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Hyperfine-structure parameters and isotope shift of the 9/2− isomeric state in 187Au relative to 197Au for

the 267.6-nm atomic transition have been measured for the first time using the in-source resonance-ionization

spectroscopy technique. The magnetic dipole moment and change in the mean-square charge radius for this 9/2−

isomer have been deduced. The observed large isomer shift relative to the 1/2+ ground state in 187Au confirms

the occurrence of the shape coexistence in 187Au proposed earlier from the analysis of the nuclear spectroscopic

data and particle plus triaxial rotor calculations. The analysis of the magnetic moment supports the previously

proposed 9/2−, 1/2−[541] assignment at moderate prolate deformation for 187Aum.
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I. INTRODUCTION

The neutron-deficient isotopes near Z = 82 exhibit one

of the most extensive manifestations of shape coexistence

known anywhere on the nuclear chart [1]. Among other exper-

imental observables, isotope shift (IS) data provide a model-

independent approach for interpretation of nuclear structure

phenomena [2]. The jumps in the mean-square charge radius

extracted from the IS values are directly related to differences

in nuclear deformation as demonstrated by the exemplary

shape staggering in the mercury nuclei (Z = 80) at N =

100–105 [3–5].

The neighboring neutron-deficient gold isotopes (Z = 79)

provide another example of an abrupt change in the ground-

state mean-square charge radius (at N = 107). This jump is

due to the transition from weakly oblate (A > 186) to strongly

prolate-deformed (A = 183–186) shapes [6–9]. The isotope
187Au108 lies in the immediate vicinity of this jump and

exhibits multiple-coexisting structures [10,11]. The ground

state (Iπ = 1/2+) is believed to be weakly oblate, whereas

the Iπ = 9/2− isomer is considered as a member of the
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A. E. BARZAKH et al. PHYSICAL REVIEW C 101, 064321 (2020)

1/2−[541]h9/2 band at a moderate prolate deformation (see

Ref. [10] and references therein). However, this suggestion is

nuclear-model dependent and based on a comparison of the

nuclear spectroscopic data [rotational bands, relative γ -ray

intensities, available values for the B(E2) and B(M1)] with

theoretical calculations in the framework of the particle plus

triaxial rotor model (PTRM) [10,12]. Whilst the previously

measured IS for 187Aug is compatible with a small deforma-

tion for this nucleus, the IS data for 187Aum are missing.

The aim of the present paper is to directly determine the

difference in the mean-square charge radii between the ground

and isomeric states in 187Au and, thus, to get information

on the difference in deformation of these states. Further-

more, the determination of 187Aum magnetic moment from

the hyperfine-structure (hfs) measurement will also allow the

configuration of this state to be probed.

The investigation presented in this paper is a part of our

experimental campaign at the ISOLDE facility (CERN) aimed

at nuclear decay and laser spectroscopy studies of the gold

isotopes. Partial results were reported in Refs. [13,14].

II. EXPERIMENTAL DETAILS

The present data originate from the same experiment as

described in Ref. [13]; therefore, only a short description of

the experimental and fitting procedures is given here.

The gold nuclei were produced in spallation reactions

induced by the 1.4-GeV proton beam with an average current

up to 2.1 μA from the CERN PS Booster, impinging on a

50-g cm−2-thick UCx target. The reaction products diffused

out of the high-temperature target (T ≈ 2500 K) and effused

as neutral atoms into the hot cavity of the Resonance Ioniza-

tion Laser Ion Source [15,16], where the gold atoms were se-

lectively ionized, when the laser beams were frequency tuned

to the three-step gold ionization scheme [17]. The ions were

then extracted from the cavity using a 30-kV electrostatic

potential and separated according to their mass-to-charge ratio

by the General Purpose Separator (GPS) of ISOLDE [18].

Data were collected at the two mass settings of A = 187 and

197. The stable 197Au was used as a reference isotope for the

IS measurements and its spectra were recorded on a regular

basis. In the case of A = 187 the ion beam was a mixture of the

gold and more abundantly produced surface-ionized isobaric

thallium ions, as the mass-resolving power of the GPS magnet

was insufficient to eliminate isobaric contamination [19].

The mass-separated beam was delivered to ISOLTRAP’s

multireflection time-of-flight mass separator (MR-ToF MS)

for the photoion current monitoring during wavelength scans.

This method was chosen, due to its capability to per-

form background-free single-ion counting. Details of the

ISOLTRAP apparatus, the ion-beam preparation, separation,

and ion-counting technique were extensively covered in

Refs. [20,21]. Below is a summary of the most relevant ex-

perimental settings used during the IS and hfs measurements

for 187Aum.

