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Abstract. Isotope shifts and hyperfine splitting parameters have been measured for the neutron-deficient
odd-mass lead isotopes 183–189Pb. The measurement was performed at the ISOLDE (CERN) online mass
separator using the in-source resonance ionization spectroscopy technique. The nuclear root mean square
charge radii 〈r2〉 and the electromagnetic moments μ and QS have been deduced. They follow the smooth
trend of the heavier isotopes and indicate the absence of deformation.

PACS. 21.10.Ky Electromagnetic moments – 27.70.+q 150 ≤ A ≤ 189 – 32.10.Fn Fine and hyperfine
structure – 42.62.Fi Laser spectroscopy

1 Introduction

The structure of the neutron-deficient Pb isotopes with
closed proton shell (Z = 82) exhibits single-particle as well
as collective behaviour at low excitation energy. Shape
coexistence, caused by proton pair excitations across the
Z = 82 shell gap, has been observed around N = 104
as exemplified by 186Pb, where triple shape coexistence
was reported [1]. Extensive decay and in-beam studies
(e.g. [2–4] and references therein) of the excited states
in the lead isotopes confirmed the coexistence of differ-
ent spherical and deformed structures at low excitation
energy.
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Laser spectroscopy is a powerful method which directly
sheds light on this phenomenon. Isotope shift measure-
ments provide information on the variation of the nuclear
rms charge radius along an isotopic series. Measurements
of hyperfine splitting of atomic lines give the nuclear mag-
netic and spectroscopic quadrupole moments that provide
information on the nuclear structure and deformation, re-
spectively [5,6].

Prior to our studies charge radii and electromagnetic
moments have been measured for Pb isotopes with A≥190
only [7,8]. In our previous paper [9] the charge radii for
the even-A 182–190Pb isotopes were discussed. We con-
cluded from a comparison of the data with calculations
that the lead isotopes are essentially spherical in their
ground states.

It is well known that studies of odd-A nuclei provide
valuable information on shape coexistence, as was demon-
strated by the pronounced shape staggering for 185–187Hg,
first observed by means of optical spectroscopy [10]. It is
therefore of great interest to investigate the neighbouring
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odd-A Pb isotopes. The present work reports the experi-
mental data and the analysis procedures used for the odd-
A 183–189Pb isotopes. The data were obtained during the
same experiment as presented in ref. [9].

The in-source photo-ionization spectroscopy technique
is a very sensitive laser spectroscopy method and can
therefore be used to study isotopes with extremely low
production yields [11–13]. This technique, in combination
with efficient isotope and isomer selective registration of
the photo-ions by means of nuclear spectroscopy, is essen-
tial for the light Pb isotopes region where prominent iso-
merism is established. Based on in-beam and decay stud-
ies, and the level systematics of heavier odd-A isotopes,
the occurrence of low-spin (Iπ = 3/2−) ground state and
high-spin (Iπ = 13/2+) isomeric states is expected in
183–189Pb. However, no direct measurements (with the ex-
ception of 185Pb [14]) have previously been performed.

2 Experiment

The Pb nuclei were produced in spallation reaction in-
duced by a 1.4GeV proton beam impinging on a UCx

target (50 g/cm2 of 238U) connected to the Resonance Ion-
ization Laser Ion Source, RILIS, of the ISOLDE mass sep-
arator. The spallation products diffused out of the high-
temperature target (T ≈ 2050 ◦C) and effused as neu-
tral atoms into the laser ion source cavity. The cavity,
a niobium tube of 30mm length and 3mm internal di-
ameter, was heated to approximately 2100 ◦C. The laser
beams were focused inside the cavity and Pb isotopes
were ionized with a three-step photo-ionization scheme
(see fig. 1). An ionization efficiency of 3% has been mea-
sured offline [15] for this scheme. After photo-ionization,
acceleration to 60 keV and mass separation, the ions were
implanted in one of the detection systems available.

Laser light for the resonant excitation of the first two
atomic transitions was provided by two tunable pulsed dye
lasers. The ultraviolet radiation was obtained by doubling
the frequency of the fundamental dye laser radiation using
a non-linear BBO crystal. Copper vapour lasers operating
at a pulse repetition rate of 11 kHz were used to pump the
dye lasers and to perform the excitation from the second
excited state into the continuum (the third step). The laser
power for the first excitation step was reduced to avoid
line broadening caused by saturation. This results in a
reduction of the photo-ion current by a factor of 2.5–3.

