Z. Phys. A - Atoms and Nuclei 316, 157-160 (1984)

Zeitschrift

feiseia Atoms
andNuclei

© Springer-Verlag 1984

Volume Isotope Shifts in Low Lying Transitions of Aul

A.Rosén

Department of Physics, Chalmers University of Technology, Goteborg, Sweden

B. Fricke and G. Torbohm

Institut fiir Theoretische Physik, Universitdt Kassel, Federal Republic of Germany

Received November 30, 1983

Electronic factors in the volume isotope shift have been calculated in an ab initio way
with the relativistic Dirac-Fock method for a number of different optical single/and
two-photon transitions in Aul. The agreement with a semi-empirical method is within
109 for the resonance transition. For this one and a few other transitions the effect of
core excitation has been analyzed with the Multi-configuration Dirac-Fock method as
well, and it was found to reduce the electronic factor in the order of 59%.

Programs for measurements of nuclear spins, hyper-
fine structure constants, and isotope shifts (IS) for
series of neutron-deficient as well as neutron-rich
isotopes have been going on during the last years at
the ISOLDE facility at CERN [1-5]. The objective
of these investigations is to get information on the
single particle structure of the investigated nuclei, to
follow trends of nuclear properties for series of iso-
topes, and isotones as well as to test the validity of
different nuclear models [6]. The measurements give
the nuclear spins directly, while the evaluation of
nuclear moments for a certain isotope, and change
of nuclear charge radit between isotopes, requires
knowledge of the electronic factor for that particular
interaction [7].

The magnetic ground state hyperfine structure, and
the nuclear spins have been determined for a num-
ber of radioactive Au-isotopes [8-10] by the atomic-
beam magnetic-resonance method. Information
about the quadrupole moment exists only for the
stable isotope '?7Au [11]. Recently [12-14] IS have
been measured in the resonance line between '°7Au
(stable), and '*>Au (T, ,=183d) isotopes at Mainz as a
pilot project of systematic [S-measurements for a se-
ries of short-lived Au-isotopes at the ISOLDE fa-
cility. In this project measurements are planned also
for some 6s—ns two-photon transitions. Nuclear
data properties, derived from these measurements,
then are planned to be used for comparison with
data for neighbouring isotopes of Os, Ir, Pt, Hg, TI,
and Pb [5, 6].

Recently, relativistic Multi-configuration Dirac-Fock
(MCDF) wave functions, coupled to good angular
momentum J, have been obtained for low lying
states of Bal and Ball [15]. Good agreement was
achieved with an electronic factor for the volume
isotope shift, evaluated from isotope shifts in muonic
X-rays [16], although there is some discrepancy to
more recently published muonic X-ray data [17].
The reason for this discrepancy is at present not
understood. Further, a comparison of experimental
slopes of lines, obtained by a King plot analysis, was
found to be reproduced well by these wave func-
tions. Also the J-dependence of the volume IS of the
resonance transitions in Ball was found to be in
complete agreement with the experimental values
[18, 19]. These calculations are extended at present
to all elements in group Ila and IIb of the periodic
table [20]. As a continuation of those calculations
we present in this paper electronic factors for a
number of transitions within the Aul spectrum,
which will be useful in the analysis of data from the
proposed IS-measurements.

The isotope shift in an atomic transition between
two isotopes with mass 4 and A4’ is the sum of field
shift év,, and mass shift év,, [21]

5vAA’=5v’f“'+5v,’,‘,A' (1)
where the field shift is given as product of an elec-

tronic factor F;, and a nuclear factor 4 proportional
to §{r?*>4% in first order, ie.:

v =F; AxF o (r*)*". 2)
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Fig. 1. Level energy diagram of the neutral Au atom. Wavelengths
for a number of one-photon as well as two-photon 6525,
—ns?S,,, transitions are indicated

The normal part of the mass shift can be evaluated
exactly, while the specific part is usually estimated in
some empirical way [22]. Since the specific mass
shift is sensitive to correlation effects, an ab-initio
evaluation requires extensive multi-configuration
[23] or many-body calculations [24]. In this work
we will calculate the volume isotope shift only,
applying the relativistic MCDF-code by Desclaux
[25].