Before injection into the MR-ToF MS, the GPS ion beam

was processed by ISOLTRAP’s buffer-gas-filled, linear, radio-

frequency quadrupole cooler and buncher (RFQCB) [22].

After initial accumulation for 500 μs the ion beam was cooled

FIG. 1. (a) An example of a typical summed time-of-flight (ToF)

spectrum for 187Aum and 187Tl recorded during hfs measurements

and used to establish the proper ToF gate window (red box). (b) The

temporal drifts as observed in the ToF spectrum during the hfs scan.

(c) Summed counts as a function of the wave number, considering

the whole ToF window (“nongated”) or only the ToF gate (“gated”)

indicated with a red box in panel (b).

for a duration of about 10 ms. The ion bunch was then

extracted from the RFQCB and decelerated by a pulsed drift

cavity to 3.2 keV. Afterwards the ion beam was ejected as a

sequence of bunches toward the MR-ToF MS, with a typical

bunch width of 60 ns. The total transport efficiency between

the ISOLDE front end and the MR-ToF MS analysis detector

was estimated to be 1–2%.

The isobaric separation of 187Aum+ from the surface-

ionized 187Tl+ was achieved by making the ion bunch to

undergo 1000 revolutions between the electrostatic mirrors of

the device corresponding to a trapping time of 32.876 ms (typ-

ical mass-resolving power throughout these measurements

was ≈1.3 × 105). The ions were then extracted from the

cavity and detected with an electron multiplier situated behind

the MR-ToF MS, obtaining a ToF spectrum. The sum of all

the recorded ToF spectra for the complete laser-frequency

scan is shown in Fig. 1(a). For the IS and hfs determination

a frequency-tripled titanium-sapphire laser in a narrow-band

mode (bandwidth of ≈600 MHz before tripling) was scanned

across the 267.6-nm atomic transition in gold (6s 2S1/2 →

6p 2P1/2). During the frequency scanning, ToF spectra were

recorded for each frequency step.

Visualization of the laser frequency scan as a function of

the total time of flight through the MR-ToF MS for 187Aum+

and 187Tl+ is given in Fig. 1(b). In contrast to the laser

independent ToF trace of surface-ionized 187Tl, four peaks

are observed for laser-ionized 187Aum. They correspond to

the expected hfs components of the 9/2− isomer (see the

064321-2
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FIG. 2. An hfs spectrum of 187Aum recorded using the MR-ToF

MS (black squares). The solid line depicts the Voigt-profile fit to

the data. The zero point on the frequency scale corresponds to a

wave number of 37 358.90 cm−1. The hfs-level scheme for 187Aum is

shown in the middle of the figure.

hfs-level scheme in Fig. 2). Thus, the hfs spectrum repre-

sents the variation in the photoion rate as a function of the

scanned laser frequency [see Fig. 1(c)]. In order to remove

the nonresonant background from the 187Tl ions which would

lead to the “nongated” spectrum in Fig. 1(c), the ToF gate

specific to the arrival times of 187Aum+ was applied. It is

shown in Figs. 1(a) and 1(b) as a red box. As the result,

a practically background-free spectrum was obtained [the

“gated” spectrum in Fig. 1(c)].

III. RESULTS

Two hfs spectra for 187Aum were recorded during the

experiment and an example is shown in Fig. 2. In contrast to

the data shown in Fig. 1(c), in Fig. 2 the gated number of ions

normalized to the measurement time at each frequency point

is presented. For the 6s 2S1/2 → 6p 2P1/2 atomic transition

the positions of the hyperfine components as a function of the

scanning laser frequency are determined by the formula

νF,F ′

= ν0 + a6p

C′

2
− a6s

C

2
, (1)

where ν0 is the centroid frequency of the hfs, the prime symbol

denotes the upper level of the atomic transition, C = F (F +

1) − I (I + 1) − J (J + 1), F is the total angular momentum of

the atomic level, I and J are the nuclear spin and the angular

momentum for the electronic state, respectively, and anl is

the magnetic hyperfine coupling constant for the atomic level

with the quantum numbers n and l . For brevity throughout

the paper the indices 6s and 6p will be used to represent the

6s 2S1/2 and 6p 2P1/2 states, respectively.

The experimental spectra were fitted with Voigt profiles

using the same method as described in Refs. [21,23]. From the

result of the fit, hyperfine constants and isotope shift values

δν187m,197 were obtained:

a6s(
187Aum) = 22 480(90) MHz,

a6p(187Aum)

a6s(
187Aum)

= 0.1128(11),

δν187m,197 = 5380(160) MHz.

