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Abstract: The technique of collinear fast-beam laser spectroscopy has been
used to measure the isotope shifts of the even-even isotopes of Hg
(Z=80) in the mass range 182CA<198 at the on-line mass separator
ISOLDE at CERN. The atomic transition studied (6s6p P, - 6s7s 3S,, A
= 546.1 nm) starts from a metastable state, which is populated in a
quasi resonant charge transfer process. The resulting changes in
nuclear mean square charge radii show clearly that 182Hg follows the
trend of the heavier, even, weakly oblate isotopes. Correspondingly the
huge odd-even shape staggering in the light Hg isotopes continues and
the nuclear shape staggering and shape coexistence persists down to

18.IHg. An update of isotope shift and
181—206Hg

the last isotope investigated,
hyperfine structure data for is given, with a revised
evaluation of the differences in nuclear mean square charge radii and of

spectroscopic quadrupole moments.

1. Introduction

Systematic studies by optical spectroscopy on long isotopic chains are a
main source of information on nuclear ground state properties [1]. The
hyperfine structure (hfs) and isotope shift (I1S) of optical spectra allow the
determination of the nuclear spins |, magnetic dipole moments u, spectro-
scopic quadrupole moments Qs’ and the changes of the nuclear mean square
charge radii 3<r2>.

The first element for which many isotopes were studied by optical methods

is Hg (Z = 80). This element is also exemplary for the interdependence of
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the development of experimental techniques concerning sensitivity and
resolution on the one hand and accessibility of the isotopes on the other.
Conventional optical spectroscopy has vyielded data in the isotope range
192<A€204 [2], [3]. The method of y radiation detected optical pumping

(y-RADOP) was first developed to investigate the isotopes 203

199m

Hg [4] and
Hg [5]. Measurements by the B radiation detected optical pumping
method (B-RADOP) extended our knowledge of nuclear ground state prop-
erties for the odd Hg isotopes into the mass range 181{A<191 and to 2%SHg
(6], [7], [8]. One of the striking features resulting from this experiment
was the large change in the &<r2> value between the isotopes *%?Hg and
185Hg, which was attributed to a sudden oblate-prolate shape transition
[6]. Since the RADOP method is not applicable to | = 0 nuclei, a pulsed
laser system was later used to measure the IS of the even Hg isotopes in
the mass region 184<A<190 and of 2°®Hg. In addition the hfs and IS of the
| = 13/2 isomeric states of the odd isotopes, 185¢A<191, could be studied.
Preliminary results of these experiments using pulsed lasers have been
published earlier [9], [10}, [11], [12]. This work reports |S measure-
ments on even mass Hg isotopes in the range 182{A<198 by collinear laser
spectroscopy, which includes for the first time 12%2Hg (preliminarily report-
ed at the Alushta Heavy lon Meeting 1983 [13]). All the measurements on
short-lived Hg isotopes were performed at the on-line mass separator
ISOLDE at CERN, Geneva [14].

After a brief description of the experiment in Section 2, a compilation of IS
data of Hg isotopes is given in Section 3, including the values resulting
from the final evaluation of the data from the earlier pulsed-laser experi-
ments. The interpretation and discussion in Section 4 concentrates on the

nuclear charge radii and shapes of the Hg isotopes, throwing new light on
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that interesting region. ' The re-evaluation of &<r2> and Qq is based on
new values for the electronic field shift factor and the electronic field gra-

dient treated in two Appendices.

2. Experiment

As in previous experiments the neutron deficient Hg isotopes were pro-
duced at the ISOLDE facility at CERN [14] in a spallation reaction of 600
MeV protons on a molten-lead target. The volatile Hg fraction of the reac-
tion products was ionized in a plasma ion source with a production vyield as
given in [14]. Special care was taken in the setting of the ion source in
order to form an ion beam with constant energy and small emittance. The
extracted 60 keV beam was mass separated and directed to the apparatus
for collinear fast-beam laser spectroscopy.

Most of the known optical data on radicactive isotopes of Hg have been ob-
tained in the ultraviolet intercombination line 6s2 1S, - 6s6p 3Py (A = 253.7
nm). In spite of the deeply bound atomic ground states of Hg* and Hg the
versatility of collinear laser spectroscopy, however, allowed the use of cw
dye lasers in the visible range. The Hg* ions passed through a sodium
vapour cell. Since the charge exchange process favours a resonant electron
transfer, the metastable 6s6p 3P, state is strongly populated (see Fig. 1).
This efficient mechanism for producing beams of metastable atoms was first

exploited in collinear laser spectroscopy on hydrogen [15] and ytterbium
[16].
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The metastable Hg atoms were excited to the 6s7s 35S, state by a single
mode dye laser at A = 546.1 nm. The resonance was detected by the 453.8
nm and 404.7 nm transitions to the 6s6p 3P, and 3P, states, respectively.
Fluorescence photons were focussed by an ellipsoidal mirror onto a RCA
8850 photomultiplier, which was blocked from the 546.1 nm laser stray light
by a colour filter. Details on the experimental set-up are given in [17] for
the charge exchange and detection chamber and in [18] for the laser, beam
handling, and data taking. Fig. 2 shows a set of resonances for some of
the isotopes, obtained by Doppler-tuning of the absorption frequency of

the fast-beam atoms at a fixed laser frequency.