For the atomic spectroscopy measurements, a narrow
bandwidth laser (with linewidth before frequency dou-
bling of 1.2GHz) was used for the first excitation step,
the linewidth of the second step laser was more than
20GHz. Whilst counting the mass-separated photo-ions,
the frequency νL of the first-step laser was scanned. In
this way the isotope shifts and hyperfine splitting of the
6p2 3P0 → 6p7s 3P o

1 (λ1 = 283.305 nm) atomic spectral
line were measured.

Two counting set-ups located at two different beam
lines of the ISOLDE mass separator were used. The first
one consisted of a “wind-mill” system in which the ra-
dioactive beam was implanted in thin (20μg/cm2) carbon
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Fig. 1. The three-step laser ionization scheme for Pb isotopes
applied in this work. The electronic configurations for the levels
involved and the laser wavelengths for each step are shown. On
the right a schematic illustration of the hyperfine structure in
the case of the 13/2+ and 3/2− states in odd-A Pb nuclei
is presented. The three hfs lines expected for I = 13/2 and
I = 3/2 are also shown.

foils mounted on a rotating wheel. A Si detector was
placed behind the foil to measure the α-radiation during
a fixed implantation time (tmeasr = timpl). This set-up
was used for measurements on the α-decaying 182–188Pb
isotopes. Details are described in ref. [9]. In the second
set-up, the radioactive ions were implanted in a tape sta-
tion and transported to a set of α, β and γ detectors. This
set-up was used for βγγ measurements of the longer-lived
189,190Pb (T1/2 > 50 s). More experimental details and a
discussion of the obtained nuclear spectroscopy data for
the 189Pb decay are given in a separate paper [16].

The number of photo-ions produced was obtained
by counting either α-particles (wind-mill station) or α-
particles and/or γ-rays emitted (tape station). For ev-
ery laser frequency setting an α- or γ-ray spectrum was
recorded and the characteristic decay lines (Eα, Eγ ; see
table 1) were integrated. In this way the optical photo-
ionization spectra (number of photo-ions vs. laser fre-
quency) were obtained (see fig. 2).

For the measurements of low-intensity radioactive ion
beams it is essential to ensure stable and reproducible laser
frequency control and stabilization. For this purpose a
multiparameter servo-control for the laser frequency scan-
ning was implemented. This system incorporates controls
for the narrow-band laser etalon and diffraction grating
positions, a frequency read-out (wavemeter ATOS LM007)
with feed-back control and communication to the α-, β-
and γ-spectroscopy data acquisition system. The long-
term stability of the laser control system enabled laser
scans in excess of two hours to be performed. More de-
tails on the laser set-up are given in refs. [13,17,18].
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Table 1. Properties of the lead isotopes [14,19–29] used for the atomic spectroscopy measurements and the parameters of the
experimental set-up.

Isotope Iπ T1/2 bα Eα (Eγ for A ≥ 189)a Implantation (measurement) timeb Yield

(s) (%) (keV) timpl, (tmeasr) (s) (ions/μC)
182Pb 0+ 0.055(5) ≤ 100 6911(10) 180 10−1

183Pb 3/2− 0.535(30) 100 6570(10), 6775(7) 168 10
183mPb 13/2+ 0.415(20) 100 6698(5) 168 40

184Pb 0+ 0.480(25) 80(15) 6626(6) 16.8 5 × 102

185Pb 3/2− 6.3(4) 50(25) 6288(5) 16.8 4 × 102

185mPb 13/2+ 4.3(2) 50(25) 6408(5) 16.8 1.5 × 103

186Pb 0+ 4.79(5) 38(9) 6335(10) 33.6 104

187Pb 3/2− 15.2(3) 9.5(20) 6194(10), 6258(19) 16.8 4 × 104

187mPb 13/2+ 18.3(3) 12(2) 6073(10) 16.8 5 × 104

188Pb 0+ 25.1(1) 8.0(6) 5980(10) 16.8 2 × 105

189Pb 3/2− 50(3)c ∼ 0.4 667.4 2.5 (54) – d

189mPb 13/2+ 39(8)c 386.2, 480.3, 700.4 2.5 (54) – d

190Pb 0+ 72(6) 0.40(4) 942 10 (240)e – d

a
Only lines used in the analysis are shown.

