)
based on chiral effective field theory (solid line, MBPT) and large-space coupled-
cluster calculations including three-nucleon forces as density-dependent two-
body interactions (dashed line, CC)5. For comparison, we also show the results
of the phenomenological shell-model interactions KB3G21 and GXPF1A22. In
b, the ISOLTRAP masses are compared to state-of-the-art nuclear density-
functional-theory predictions15,29. Insets in a and b show the difference between
the theoretical predictions and experiment. c, Empirical two-neutron shell gap
as a function of proton number Z for N 5 28 and N 5 32. Error bars, 61 s.d.
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