3. Results
3.1 Isotope Shift and Differences in Nuclear Mean Square Charge Radii

The IS data evaluated from the observed resonances in the A = 546.1 nm
transition for *22Hg to *®®Hg are listed in Table 1 with 193Hg taken as a
reference. Our result for *°%Hg is in perfect agreement with the value re-
ported from high resolution measurements on stable isotopes [19]. in addi-
tion, the weighted means of IS data measured in the A = 253.7 nm line in-
cluding the final results of the pulsed laser experiment [20] are compiled.
The isotope shift 6viA’A' between two isotopes with mass A and A' in an
optical transition i is the sum of the mass shift SVMS’i and the field shift
avFS,i (see, for example, [31] and [32])

6viA,A' - A

A
Vit T v T 8vyg

i A,A‘ + 5V .A,A‘ (-I)



6 CERN

where the mass shift is the sum of the normal (NMS) and the specific mass

shift (SMS)

AA _ . )

The field shift is given by

AA" _ AA
where Fi is the electronic factor and the nuclear parameter, )\A’A , 15 con-

nected to the change of the nuclear mean square charge radii 8<r?> via

(33]
A = s AA L (C/esa M A - (Ca/esaenA A - L @

Multi-configuration Dirac-Fock (MCDF) calculations by Torbohm et al. [34]
resulted in coefficients Ci which differ only slightly from the wvalues tabu-

lated by Seltzer [33] in use till now.

The evaluation of )\A’A from the IS data compiled in Table 1 is based on
the following values for the A = 253.7 nm transition: (i) The specific mass
shift SMSyc4 is assumed to be (0*:0.5)NMS254 in accordance with the empir-
ical estimates for (ns? - nsnp) transitions [31]. (ii) We use the electronic

factor Fogy as given by an ab initio MCDF calculation [34] to be (see Ap-
pendix A)

F254 = -55.36 GHz/fm? (5)
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for the isotope pair (198,204). The small dependence of Fi on the mass
number is taken into account by scaling (5) according to the expression
given by Blundell et al. [35].

The IS values in the A = 546.1 nm transition are related to those in the

253.7 nm line by a King-plot [36] (Fig. 3), which gives a slope
and an intercept corresponding to a specific mass shift
SMSg 40 = 0.37(56)xNMSg 0 (7)

where assumption (i) above was used for SM3254. Such a small SMS is in
agreement with the usual estimates for the SMS.

The )\A’A‘ parameters deduced by this procedure from the IS data of the
two lines are consistent within the experimental errors, with the exception

of 152Hg and *®%Hg (see Fig. 3).

Using the relation (4) the differences in the mean square charge radii
84<r2> can be related to A by approximating the small contributions from
higher radial moments with an expression derived from the usual two pa-

rameter model of the nuclear shape [37].

JA A AA'

- &r® x5<r2>s hA’A + y[5/(4n)]<—r;>sph5<B22>A’A , (8)

p

where

x = 10C./(7C,)R2 * 5C,/(3C,)R* ,
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y = 2C,/C,R2 + 3C3/C,R* , and
R=1.2%"3 fm and & = (A*A")/2.

The values ~<r-2>sph and 6<r2>sph are taken from the droplet model [38].
6<r2>A'A' was evaluated for a given )\A’A' in an iterative way starting with
a preliminary calculation according to (4) with coefficients Ci from [34] and
decomposing this result into a spherical and a deformation part (see
{(12),(13)) used then in (8). The final results are presented in column 4 of

Table 1.

3.2 Hyperfine Structure and Nuclear Moments

Hyperfine interaction constants of the 6s6p *P, state of Hg 1 and nuclear

moments were compiled by Bonn et al. [8} for the mass range 181-205

Hg.
This compilation included the data obtained by the RADOP technique for
the ground states of 181-‘I91Hg, 205Hg, and 1ggmHg. Optical spectroscopy
with pulsed lasers on atoms confined in a resonance cell has been applied
to the ground and isomeric states of neutron deficient isotopes in the mass
range 185_191Hg. The results for the 1=13/2 isomers 185m-191mHg were
published by Dabkiewicz et al. [12]. The resulting hfs parameters and
deduced nuclear magnetic dipole moments for the ground states of
185_191Hg are listed in Table 2 together with the final results for 185mHg
[20].

The spectroscopic quadrupole moments {corrected for the Sternheimer ef-
fect, see Table 3) are extracted from the measured B factors by relating

them to the quadrupole moment of the stable isotope 2°iHg by
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AQs - 201Qs « AB/201B ) (9)
For that purpose 2“1Qs has been recalculated on the basis of a re-evalua-
tion of the electric hfs field of the precisely measured quadrupole splitting
of the 6s6p 3P, state [39] which is given by

B(3P;) = 3b = (2/5)(e2/h) Qg 3¢r=3> R /Z(Zi) (1 -R) . (10)

P3/2 P P3

The essential radial parameter 3<r'3>p as well as the relativistic Rp y (Zi)
3/2
and Sternheimer correction factors (1 - R) are discussed in Appendix B.

The new result is
2e1Q, = 0.372(40) b 1)
which is used in (8) to calculate the Q, values given in Table 3.