b
Measurement time (tmeasr) is shown in brackets, if the implantation (timpl) and measurement times are different.

c
Data for the 189Pb decay obtained in our study are given in a separate paper [16].

d
No absolute calibration of the detector efficiency has been performed.

e
Five implantations (timpl = 2 s) with total tmeasr = 240 s were made for each laser frequency setting.
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Fig. 2. Typical examples of the optical spectra collected in
the individual scans. Here the dependence of the number of the
detected photo-ions on the laser wave number ν̃ (ν̃ = 1/λ = cν)
is shown. Solid lines represent a fit to the data (see text).

Furthermore, for each isotope, measurements with a
fixed reference laser frequency (close to the resonance)
were performed after every three scanning steps as a
means of monitoring the overall stability of the produc-
tion, ionization, and detection system. In addition to the
wavelength, the laser power in the first excitation step
was recorded and used for correcting the measured inten-
sities for power fluctuations. For an absolute wavelength
scale calibration, spectra of stable Pb isotopes were also
recorded regularly during the experimental period. For the
stable isotopes, the photo-ion current was directly mea-
sured with a Faraday cup.

The properties of the radioactive Pb isotopes (spin,
parity, half-life, α branching ratio), α- and/or γ-lines used
for the detection, along with the parameters of the exper-
imental set-up (implantation/measurement time and the
estimated yield at the detection set-up) are presented in
table 1.

3 Analysis

The atomic spectroscopic measurements have been per-
formed using the 6p2 3P0 → 6p7s 3P o

1 transition (the first
excitation step, see fig. 1). For this transition the hyper-
fine splitting of the lower level (J = 0) is absent, therefore
the position of the hyperfine components νF ′

0 in the op-
tical spectrum is determined by the hyperfine splitting of
the upper level (J ′ = 1) only:

νF ′

0 = ν0 + A′ K
′

2
+ B′

3
4K ′(K ′ + 1) − I(I + 1)J ′(J ′ + 1)

2(2I − 1)(2J ′ − 1)IJ ′ ,

(1)
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where ν0 is the position of the centre of gravity of the
hyperfine splitting, K ′ = F ′(F ′ +1)−I(I +1)−J ′(J +1),
F is the total angular momentum of the atom (F = I+J),
A′ and B′ are the magnetic dipole and electric quadrupole
hyperfine coupling constants, respectively, and the prime
symbol denotes the excited atomic level.

After the corrections for laser power fluctuations and
reference measurements the experimental optical spectra
were fitted with a convolution of a Gaussian Doppler pro-
file, corresponding to the ion source temperature, and
a deformed Lorentzian profile representing the laser line
shape. For more details see ref. [17]. The parameters ν0, A′

and B′ were varied during the fit. The asymmetric laser
line shape invoked an additional correction to obtain a
value for ν0, since the wavemeter readings corresponded
not to the position of the maximum of the laser line, but
to the position of its centre of gravity. To make this correc-
tion, for each spectrum the line shape deformation param-
eters, obtained from the fit of the same scan, were used.

The sign of the A′ constant (and therefore the sign
of the magnetic moment) can be deduced from the fre-
quency ordering of the hfs components (see eq. (1)) in a
similar way to other optical spectroscopic techniques. The
hfs components corresponding to different F ′-values were
identified by their relative amplitudes aF ′ . Our technique
is based on the application of the 3-step photo-ionization,
nevertheless the hfs relative amplitudes were dominated
by the first-step hfs transition probabilities, which are pro-
portional to (2F ′ + 1) for the selected transition. This
is because the first-step transition was not or was only
weakly saturated, while the second step was saturated by
the broad-band laser with a linewidth larger than the hfs
splitting and the third step in the photo-ionization scheme
was non-resonant.