A level energy diagram for the low lying states of
Aul, as constructed from the energy levels of Moore
[26], is presented in Fig. 1. The spectrum is alkali-
like with a 65°S,,, ground state with a number of
ns®Sy,, np°P,, np’Py,, nd’D,,, and nd’Dy,
Rydberg states. The lowest ?D,,, and *Dy,, states
originate from the even parity 5d°6s? configuration.
Wavelengths for a number of one-photon as well as
some two-photon 6s°S,,—ns?S,,, transitions are
indicated. Separate single configuration Dirac-Fock
calculations have been done for each state. Since Au
is a heavy element, and the electronic charge density
varies strongly over the nuclear volume, calculations
were done with an extended nucleus using a two-
parameter Fermi-nuclear charge distribution [27]
with 21 mesh points inside the nucleus. The half-
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Table 1. Electron charge density at the nucleus (at r=0) from sin-
gle and multi-configuration calculation for various states in Aul
and the ground state of AuIl. The values are given relative to the
%S, ground state

State 47 (0)* [(aw) ]

SC-calc. MC-calc.

Aul with 5d4*%-core

625, 27078974
728, 1351
825, — 1462
925, ~1492
1025, —1504
62P,, —1459 ~1392
6P, , — 1503 —1381
2P, ~ 1507
7P, —1516
8P, , —1514
82P,, —1518
62D,, ~ 1519
62Dy, —1519
72D, —1519
D, —1519
8D, —1519
82D, ~1519
Aul with 54°652%-core
D, +2150 +2008
Dy, +2072 +1930
Au II with 54'°6s%core
'S, —1519

charge radius R,, and thickness parameters t, were
R,=638fm, and t=2.32fm. The charge density at
the nucleus (at r=0) was evaluated in each calcu-
lation (Table 1), and used for the calculation of elec-
tronic factors for the transitions given in Table 2.

We notice how the charge density at the nucleus for
highly excited states approaches the value achieved
for the ionized system Aull. Since the electronic
charge density as well as the difference of the charge
density between different configurations vary over
the nuclear volume, the higher nuclear moments be-
come effective in the evaluation of the parameter A
in formula (2). Formula (2) reads more exactly [28]

VI =F - A=[c, 0?4+ ¢,0{r* ) +¢36°> +...]
=F6{*)K (3)

where ¢, are proportional to the expansion coef-
ficients of the difference of the electronic charge den-
sity. All relations ¢,/c,, and c¢,/c, are equal (within
a fraction of a percent) for all transitions. (c,/c;=
—1.19-1073fm~? ¢,/c, =3.66-10"° fm~* for Au.) ¢,
is identical with the electronic factor F,, which is
proportional to the charge density difference at r=0;

2
ie, ¢, =Fi=—375 ZeAW{0)*. For this element Au the
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Table 2. Electronic factor F, in GHz/fm? for various transitions in
Aul calculated from single and multi-configuration Dirac-Fock
calculations

Transition Wavelength  Electronic factors F;
(nm) (GHz/fm?)
from from
SC-calc. MC-calc.
625, 6P, 2676 —4514  —4307
—-7°2P,, 166.5 —46.23
-8°%P,, 150.1 —46.84
—o 2P, 1344 —47.00
625,,—6%P,, 242.8 —46.50 —42.73
-72P,, 164.6 —46.90
—8°P,, 149.4 —46.96
- 2Py, 134.4 —47.00
628,,,— 725, 2x367.0 —41.80
-825,, 23089 —45.23
925, 2x291.1 —46.16
~1028,, 2x283.1 —45.53
—0 28, , 2 % 268.7 —47.00
6P, =725, 583.7 +334
—~828,, 365.1 —0.09
928, , 319.2 ~1.02
—1028;, 300.6 —139
6 2Ps/z =7 251/2 751.1 4.70
-87S,, 4242 1.27
-928,, 363.5 034
—1028,, 339.5 —0.03
52Dy, 6P, 627.8 ~111.66  —105.2
—62P,, 506.5 —113.02  —1048
5Dy 6 2Py 3123 —11060 1024

correction K in Eq. (3), due to the higher moments,
is about 8%, (i.e., K=0.92).