It agrees well with the result 2°1d5 = 0.386(49}) b obtained recently from
the muonic 3d-2p transition in 2°*Hg [41]. (The 2Zp-1s muonic transition
yielded a much smaller value due to nuclear polarization.) Furthermore
good agreement is found with 2'-"10s = 0.39(2) b which was deduced from a
time-dependent directional correlation study in combination with results

from a nuclear quadrupole resonance experiment [42].
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4. Interpretation and Discussion
4.1 Changes in Mean Square Charge Radii

The change in the nuclear mean square charge radii, 8<r?>, relative to
198Hg, is plotted in Fig. 4 versus the mass number for the whole Hg iso-
topic chain. The regular and smooth variation of &<r2> in the heavier iso-

186, 185mH9’ 184

topes continues in Hg and 182Hg. The most outstand-

9.

ing features of the data are the following:

(i) A strong discontinuity occurs for the light odd isotopes with A<186,

185

(ii) The excéptionally large isomer shift in Hg, which is surpassed

only by those of the fission isomers, and finally

(iii) The odd-even staggering in the 8<r2>-values of the lighter Hg nuclei

is the largest ever observed.

When the sudden change in the charge radii between ]87Hg and 185Hg was
discovered in 1972 [6], its interpretation as a deformation effect was
doubted, because the proton shell is almost closed. instead of this, a
change of the monopole charge distribution was advocated [43]. This idea
has been taken up again in a very recent calculation [44]. However, much
evidence has been gathered experimentally and theoretically favouring the
interpretation in terms of collective B, deformation (reviewed in [8] and

more recently in [45], [46]). Now it is widely accepted that the light even

185mHg,

Hg isotopes, as well as and those with A2186 have a small oblate
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deformation, while the light odd isotopes 181Hg, 183Hg, and 18'5Hg are
strongly deformed and prolate. Hence, the odd-even staggering in light Hg
isotopes is due to nuclear shape transitions, and the large isomer shift is
the clearest demonstration for shape coexistence. The sharpness of the
shape transitions is caused by the reinforcement of proton and neutron
shell gaps due to the competing shells (almost magic proton number Z = 80,
midshell neutron number N = 104).

Supplemental information on the shape transition and coexistence in the Hg
region has been obtained by nuclear spectroscopy. Here, competing near-
spherical and deformed bands have been discovered. Furthermore, high
angular momentum intruder states have been identified which induce defor-
mation [45], [46].

Before resuming this discussion with respect to the case of *#2Hg and re-
lated questions we shall present an evaluation of deformation parameters

from &<r2>,

4.2 Relationship between 8<r2> and Deformation

The 8<r2> data obtained by optical spectroscopy are model independent ex-

)\A’A‘ (see Egqg.

cept for the small corrections for higher orders in
(4),(8)). The following interpretation of &<r2>, however, is model depen-
dent and based on the usual two parameter model assuming a decomposition
of 8<(r2> into a spherical part describing the change in nuclear volume and

into a deformation part at constant volume

5<r2>A’A‘ = 6<ir2>sphA’/i\r + 6<r2>defA'A . (12)
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This model was used already in our earlier papers on Hg [8], [9], [10].
[11], [12], but we have to point at two differences in the present analy-
sis:

(i) The 8<r2> scale has changed from 1/F = 0.0223(20) fm2/GHz to 1/F =
0.0181(13) fm?/GHz, i.e. to a 20 % smaller variation of §<r2> (see Appendix
A).

(ii) At the time of our earlier publications there was no generally accepted
model in use to describe the A dependence of the volume part 5<r2>sph.
Therefore this dependence was adjusted locally and, more or less, empiri-
cally to the data [8]. In the meantime a large number of new IS data has
been collected over extended regions of the nuclear chart. Except for some
local difficulties (which could be a matter of choosing incorrect F-values)
these data seem to be generally consistent with the droplet model [38],
which describes the mean square charge radii of spherical nuclei as a func-
tion of N and Z. Therefore it is used also here to calculate the first term
in (12). Recently, an increase of the droplet slope was proposed [47],
[48], which, however, affects the deformation parameters deduced via

(12),(13) within the Hg chain only slightly (see below). The deformation

contribution is given by

ALA
6<r2>def

(13)

= [5/(4n)]<r=>sph[5<p,z>A:A' v 5<BaA AT 4 sep A A

r

where quadrupole, octupole and hexadecapole deformation are considered.
Usually the change in static or dynamic quadrupole deformation B, is the

dominant contribution to 5<r2>def and the data are well described by con-
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sideration of only &<{B.?>. Changes of<f,2> along an isotopic chain can
then be determined relative to a reference isotope. Absolute values of
<{B2%> can be evaluated if <B22> is known for at least one isotope. For the
even isotopes <B,2> can be taken from the reduced transition probabilities

B(E2) through a closure relation
B3> = Zi (4n/3ZRq?)2 B(EZ, O*—-Zi*) , (14)

with Rg = 1.2 )3\1/3 fm. The sum in (14) reduces essentially to the first
term [49]. The root mean square deformation, <B22>1/2, calculated ap-
proximately from known B(E2, 0*—2,*) values, is listed in column 6 of Ta-

ble 1. Assuming <[322>1/2

= 0.106 for 298Hg as a calibration and neglecting
changes in <B32> and <B4?> the deformation parameters of all the Hg iso-

topes are calculated via (12) and (13) and listed in column 5 of Table 1.