This method allowed us to reveal unambiguously the
sign of magnetic coupling constant for low-spin states. For
high-spin isomers, where the difference in transition prob-
abilities for hfs components is much smaller than for low-
spin states, an additional procedure was applied. To re-
duce the possible influence of the second step detuning
and/or influence of the laser power fluctuations along the
scan, the ratios of the amplitudes (als

F ′/ahs
F ′) of the most

closely frequency-matching hfs components in the optical
spectra of the high- and low-spin states (from the same
scan) were also compared with the predicted values for
the different signs of A.

3.1 Mean square charge radii

The isotopic change of the charge radius δ〈r2〉A,A′ was
evaluated using the standard formula

δνA,A′ = F · λA,A′ + M
A − A′

A · A′ , (2)

where δνA,A′ (δνA,A′ = νA − νA′) is the isotope shift be-
tween isotopes with mass numbers A and A′, F is the
electronic factor, M is the mass shift constant and λA,A′

is the nuclear parameter [30]:

λ = δ〈r2〉 +
C2

C1
δ〈r4〉 +

C3

C1
δ〈r6〉 + . . . ≈ Cδ〈r2〉. (3)

The following values of constants were used [8]:

F = 20.26 (0.18)GHz · fm−2,

M = 0.19(25) × N (where N is the normal mass
shift constant [5]),
C = 0.93.

The effect of the nuclear shape on charge radii can be
expressed as

〈r2〉A ≈ 〈r2〉sph
A

(
1 +

5
4π

〈β2
2〉A

)
, (4)

where 〈r2〉sph
A is the mean square radius of a spherical

nucleus with the same volume. Usually for the evaluation
of 〈r2〉sph

A the droplet model is used [31].

3.2 Magnetic dipole moments and electric quadrupole
moments

The magnetic dipole moments were evaluated from the
scaling relations, based on the known magnetic moment
μ0, magnetic coupling constant A0 and nuclear spin I0 of
the stable 207Pb isotope (μ0 = 0.592583(9) n.m., I0 = 1/2,
A0 = 8807.2(3.0)MHz [8,32]):

μ =
A · I · μ0

A0 · I0
. (5)

This expression disregards any hyperfine anomaly, which
was found to be less than 10−3 for the 191–197Pb isotopes
studied in ref. [7].

For the evaluation of the quadrupole moment, the
semi-empirical expression from ref. [33] was used:

QS [e · b] = −0.00868(52) × B [MHz] (6p7s 3P o
1 ). (6)

For an axially deformed nucleus the intrinsic quadrupole
moment Q0 can be estimated using the following expres-
sion:

QS =
3K2 − I(I + 1)
(I + 1)(2I + 3)

Q0, (7)

where K is the projection of the nuclear spin on the sym-
metry axis of the nucleus. The intrinsic quadrupole mo-
ment Q0, induced by the non-spherical charge distribution
of the protons is then related to the nuclear charge defor-
mation β2 by

Q0 ≈ 3√
5π

eZR2
0

(
β2 +

2
7

√
5
π

β2
2 + . . .

)
, (8)

where the nuclear radius R0 is usually calculated as
1.2A1/3 fm.
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Table 2. Isotope shifts, hyperfine coupling constants, charge radii variations and electromagnetic moments for 182–190Pb.

Isotope Iπ δνA,208 (GHz) A (GHz) B (GHz) δ〈r2〉A,208 (fm2)a,b μ (n.m.) QS (e·b)
182Pb 0+ −24.56(25) – – −1.299(12){25} – –
183Pb 3/2− −22.95(15) −5.742(25) −0.07(20) −1.215(8){13} −1.158(5) 0.6(18)

183mPb 13/2+ −23.54(15) −1.423(6) −0.2(4) −1.246(8){13} −1.245(6) 1.7(35)
184Pb 0+ −21.74(10) – – −1.150(5){13} – –
185Pb 3/2− −20.66(15) −5.652(25) −0.03(15) −1.093(8){13} −1.141(5) 0.2(13)

185mPb 13/2+ −21.26(15) −1.405(12) −0.11(15) −1.125(8){13} −1.23(1) 0.9(13)
186Pb 0+ −19.81(10) – – −1.048(5){10} – –
187Pb 3/2− −18.78(12) −5.58(1) 0.05(20) −0.993(6){10} −1.126(3) −0.4(17)