A. Extraction of the change in the mean-square

charge radius for 187Aum

The change in the mean-square charge radius δ〈r2〉A,A′

is deduced from the measured isotope shift δνA,A′ using the

relations

δνA,A′ = δνF
A,A′ + δνM

A,A′ = H (Z )Fδ〈r2〉A,A′

+
(MNMS + MSMS)(A − A′)

AA′
, (2)

where δνF
A,A′ and δνM

A,A′ are the field and mass shifts, re-

spectively, F is an electronic factor, H (Z ) is a factor which

accounts for higher-order radial moments [24], MNMS is the

normal mass shift (NMS) constant (MNMS = ν/1822.9, ν is

the transition frequency), and MSMS is the specific mass shift

(SMS) constant.

The electronic factor F = −43.07 GHz fm−2 was taken

from multiconfiguration Dirac-Fock calculations [25]. The

uncertainty of the electronic factor is usually estimated as

7% [3]. It is assumed that the MSMS factor for an ns → np

transition is given by MSMS = (0.3 ± 0.9)MNMS [26]. For

Z = 79 the value of H = 0.93 is taken from Ref. [24]. With

these constants we obtain δ〈r2〉187m,197 = −0.140(4){14} fm2

(the statistical uncertainty is shown in parentheses; the sys-

tematic uncertainty stemming from the indeterminacy of

the F and M factors is presented in the curly brackets).

The isotope shift δν187g,197 was previously measured as

δν187g,197 = 15 100(210) MHz [6]. Combining this value with

δν187m,197 measured in the present paper, the value of isomer

shift δν187m,187g = −9720(260) MHz was determined. Using

Eq. (2) the difference between the mean-square charge radii

of the ground and isomeric states in 187Au was deduced:

δ〈r2〉187m,187g = 0.243(7){17} fm2.

The δ〈r2〉A,197 values for gold isotopes are plotted in

Fig. 3. Literature data for 183−199Au have been taken from

Refs. [6–9]. Figure 3 shows a marked increase of the 187Aum

charge radius relative to that of 187Aug, which means that the

former is more deformed. One can estimate the mean-squared

deformation parameter 〈β2
2 〉1/2 from the relation (see Ref. [2])

〈r2〉 = 〈r2〉DM

(

1 +
5

4π

〈

β2
2

〉

)

, (3)

where 〈r2〉DM represents the droplet-model (DM) prediction

for a spherical nucleus. In Fig. 3 DM predictions [27] with

constant deformation are shown, assuming 〈β2
2 〉1/2(197Au) =

0.11 [6]. Using Eq. (3) and experimental values of δ〈r2〉187g,197

and δ〈r2〉187m,197 we obtain 〈β2
2 〉1/2(187Aug) = 0.17(2) and

〈β2
2 〉1/2(187Aum) = 0.23(1).

Thus, our results confirm the shape coexistence in 187Au

proposed from the earlier analysis of nuclear spectroscopic

data and the PTRM calculations [10].

B. Extraction of the magnetic moment for 187Aum

In order to determine the magnetic dipole moment the

standard relation was used:

μA = μref

IAaA
6s

Irefa
ref
6s

[1 + ref�A(6s)] (4)

064321-3
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FIG. 3. Changes in the mean-square charge radii for gold

isotopes relative to 197Au. Open circle, present paper; squares,

Refs. [6–9]. The dashed lines show the droplet model predictions

with constant deformation.

where the subscript (superscript) “ref” denotes the reference

isotope (197Au) with known μ and a values, and ref�A(6s) is

the relative hyperfine anomaly (RHFA) stemming from the

non-point-like charge and magnetization distribution inside

the nucleus (see Ref. [28] and references therein). As shown

in Ref. [14], the RHFA values can be deduced from the ratio of

the magnetic hfs constants for different atomic states, aA
6s and

aA
6p. This ratio depends on the nuclear spin and configuration,

since different atomic states differ in sensitivity to the nuclear

magnetization distribution. This change can be related to the

difference of the corresponding RHFA values by introducing

a differential hyperfine anomaly (DHFA) [14]:

ref
6p �A

6s ≡

(

aref
6p /aref

6s

)

(

aA
6p/aA

6s

) − 1 =
1 +ref �A(6p)

1 +ref �A(6s)
− 1. (5)

With the ratio of the 6s and 6p anomalies

η6s,6p ≡
ref�A(6s)
ref�A(6p)