4.3 Deformation of Heavier Hg Isotopes

The agreement between <[322>1/2 determined from B(E2)-values and from the
IS data assuming only changes in the quadrupole deformation is satisfacto-
ry. The only exceptions are the deformation parameters in the range from
202Hg to 2°f®Hg, where decreasing <Bzz>1/2 from the B(E2) values are con-
sistent with an expected decrease of quadrupole deformation towards the
neutron shell closure at N = 126. In contrast to this behaviour the isotope

172 z 0.10 (neglect-

shifts indicate a roughly constant deformation of <(B,2>
ing higher order deformation). B, deduced from IS data would change to

0.06 for 2°®Hg, e.g., by a proposed 15 % increase of the droplet slope
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[47], [48], [56], reducing the disagreement with the deformation
parameters from B(E2) values in this mass region. Various other reasons
might cause the discrepancy:

(i) Because of the lack of data, the sum in (14) has been truncated to the
first term in calculating <B.2>. This may be unjustified near the shell clo-
sure.

(ii) The droplet model used to describe the change in nuclear volume within
an isotopic chain is a macroscopic model which is not expected to reproduce
structure in 5<r2>sph due to shell or subshell closures. Evidence for a
subshell closure can be seen at N = 120 in the two-neutron separation en-
ergies S{2n) of Hg as tabulated by Wapstra and Audi [57] and in a differ-
ential plot of the IS data, 6<r2>N_2’N (Fig. 5). For the neighbouring ele-
ment Pb (Z=82) neither the S(2n) wvalues nor <S<r'2>N_2’N give an indication
for such a pronounced subshell effect at this neutron number. In fact, the

208, A

overall variation of &<r2> of the lead isotopes with N < 126 is in good
agreement with the predictions of the spherical droplet mode! [58], [59].

(iii) <|322>]31/2 has been derived by the simple model, in which shape ef-
fects with the exception of quadrupole deformation have been neglected.
Andl et al. [60] discussed ground state correlations due to octupole vi-
brations and their influence on the variation of the charge radii of Ca iso-
topes. A deformation parameter B; = 0.076 for 2°°Hg has been deduced by
Baxter et al. [61] from an a-scattering experiment. Using this B3 value in
(13) one obtains agreement for the case of 2°9Hg. This implies a change
of <B32> to zero towards *22Hg. Unfortunately no B3 values for other mer-
cury isotopes have been measured. Recent multiple Coulomb excitation

202,204

measurements on Hg [62] have shown that the collectivity in the

neutron rich Hg nuclei is of more complex origin than expected from the
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few proton and neutron holes with respect to the Z = 82 and N = 126
major shells.

(iv) The influence of the variation of B, can be estimated from the calcula-
tion of Mdller and Nix [63]: It gives only a small additional uncertainty to

<B22>1/2

since B4l is predicted to vary only between 0 and 0.035 in the
range from 2°%Hg to 1%2Hg.

(v} A decrease of the intrinsic skin diffuseness towards major shell clo-
sures might significantly contribute to 8<r2> not accounted for by (13).
Such an effect was suggested to explain the 1S data of Kr [64]. In Hg it

would increase the observed discrepancy, however.

4.4 The Region of Shape Staggering

As has been mentioned above, the onset of strong deformation in the light
even-A Hg isotopes was the subject of many theoretical papers [43], [63],
[66], [67], [68]. These calculations differ in the prediction of the mass
number at which the shape transition should occur, but they all expect the
ground state of 182Hg to be strongly prolate. !n contrast to this the cal-
culation of Frauendorf and Pashkevich [69] predicts small oblate deforma-
tions for the ground states of all the even-mass isotopes including **2Hg.
Bengtsson et al. [70] show potential-energy curves from the ‘calculation of
Mstler and Nix [71] confirming this feature.

The IS measurement of *3*2Hg reported here has clearly decided this con-
troversy in favour of the latter prediction. Independently, this was also

concluded by Ma et al. [72] who established the level scheme of 1%2Hg for
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the first time. They found the nuclear ground state to be the 0* band head

of an almost spherical band.

Concerning the odd-A isotopes, the calculations of Frauendorf and Pashke-
vich [69] showed that 181’183"’18‘5Hg should have a large prolate

equilibrium deformation, whereas 187,189,191

Hg have a small deformation, in
agreement with the experiment. In their picture the shape transition is
fostered by the prolate polarizing power of the [521 1/2] orbital coupled to
the even core, and by its blocking effect. Below *®®Hg the prolate shape
gains about 0.5 MeV in binding energy relative to the oblate one [69],

[73], which is, however, not reproduced by a recent Hartree-Fock calcula-

tion [74].

We finally note that our re-evaluation of 1S changes the deduced deforma-
tion parameters of the light isotopes only slightly. For 18lHg, e.g., the
value of <[32>1/2 = 0.32 published earlier [8] has now been changed to
0.28. An increase of the droplet slope by 15 % as mentioned above would

change this value to 0.30.