187mPb 13/2+ −19.37(12) −1.383(5) 0.06(30) −1.025(6){10} −1.210(5) −0.5(25)
188Pb 0+ −17.57(12) – – −0.930(6){10} – –
189Pb 3/2− −16.82(15) −5.36(4) −0.06(20) −0.890(8){10} −1.081(9) 0.5(18)

189mPb 13/2+ −17.36(20) −1.36(1) 0.15(4) −0.918(8){10} −1.19(1) −1.3(35)
190Pb 0+ −15.86(10) – – −0.839(5){10} – –
190Pb 0+ – – −0.840{10}c – –

a
Our data published in ref. [9].

b
The errors in round brackets reflect only the isotope shift uncertainties; the total errors (including the systematic errors which stem from the

scaling uncertainty of the electronic factor and the specific mass shift) are given in the curly brackets.
c

Isotope shift measured for 6p2 1D2 −→ 6p7s 3P1 transition (λ = 723 nm) [7].

4 Results and discussion

Measured values of the isotope shifts, hfs coupling con-
stants and the deduced values of the rms charge radii
changes and nuclear moments are reported in table 2.

In the vicinity of mid-shell at N = 104 valence neu-
trons can occupy the p3/2, i13/2 and possibly h9/2 sub-
shells. The h9/2 sub-shell for 183,185,187,189Pb can be re-
jected because of a negative sign of the magnetic moment
deduced for those isotopes. Furthermore, the spin and par-
ity values of Iπ

g.s. = 3/2− and Iπ
m = 13/2+ for the ground

states and isomers were expected from the systematics,
but other possible spin assignments were also investigated.

The occurrence of three hyperfine components in the
optical spectra for the low-spin states excludes a I = 1/2
assignment (see eq. (1)) for those states. Moreover, fitting
with the assumption I = 5/2 gives rise to a high value of
the spectroscopic quadrupole moment QS ≥ 6.5(17) e·b
for 183,185,187,189Pb. Evaluating the intrinsic moment us-
ing eq. (7) with K = I = 5/2 gives Q0 ≥ 18(5) e·b.
This value corresponds to a strong quadrupole deforma-
tion of β2 ≥ 0.52(15) (see eq. (8)), which is not consis-
tent with the estimation of the deformation parameter
(〈β2

2〉1/2 < 0.2 for I = 5/2) obtained from our δ〈r2〉 mea-
surements (see eq. (4)). This conclusion is not changed if
it is assumed that I = 5/2 with K = 1/2 or 3/2. So the
expected spin assignment I = 3/2 for the low-spin states
was confirmed.

For the high-spin states the situation is more com-
plicated: due to large uncertainties of the obtained val-
ues of the coupling constant B′ (and therefore QS), the
comparison of the deformation parameters obtained from
QS and δ〈r2〉 measurements allows for the rejection of
states with I ≤ 7/2 only. Nevertheless, the negative sign

of the magnetic moment seems to point to states originat-
ing from the 1νi13/2 sub-shell.

The charge radii variations for Pb isotopes and the
droplet model predictions for various deformation values
(see eq. (4)) are shown in fig. 3. The observed behaviour
of the rms charge radii as a function of mass follows the
smooth trend of the heavier isotopes down to, and even
below, the neutron mid-shell at N = 104.

The deviation of the charge radii from the droplet
model for the Pb isotopes with N < 117 is clearly seen in
this figure. The full mean-field and IBM calculations [9]
have shown that this deviation can be explained with-
out the introduction of a static deformation, which is also
in agreement with spectroscopic data [3,34] and with the
quadrupole moments of 191,193Pb [7].

In fig. 4 the isomeric changes of the charge radius
(δ〈r2〉Am, A = 〈r2〉Am − 〈r2〉Ag.s.) for Pb and Hg isotopes
with N = 101–116 are shown. Although no large isomeric
shift was observed in the Pb isotopes, in the region of
N = 107–115 the Pb and Hg isomers seem to behave
in a similar way in that the sign of the isomeric shift
changes from positive to negative with decreasing N . For
the 183–189Pb isotopes the isomeric change of the charge
radius remains practically constant (about −0.03 fm2).