Table 2 shows that the electron charge density at the
nucleus of the lower states clearly dominates the
magnitude of the F, values. Within each Rydberg se-
ries presented here the F, values become more nega-
tive, and approach a limiting value which is the cor-
responding F, value of the ionized system. The
higher the Rydberg state the less it contributes to
the charge density at the nucleus, and the more the
atom can be separated into an ionized core, and a
surrounding electron which interacts less and less
with this core. That is the reason why the first three
series in Table 2 all approach the limiting value F_
= —47.0 GHz/fm? which corresponds to the differ-
ence of the charge density between the two ground
states of Aul *S,,, and Aull 'S,. All other series
presented in Table 2, which have an excited state as
lower level, show the same behaviour to more nega-
tive F values for higher Rydberg states.
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An important question is the influence of correlation
on the F; values. We have tried to give an answer by
performing various MCDF calculations, taking into
account the core excitation. A 5d-electron excitation
should be most preferable from an energetical point
of view as its binding energy is only a few eV below
the valence 6s electron, whereas the next core level,
the 5p shell, is bound aiready by about 70 eV. If one
considers only one-particle core excitation contri-
butions into the outer 6p,,,, 6ps,, 6d;, and 6d,
electronic shells, one arrives at the conclusion that
in the case of the lowest 2§, 2D, and 2P states a
merely reasonable contribution can be expected for
the *P;,, and ?P,, states, only. In these two cases it
is possible to construct configuration state functions
(CSF) coupled to good angular momentum J, and
parity, which include 6s one-particle wave functions.
As a result the MCDF wave function for the *P,,,
state consists of 5 CSF from which the main contri-
butions are as follows

67P,,,>=0.9845d"%6p, ,; J=1/2)
+0.1115d3,,5d%,,656p, 53 J =1/2)
—0.10715d%,,5d3,,656p5,,3 J=1/2) + ...

The *P,, state consists of 8 CSF with its main con-
tributions

62P,,,>=0.974|5d"°6p, ,; J=3/2)
+0.144(5d%,,5d3,,656p, 53 J =3/2)
+0.134(5d%,,5d3,656p5,,5 J=3/2>+ ...

The contributions, which include a 6s electron, in-
crease the density at the nucleus.

In the case of the 28, and 2D states only one-particle
core excitations contribute to the MCDF wave func-
tion, which do not change the number of 65 elec-
trons, and thus the charge density will not be
changed noticeably. Instead in the 2D states two-parti-
cle excitation from 65 to 6p® (i.e., 6p3,,, 63,5, 61,
6p},,) contribute, which decreases the charge density
at the nucleus. Both tables include the results of the
MCDF calculations. As it is not possible with the
MCDF code to include open shells with the same
Dirac k quantum number, and the same number of
occupation in the configuration state functions, only
those F; values are given in the last column of Ta-
ble 2 where a calculation was possible.

The overall picture is, nevertheless, that the maximal
change is in the order of 59 in the F, values so that
this contribution, due to the influence of correlation,
is about as large as the influence due to the change
of the electron density over the nuclear volume.
However, both corrections go in the same direction.
The F, value —45.14 GHz/fm? calculated here in a
single configuration ab-initio way for the resonance
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transition 6s2S;,—6p°P,,, agrees quite well with
a semi-empirical estimate of F,= —50(5) GHz/fm?
[127. (The multi-configuration value —43.07
GHz/fm? is not too far away either) This semi-
empirical value has been estimated from the ex-
perimental hyperfine structure splitting in the
6s2S1/2 ground state, and by the Fermi-Goudsmit-
Segré formula [7]. In addition, the effect of relativity
on the hyperfine structure is included by relativistic
correction factors tabulated by Kopfermann [7], and
on the isotope shift with formulas given by Bodmer
[297], and Babushkin [30]. The effect of screening on
the F, value was estimated by extrapolating from
data for Os [22]. There are, therefore, a number of
uncertainties involved in such a semi-empirical pro-
cedure. Additionally, it should be pointed out that
the hyperfine structure operator, and the field shift
operator are quite different relativistically [31],
which has not been considered fully in the semi-em-
pirical approach. Our values are evaluated in an ab
initio way using the correct form of the field shift
operator. The ab-initio values given in Table 2
should, therefore, serve as a guide in the analysis of
isotope shift data in other transitions, and for the
extraction of 5{r*) values from such measurements.
In the analysis of experimental isotope shifts nor-
mally a King plot procedure is adopted. The isotope
shifts in a transition i are plotted as a function of
the corresponding isotope shifts in another tran-
sition j, known as the reference. The slope of the
resulting line is given as the ratio between changes
in the electron density at the nucleus 4p;/4p; or in
terms of the factors F;/F; for the two transitions i
and j. In the earlier analysis of transitions in Bal
and Ball [15] slopes, evaluated with MCDF wave
functions, were found to describe the experimental
values very well. Theoretical values of such slopes,
with the 6sS,,—6p’P,, transition as reference
line, can be calculated easily from the values given
in Table 2. Unfortunately, at present no experimen-
tal values for comparison exist, however, it is hoped
to obtain in the near future from measurements at
the ISOLDE [12].
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