4.5 Differential lsotope Shift and Odd-Even Staggering

Fig. 5 shows the differential changes of the charge radii upon addition of
two neutrons, which accents the smaller changes in the trend of &<r®>. A
discontinuity is observed for Hg around N = 120, but not reproduced in

Pb. The step at N = 104, the middle of the shell, indicates a change of



CERN 17

the deformation trend starting below *24Hg. Recently the Interacting Boson
Model has been applied to a systematic study of the even Hg isotopes [75],
[76], [77]. Apart from explaining various nuclear spectroscopic proper-
ties, it describes the IS data rather quantitatively. By fitting three pa-

N-2,N

rameters in the range 192_202Hg to the experimental values &<{r2> it

N-2,N

reproduces an increasing value of &<r?> in the middle of the neutron

shell,

The odd-even staggering parameter y, introduced by Tomlinson and Stroke
[2] compares the change in the nuclear charge radii upon addition of one

unpaired neutron to the effect of adding a neutron pair
Vo= 28 U A s AL AT A g (15)

Fig. 6 shows the odd-even staggering of the Hg isotopes. The huge stag-
gering parameters y182 = 11.2(5) and vy*3® = 13.6(5) interpreted as nuclear

1ggmHg, the normal

shape transitions are not included. Disregarding also
situation is found where y is in the range y = 0 to 1. Smooth trends, espe-
cially in the | = 13/2 isomers, are observed. A conspicuous trend of the
odd-even staggering is also seen in the Pb isotopes [59].

Various theoretical approaches to describe the odd-even staggering effect
[2], [78], [79] could not give a satisfactory explanation. Recently Talmi
[80] succeeded in describing the staggering in the calcium isotopes by as-
suming different polarization of the core by a paired or an unpaired neu-

tron. Zawischa [81] has suggested that four-particle correlations lead to

staggering.
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It can be hoped that the rich information available in the Hg isotopic chain,
and especially that of the | = 13/2 isomers which have an almost pure con-
figuration, will lead to a deeper quantitative understanding of the odd-even

staggering effect.

4.6 Nuclear Moments

The measured nuclear magnetic dipole moments have been widely discussed
in the literature, particularely by Bonn et al. [8] and by Ekstrém et al,
[82], [83]. The striking feature of these experimental results is that far
from the closed shell the magnetic moments of the | = 1/2, 3/2 and 13/2
states remain rather constant around 0.5 n.m., -0.6 n.m., and -1.0 n.m.,
respectively, over a wide range of neutron numbers. Even the strongly

181,183,185

deformed light nuclei, Hg with | = 1/2, described by the Nilsson

orbit [521 1/2], have moments very similar to those of the near-spherical
heavier | = 1/2 ground states in 195"IQT"I(‘-')QHQ.

Tomlinson and Stroke [2] tried to explain the apparent constancy of the
magnetic moments in the context of the independent-particle model. Re-
cently the magnetic moments of the | = 13/2 isomers were calculated by

Ragnarsson [73] and by Volmyanskii and Dubro [84] in a Particle-plus-Ro-

tor model yielding good agreement with the experimental results.

The deformation parameter <f;> can be obtained from the measured spectro-
scopic quadrupole moments Qs in case of strong coupling by the projection

formula

Qo = Q (1I*1)(21*3)/[1(21-1)] (16)
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and the well-known relation [85}
Qo = [3/5m V21ZRo2¢R>(1 * 0.36<B2>*...) an

with Ro = 1.2 A'/3 fm.

Application of (16),(17) vyields for the 1=3/2 ground-states of 187_193Hg a
value of <B.>z-0.13, in remarkable agreement with <[322>1/2 deduced from
the IS data (see Table 1). This indicates that any dynamical effect enter-

ing into <By2>1/2

, but not in <By>, is small. The negative Qs values are in
agreement with many theoretical expectations [65], [67], [68]. Hence the
strong-coupling scheme seems to be quite adequate for the ground states of
these | = 3/2 nuclei, although the deformation is small.

On the other hand, for the | = 13/2 isomers, the strong-coupling projection
formula fails completely; neither the sign nor the deformation parameters
are reproduced [12]. The oblateness of the | = 13/2 isomers is in agree-
ment with experimental findings like the decoupled band structure [86].
All these states appear to have nearly the same deformation (Table 1).
Quantitative calculations for these isomeric QS values by Ragnarsson [73]
show excellent agreement with experimental values for a negative deforma-
tion parameter B,z-0.13 (see also [83]). The theoretical variation of Q
clearly demonstrates the transition from strongly coupled high Q- to decou-
pled low Q-orbitals when the i13/2 neutron shell is filled. This has been

measured here for the first time in a sequence of isotopes, as pointed out

by Faessler [87].
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5. Conclusion

The isotope shift of *82Hg continues the steady trend of all even isotopes
down from the neutron shell closure at 2°%Hg; it is compatible with a regu-
lar contraction of nuclear volume according to the droplet model, accompa-
nied by small deformation. On the other hand, it establishes once more the
phenomenon of odd-even shape staggering which so far is unique in the
light Hg isotopes. The re-evaluated quadrupole moments and &<r2> values
are generally in good agreement with those derived from nuclear spectros-
copy. Near the shell closure, however, the collective contribution to <r2>
is stronger than calculated on the basis of B{(E2) values alone.

Concerning the experimental side it seems interesting to continue the meas-
urements in the shape staggering region, and to search in particular for
deformed odd isomers with | > 1/2, in order to confirm the magnitude and

sign of the static deformation by a spectroscopic quadrupole moment.
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Appendix A

The Electronic Field Shift Factor for the Transition 6s2 1S, - 6s6p 3P, (A =
253.7 nm) of Hg I.

The electronic field shift factor Fi of an optical transition i can be deter-
mined in the following ways:

(i) By ab initio calculations such as the Dirac-Fock (DF) or the multi-con-
figuration Dirac-Fock (MCDF) method (see [34] and references therein).
(ii} By the widely-used semi-empirical method described for example by
Heilig and Steudel [31].

(iii) By combining optical IS data with 1S values from electronic or mucnic
X-ray spectra or results from electron scattering.