The similarity between Pb and Hg is also observed in
the behaviour of the staggering parameter, which can be
defined as

γ∗
A+1 = 1 − 2δ〈r2〉A,A+1

δ〈r2〉A,A+2
, even A. (9)

This modified staggering parameter is related to γ,
the staggering parameter introduced by Tomlinson and
Stroke [35], as γ∗ = 1− γ, and is more illustrative since a
higher value of γ∗ corresponds to stronger staggering.
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The staggering parameter for Pb and Hg as a function
of the neutron number is shown in fig. 5. The trend for the
3/2− states of Pb and Hg is similar, as well as the trend for
isomers with I = 13/2+ and N > 109. In contrast to the
Hg isotopic chain no strong staggering has been observed
in the Pb isotopes with 102 ≤ N ≤ 106. For Hg 13/2+ iso-
mers the staggering parameter is increasing monotonically
as a function of the lowering neutron number, but for the
13/2+ Pb isomers the staggering reaches its maximum at
N = 107–109.

Figure 6 presents the magnetic moments, obtained
for the 3/2 and 13/2 states in this work, along with
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taken from ref. [37]. Lines connecting data points are shown
only to guide the eye. Our data for Pb isotopes are shown with
filled symbols.

the values for the 13/2 isomers of the heavier Pb iso-
topes [7]. The experimental data are close to the single-
particle values for 207Pb (μ(1i13/2) = −1.144 n.m. and
μ(3p3/2) = −1.227 n.m.), calculated by Bauer et al. [38]
using effective g-factors, taking into account configuration
mixing, core polarization and mesonic effects.

First of all, we stress the similar linear trend of the
magnetic moments for the 13/2+ isomers in the heavier
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Fig. 6. Magnetic moments for the neutron-deficient odd-A
lead isotopes. Our data are shown with filled triangles, data
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point for high-spin isomers is to guide the eye only. The arrows
indicate the single-particle values for 207Pb [38]. The error bars
are smaller than the symbol size.
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Hg and Pb isotopes with 111 ≤ N ≤ 115. This reflects
the well-established fact that both underlying even-even
Hg and Pb cores are spherical in the heavier nuclei and
the coupling of an odd neutron does not change the con-
figuration or deformation [3]. In particular, the magnetic
moments of the 13/2 isomers in 191–197Pb isotopes fol-
low a linear trend with a slight down-sloping evolution
towards the Schmidt line (μSchm = −1.91 n.m.). The fact
that the magnetic moments for the 13/2+ states in the
lighter odd-A 183–189Pb isotopes, measured in this work,
continue the same trend confirms their similarity to the
spherical heavier Pb isotopes. In the same way, the linear
trend of the magnetic moments of the 3/2− isomers for
the odd-A 183–189Pb isotopes and their closeness to the
single-particle calculations for almost spherical 207Pb [38]
also confirms the predominantly spherical single-particle
character of the 3/2 states in the lightest Pb isotopes.

In contrast to this, the trend for the 13/2+ isomers
for the light isotopes (N < 111) is different for Hg and Pb
nuclei. This might reflect the difference between the under-
lying cores in the respective even-even Pb and Hg chains
as the neutron mid-shell is approached. Indeed, while the
Pb nuclei in the vicinity of N = 104 stay predominantly
spherical, as shown by in-beam, decay and charge radii
work [1–4,9], a transition from a nearly spherical shape in
heavier Hg isotopes (up to N = 110) to a weakly oblate
deformed core happens in the Hg isotopes, as confirmed by
numerous studies, see e.g. ref. [3] and references therein.

5 Conclusions

The in-source laser resonance ionization spectroscopy
technique has become a very efficient tool for investi-
gations of rare isotopes approaching the driplines. Ex-
periments performed at the ISOLDE facility have shown
that the extreme sensitivity of in-source laser spectroscopy
combined with synchronous nuclear decay spectroscopy al-
lows us to explore the heavy-mass regions very far from
stability down to isotopes produced at a rate of a few ions
per second. Our data show that, as has been reported for
the even-even Pb isotopes, the neutron-deficient odd-A
Pb nuclei are essentially spherical, up to and beyond the
neutron mid-shell at N = 104.
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