, (6)

calculated using the advanced atomic approaches in Ref. [14],

η6s,6p = 4.0(3), the RHFA value needed for the magnetic

moment evaluation [Eq. (4)] is deduced from the measured

DHFA:

A1�A2 (6s) =

A1

6p�
A2

6s

1/η6s,6p − 1 −
A1

6p �
A2

6s

. (7)

With a6s(
197Au) = 3049.660 092(7) MHz [29], a6p(197Au) =

321.7(12) MHz [30], and μ(197Au) = 0.145 74(4) μN (data

from Ref. [29] with diamagnetic correction from Ref. [31])

we obtain by Eqs. (7) and (4) 197�187m = 0.095(16) and

μ(187Aum) = 3.529(53) μN .

IV. DISCUSSION

It is instructive to compare the structure of 187Aum to the

well-known 9/2− isomers in thallium and bismuth isotopes.

The 9/2− intruder isomers in 183−201Tl102−120 are considered

FIG. 4. Magnetic moments of the 9/2− (πh9/2) states in bismuth

[37,38], thallium [33,34,39–41], and gold (present paper) isotopes.

to be weakly oblate with near constant deformation of β2 ≈

−0.15, and with the odd proton in a 9/2−[505]h9/2 Nilsson

state [32–34]. At the same time, the 9/2− ground states in
193−209Bi110−126 are supposed to be nearly spherical with the

relatively pure πh9/2 shell-model configurations [35–37].

The magnetic moments for the 9/2− bismuth [37,38] and

thallium [33,34,39–41] nuclei with the same neutron number

agree within the limits of uncertainties (see Fig. 4). How-

ever, the value of μ(187Aum) measured in the present paper

differs from the observed systematics (see Fig. 4), which

may indicate a different structure for the long-lived 9/2−

state in gold as compared to thallium or bismuth. Indeed,

it was shown that the PTRM calculations [10] successfully

described the nuclear spectroscopic data for 187Au with the

assumption that the 9/2− isomer in 187Au is the band head

of a strongly Coriolis-perturbed rotational band built on the

π1/2−[541]h9/2 Nilsson orbital, at a moderate prolate de-

formation. Similar ground-state bands with anomalous spin

sequences were also found, e.g., in 183,185Au (5/2− band head)

[43,44], 181,183,185Ir (5/2− band head) [45–48], 219Fr (9/2−

band head) [49], and 221Fr (5/2− band head) [50].

As the magnetic moment is sensitive to the odd-particle

configuration, we analyzed the measured μ(187Aum) in order

to check the above-mentioned assignment. In our analysis

we also included the known magnetic moments of the other

π1/2−[541]h9/2 band heads in gold and francium isotopes

(5/2−, 1/2−[541] or 9/2−, 1/2−[541]) in order to check the

consistency of our approach.

The spin sequence of the unperturbed K = 1/2 band is

determined by the relation (see Ref. [51])

EI = EK + D[I (I + 1) + adec(−1)I+1/2(I + 1/2)], (8)

where D is proportional to the inverse effective moment of

inertia, EK is chosen to match the experimental band head

energy, and adec is an energy decoupling parameter stemming

from the diagonal term of the Coriolis interaction. The adec

parameter can be determined by fitting the experimental ener-

gies of the lowest band members with Eq. (8). The magnetic

moment of the K = 1/2 band member with spin I can be

064321-4
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TABLE I. A comparison between the experimental magnetic mo-

ments μexpt and those calculated with Eq. (9), μcalc, for the band head

levels of the 1/2−[541] band in several gold and francium isotopes.

The effective energy decoupling parameter, aeff
dec, was determined

from the experimental energies of the lowest band members by

using Eq. (8). The effective magnetic decoupling parameter, beff , was

calculated with Eq. (10).

Isotope Iπ aeff
dec beff μcalc (μN ) μexpt (μN ) Refs.

183Au 5/2− 7.2 −5.9 2.14 1.97(10) [8,14]

185Au 5/2− 7.8 −6.8 2.31 2.193(61) [6,14]

187Au 9/2− 8.9 −8.4 3.51 3.565(53) Present paper

219Fr 9/2− 8.1 −7.3 3.29 3.13(4) [42]

221Fr 5/2− 4.9 −2.9 1.57 1.57(2) [42]

expressed as (see Ref. [52])

μ = gRI + (gK −gR)
K2

I + 1
[1 + (2I + 1)(−1)I+1/2b], (9)

where gR is a rotational gyromagnetic factor, gK is an intrinsic

g factor of the basic Nilsson state (π1/2−[541] in our case),

and b is a magnetic decoupling parameter. The parameter b is

related to the energy decoupling parameter adec via the relation

(see Ref. [53])

(gK − gR)b = −(gl − gR)adec − 1
2
(−1)l (gs + gK − 2gl ),

(10)

where gl and gs are the orbital and spin g factors, respectively.