Bonn et al. [8] used a semi-empirical electronic field shift factor F254 =
-44.9(5.0) GHz/fm? for the transition 6s2 1Sy, - 6s6p Py (A = 253.7 nm) of
Hg | in accordance with [31]. This has been applied also to later results
(e.g. [8], [10], [12]). Since this value of F is the only exception from
an overall trend, namely, that the semi-empirical evaluation gives larger
values than the ab initio theory [34], and since strong deviations from re-
sults determined by method (iii) are found, we give a revised evaluation of
F254 in the following. It is based on the results from recent experimental
and theoretical work.

Recently Torbohm et al. [34] calculated electronic factors for various
transitions in Hg | and Hg Il in an ab initio approach. A DF calculation for
the alkali-like transition 6s 281/2 - bp 2P1/2 (A =194.2 nm) in Hg Il yields
Figg = -67.67 GHz/fm?. The result of a MCDF calculation for the transition
of interest in Hg | (A = 253.7 nm) is Figq = -95.36 GHz/fm2. The ratio x
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= F254/F]94 = (0.818 can be compared with the slope of a King-plot (see
below). ‘
Following the conventions of Heilig and Steudel [31] the semi-empirical pro-
cedure is as follows: Fi is factorized in an electronic factor E, depending

on the change of the total non-relativistic electron charge density at the

nucleus AI\IJ(O)I2i in an optical transition i and a relativistic correction fac-

tor f(Z)
Fi = Eif(Z) = (nag3/Z)AI\U(0)I2if(Z) . (A1)

f(Z) is determined by the theoretical IS constant C which has recently

unif’
been re-evaluated by Blundell et al. [35].

in the Hg | (6s? - 6s6p) transition the problem of evaluating ANJ(O)I2254
is shifted to the determination of the electron density of a 6s electron in
the 6s 281/2 ground state of Hg Il via a King-plot of the 254 nm transition

against the Hg Il (6s - 6p, A = 194.2 nm) transition by
ATW(0) 12954 = kAIW(0)121g4 = kBIVIO)EZg = vIW(0)I2g, . (A2)

where § and y are the usual screening factors. The DF calculation [34]
gives B = 1.038 and includes the relativistic P1/2 contribution to
AI\U(O)12194. The product y = kB from the DF calculation, y = 0.849, is
not in agreement with the result y = 0.743 of a non relativistic Hartree-
Fock calculation by Wilson [88] and deviates from the value y = 0.67 used
by Bonn et al. [8].

The 254/134 - King-plot vields the slope k = F‘.-,:54/F194 = 0.79(3) and an
intersection of -4.9(4.3)}10% GHz. (18194-data from [89]. ) Within the
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large error the value of the intersection is compatible with the usual
estimates [31] of the specific mass effect for (ns - np) and (ns? - nsnp)
transitions. Since the King-plot introduces a strong correlation between the
field shift and the mass shift and since the uncertainty of the intersection
is so large we fix the specific mass shifts to the usual estimates. With this
constraint k changes to 0.82(1) which is in excellent agreement with the
result of the DF calculations.

The semi-empirical value of NI(O)IZGs of Hg |l can be determined by two
widely used methods (see, for example Kopfermann [90]):

(i) The Goudsmit-Fermi-Segré formula yields
W(0) 12, = ZiZaz/[nao3(n—d)3](1-dc/dn) = 26.75 ap™? (A3)

with Zi = 7 = 80, Za = 2, {(n-o) = 1.7034, (1-do/dn) = 1.298 (This value
based on formula (26.33) in Kopfermann [90] results from a second order
polynomial expression for the quantum defect o, whereas Kopfermann used
a linear variation of o with the term value, giving (1-do/dn} = 1.248).

(ii) From the hyperfine splitting of the 6s 231/2 ground state of *9%Hg |l

one obtains
It.IJ(O)lzss =3x1836.12365/[8na03a"’RyxglFr(Z)(1—5)(1—5)] = 25.43 ap~3 (A4)

with ag, = 1351.17969 mK [91], g = 1.011770(2) [92], the relativistic cor-
rection factor Fr(80) = 2.2573 [90], the Breit-Rosenthal correction (1-38) =
0.901 [93], and the Bohr-Weisskopf correction {1-¢) = 0.968 [93].

Both semi-empirical values agree within 5%. The mean of (A3) and (A4) is
inserted into (A1) via (A2) with B = 1.038 and x = 0.82. The final result of

the semi-empirical approach is
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Fagq = -60.3 GHz/fm? (A5}

for the isotope pair 2°9Hg and ®®*Hg with an estimated uncertainty of 10%.

Table A1 shows a comparison of results derived by the different methods
including the experimental values from electronic and muonic X-rays. Some
remarks should be made:

(i) The semi-empirical Fi value is larger than the ab initio one, which is
the usual trend.

(ii) All the results agree within roughly *7%.

(iii) A correction of -12% for the spin exchange core polarization to the hfs
has been applied in Cd 1l by Bauche et al. [95]. Such a correction would
lower the value of F254 as obtained by (A4). Other problems associated
with the semi-empirical procedure are discussed by Bauche [96], by Blun-
dell et al. [97], and by Torbohm et al. [34].

In conclusion we choose the result of the ab initio MCDF calculation with an
assumed uncertainty in F254 of 7%, which covers the results determined by
all other methods. The electronic factor determined in the analysis of King
[32], essentially based on the X-ray data, is slightly lower but in agree-

ment with our choice within the limits of error.
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Appendix B
RECALCULATI!ON OF THE ELECTRIC HYPERFINE FIELD

201Qg = 0.455(40) b was used in [5], [7], [8], [12] for the evaluation of
the spectroscopic quadrupole moments of the unstab‘_lje isotopes measured.
This value which was obtained by McDermott and Lichten [39] via the un-
modified Breit-Wills theory ()\p = 1, see below) includes corrections as giv-
en by Murakawa [98] who revised his analysis later [99]. Various other
authors have used the unmodified Breit-Wills theory for the analysis of the
6s6p 23+1PJ configuration. References and results for mlQs are compiled
in Table VI of [27]. In the following a re-evaluation of 2°7Q_ is given
which is partly based on the modified Breit-Wills theory.

25+1
P,

The HFS splitting of a nsnp configuration is treated in [90],

[100], [101]. The B factor of the 6s6p *P, state is equal to the single-e-

lectron b factor, 3bp3/ , as given by (10). The superscript "3" indicates
2

that the radial matrix element 3<:~‘:“>p in (10) has to be taken for a radial
p-wave function in a pure triplet state which differs from the one in the
singlet state. In the frame of the modified Breit-Wills theory of the 6s6p

3

configuration in Hg [100], [101] one obtains for the <r ~> ratio in the sin-

glet and the triplet states
1 -3 3 -3 = 2 -_—‘ . 56 . ' )
{r >p/ <r >p Ap 0.5 (81)

We evaluate 3<r“3>p semi-empirically by relating it (i) to the spin-orbit in-

teraction, Svs , and (ii) to the magnetic hfs interaction constant 3a

° P3/2’
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<r73> CALCULATED FROM THE FINE STRUCTURE SPLITTING: Following
Ref. [90] we can eliminate 3<r=3>_ in (10) with the help of the Landé for-

o}
mula and obtain the moment Qs,uncorr uncorrected for the Sternheimer ef-
fect by

The second factor in (B2) contains the ratio of the relativistic corrections
for spin-orbit and quadrupole interaction and amounts to 77.6 according to
Schwartz's calculation [102]). The inner charge Z, is chosen as Z - 4 = 76.
According to Ref. [103] Svso is obtained from the fine structure splitting
évfs = 1.918x102% Hz by applying a Z-dependent factor of 1.0585 which
corrects for the contribution of spin-spin and spin-other-orbit interaction.
Using these values and 3bp3/2 = B(3P:) = 399.150(2) MHz [39] one obtains

Qs,uncorr(zcng) = 0.426 b (B3)

from an analysis of the fine structure splitting of Hg with the help of
(B2).

<r~3> CALCULATED FROM THE MAGNETIC HFS: Since the 3<r'3>p radial

matrix element enters the single-electron interaction constants 3a as

P3/2
well as 3bp / , the <r'3>p matrix element can be eliminated from the ex-
3/2

pression for the spectroscopic quadrupole moment {(uncorrected for the

Sternheimer effect) by

QS,UHCOr‘I" = [8!48}1“/(362)][F3/2(Zi)/Rp3/2(Zi)][9|3b ] . (B4)

/3a
P3/2  P3/2
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The second factor of (B4) contains the ratio of the relativistic correction
factors F,,,(Z.=76)/R (Z.=76) = 0.889 as given by Schwartz [102]. In

order to calculate the ratio 3b /3a
P32 P3/2

constant 3ap3/2 has to be extracted from the A factors in the different

states of the (s,p)-configuration. It has been shown [104] that the contri-

the single-electron interaction

bution of the s electron cancels in the sum
S = A(RP,) * A(PPy) - A(PP,) (B3)

which is equal to -812(7) MHz for 2°3Hg [105]. Using the effective opera-
tor parametrization of the (s,p)-hfs interaction given in [108], one easily
verifies that also the core-polarization terms cancel in (B5}. The sum re-

duces to
S = 1ap01 +3/5 %P, = Az 3ap01 + 3/5 3P, . (B6)

Remaining are the orbital and spin-dipolar interaction constants, the only
ones whose radial matrix elements can be used in (10). The ratio of the

magnetic interaction constants is given by

apm/ap]z = (2 + y/5)/(y - 2) (B7)
with

1-8 (1 -«
2

= a /a = 5¢( } ©(Z.) . (B8)
Y P1/2 P3/2 P1/ 2 :

P1/
Eq. (B7) is derived from the effective operator parametrization of one-elec-
tron 3); factors [107] where the core-polarization term has been subtracted

from the ay;- The ratio y of these "bare" ay; is given predominantly by the
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ratio of relativistic corrections ©(Z=76) = 2.25 [102]. Furthermore, it
depends weakly on the Breit-Crawford-Schawlow correction, 5p1/2 = (0.024,
and on the Bohr-Weisskopf effect which is estimated to give ¢ = 0.008 [90].
These latter corrections are negligable for j = 3/2. With (B5) - (B8) one

calculates for 2P1Hg

1, = -170(2) MHz . (B9)
P3/2

Using this value one obtains

Qs,uncorr(zmHg) =0.422 b . (B10)
The perfect agreement between (B3) and (B10) seems somewhat fortuitous
in view of a discrepancy of up to 20 % found in a similar analysis of other

group |l elements [108].