The experimental situation when the Iπ = 9/2− state be-

comes the lowest band member corresponds to a very high

effective decoupling parameter, aeff
dec ≈ +8, whereas its maxi-

mal theoretical value is adec = +5 [48]. This increase provides

evidence for a supplementary perturbation coming from the

nondiagonal term of the Coriolis interaction [51]. Indeed,

it was shown in Ref. [51] that the Coriolis corrections to

the unperturbed level energies appear as an increase in the

effective decoupling parameter aeff
dec.

Ohya et al. [53] suggested that the Coriolis corrections to

the magnetic moments in the π1/2−[541] band can also be

presented as a change in the effective decoupling parameter

beff . Correspondingly, they made an estimation of μ(185Ir) by

Eq. (9) with an effective magnetic decoupling parameter beff

deduced using Eq. (10) from the effective decoupling param-

eter aeff
dec of the experimental rotational band [Eq. (8)]. Using

this approach, the magnetic moment of 185Ir was calculated

to be 2.5 μN , in reasonable agreement with the experimental

value of 2.605(13) μN [53].

However, this empirical procedure was not validated by

making calculations for other nuclei. We applied this proce-

dure to 197Aum and to the previously studied 183,185Au and
219,221Fr nuclei. In these calculations aeff

dec was determined

from the energies of the lowest π1/2−[541]h9/2-band mem-

bers [54] with Eq. (8), and beff was calculated with Eq. (10),

using the commonly adopted gR and gs factors: gR = Z/A,

gs = 0.8gs,free, and gK (1/2−[541]) = 0.84 [55] (note that usu-

ally in magnetic moment calculations for the neutron-deficient

FIG. 5. A comparison of the experimental g factors (hollow

squares) with those calculated using Eqs. (8)–(10) (filled trian-

gles), at gR = Z/A, gs = 0.8 gs,free, gK (1/2−[541]) = 0.84, and the

experimental values of the decoupling parameter aeff
dec. The dotted

line shows the Schmidt value for the πh9/2 state. The dashed line

represents the g factor for semimagic 209Bi (Iπ = 9/2−).

gold region two options are compared: gs = 0.6 gs,free and

gs,free [9,56]; we used the mean value, gs = 0.8 gs,free).

The results of the calculations are shown in Table I. The

agreement between the calculated and experimental values

is reasonable, despite the large difference in Z (79, 87), N

(varying from 104 to 134), and deformation of the considered

nuclei. Thus, we have shown that the empirical procedure

proposed in Ref. [53] satisfactorily accounts for the mag-

netic moment for the band built upon the 1/2−[541] Nilsson

orbital.

In Fig. 5 the calculated and experimental g factors (g =

μ/I) are compared. All g-factor values for the presumed

1/2−[541] band heads lie between the Schmidt value for

the πh9/2 shell and g(209Bi), the latter being the maximal

g-factor value for the spherical nuclei with an odd proton

in the πh9/2 orbital. This indicates that all considered states

are predominantly of the πh9/2 origin. The good agreement

between the calculations and experiment strongly supports the

9/2−, 1/2−[541] assignment for 187Aum.

V. CONCLUSIONS

The hyperfine-structure parameters and the isotope shift

relative to 197Au have been measured for 187Aum for the first

time, using the 267.6-nm atomic transition. The magnetic

dipole moment and the change in nuclear mean-square charge

radius for 187Aum have been deduced. The observed large

δ〈r2〉187m,187g value unambiguously confirms shape coexis-

tence in 187Au, as proposed from the earlier analysis of nuclear

spectroscopic data and PTRM calculations [10]. The magnetic

moment of 187Aum has been analyzed in the framework of the

empirical procedure of the magnetic moment of the K = 1/2

band-members estimation, implemented in Ref. [53] for 185Ir.

We have shown that for the bands built upon the 1/2−[541]

Nilsson orbital this procedure describes the g factors of the
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band heads fairly well (183,185Au, 187Aum, 219,221Fr). The

agreement between the calculations and experimental results

supports the 9/2−, 1/2−[541] assignment for 187Aum. This

endorses the different nature of the 9/2− states in gold

(187Aum) and thallium or bismuth.
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