For Hg no explicit calculation of the Sternheimer correction is available.
Based on the systematics of calculations in similar spectra, Sternheimer es-
timates (1 - R) = 1.14(4) [109]. Applying this correction we obtain

201Q_ = 0.372(40) b (B11)

where the error is an estimate of systematic deficiencies of the formulas

used.
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Fig. 1:
Fig. 2:
Fig. 3:
Fig. 4:
Fig. 5:

CERN

Part of the energy level scheme of Hg !, includingd the ground
state of the charge exchange partner Na relative to the ionization
limit of Hg. The almost resonant exchange condition to the 2P,
state is evident. The A = 546.1 nm transition was studied by col-

linear laser spectroscopy.

Fluorescence signals as a function of the acceleration voltage for
the case of *%#2Hg, *®“4Hg, and 1°%Hg. The integration time per

channel was 1 s, 0.4 s, and 0.1 s, respectively.

King-plot of the IS in the 546 nm line versus those in the 254 nm

line. The common reference isotope is 1°8Hg.

Changes of mean square charge radii 8<r2> in the isotopic chain

181_‘?OGHg as a function of the mass number A, with 198

Hg taken
as a reference. The almost straight solid line correponds to the
change in &<r?> due to the pure volume effect at constant defor-
mation as given by the droplet model. The data points for the

ground states are connected by a line to guide the eye.

Plot of the differences of nuclear mean square charge radii between
even isotopes for Hg (Z=80) and Pb (Z=82) [58], [59]. The solid
curves are drawn to guide the eye. The almost horizontal dashed

line shows the prediction of the spherical droplet model.
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Odd-even staggering parameter y of the nuclear mean square
charge radii of the ground states (upper part) and of the | = 13/2
isomers (lower part) of Hg | isotopes. The y parameters of nuclei
with identical nuclear spins are connected with a sotlid line to guide

the eye.
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Table 1: Compilation of isotope shift data 6v198’A

in the transitions 6s2 1S,
- 6s6p 3Py (A = 253.7 nm) and 6s6p 3P, - 6s7s 3S; (A = 546.1 nm) of Hg |
and of the differences in nuclear mean square charge radii evaluated from
these data. Results for the nuclear ground states and | = 13/2 isomers are
given. The errors listed for 8{r2> are purely experimental. An additional
scaling error stems from the uncertainty of the F-factor (7%) and the SMS.
The scaling uncertainty due to the SMS is 0.4% except for the strongly de-
formed isotopes 181Hg, 183Hg, 135Hg, where it is about 4% due to the rela-
tively small field shift of these isotopes. Rms deformation parameters
<[322>1/2 are listed in column 5 and 6. BIS was fixed to BB(EZ) at 198Hg.
The first of the brackets behind the model dependent parameter BIS gives
the pure experimental error, the second indicates the systematic one which

stems from the scaling uncertainty of the F-factor and the SMS.
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Table 2: Hyperfine interaction constants of the Hg | 6s6p 3P, state of neu-
tron deficient Hg isotopes measured with pulsed lasers on atoms confined in
resonance cells. The values of the magnetic dipole moments p are corrected

for diamagnetism.

A | A (GHz) B (GHz) p (n.m.)
185 172 14.96(7)2 - 0.509(4)°
187 3/2  -5.83(4)%  0.54(13) -0.594(4)°
189 3/2  -5.81(6)7  0.55(20) -0.6086(8)°
191 3/2  -6.02(4)®  0.58(13)% -0.618(11)¢
185m  13/2  -2.305(19) -0.14(23) -1.017(9)¢

3 Weighted mean of RADOP-data [8] and laser spectroscopic results [20].

b Weighted mean of direct RADOP-results [8] and a magnetic moment deter-

mined from the A-factor with the help of the ratio A(22SHg)/u(*%5Hg) with

an estimated error of 1x1072 accounting for the hyperfine anomaly.

c - b
Same procedure as in

d

with the ratio A(292Hg)/p(2°1Hg).
From the A-factor with the help of  the known ratio
A(lgBmHg)/u(T%mHg). An error of 1x107? accounting for the hyperfine

anomaly is included.
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Table 3: Compilation of spectroscopic quadrupole moments Q. of the nuclear
ground states and | = 13/2 isomers of Hg isotopes. The moments are eval-
uated taking as reference the values B(6s6p 3P,) = -0.280107(5) GHz [40]
and Qs = 0.372(40) b for 2°9*Hg. The B factors used for the evaluation of
Qs are listed in Table 2 of this work, in Table 3 of Ref. [8], and in Ta-
bie 1 of Ref. [12]. The errors listed for Qg include the scaling uncer-

tainty from the reference value.

A 185m 187 187m 189 189m 191 191Tm
Qg (b) 0.19(33) -0.72(25) 0.45(33) -0.73(35) 0.64(26) -0.77(25) 0.62(25)

A 193 193m 195m 197m 199m 201 203
Qg (b) -0.70(38) 0.885(97) 1.04(11) 1.20(14) 1.74(45) 0.372(40) 0.331(36)
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Table A1: Comparison of the electronic factor F254 for the transition

6s? 1S, - 6s6p 3Py (A = 253.7 nm) in Hg I.

Fosq (GHz/fm?) Method
-55.36 ab initio relativistic MCDF calculation [34]
-60.3(6.0) semi-empirical calculation
-55.1(3.1) electronic X-ray data [94]

-52.1(1.0) muonic X-ray data [41]
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