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Fitting hyperfine structure spectra and calculation of electronic
factors

Figure 1 shows the three-step ionization scheme used to
produce gold ions during the experiment. The hyperfine struc-
ture (hfs) and isotope shift (IS) measurements were performed
on the 267.6 nm, 6525, — 6p ZP‘I’/2 atomic transition. The
components of the hfs were fitted with Voigt profiles using
a y-squared minimisation, where their positions are given by
the expression [1]:

. c’ C

v =v+a6p?—aﬁsz, (1)

where v is the transition’s centroid frequency, C = F(F + 1) —
II+1)—-J(J +1),1,J and F are the total angular momenta
of the nuclear, electronic, and atomic levels, respectively, a,,
is the magnetic hyperfine constant for the atomic level with
quantum numbers 7 and ¢, and the prime symbol denotes the
upper level of the atomic transition. The positions of the hfs
components were determined using four parameters: the nu-
clear spin, I; the isotope shift (IS) relative to stable 197 Au
(6va.197 = va — v197); and the magnetic hfs constants, ae; and
agp, for the lower and upper levels involved in the transition

scanned using the narrowband laser'. Transition intensities

I As both atomic levels in the 6s2S1/2 — 6p 2P’1’/2 transition have J = 1/2,
the quadrupole hfs constants = 0. Hence, it is not possible to extract spec-

s were fitted using calculated Racah coefficients, accounting for
ss differences in the saturation of hfs components in the first and
so second step of the laser ionization scheme (see Ref. [2] for
51 details).

sz From the fits, values for the IS between specific states and
ss the ground state of 7 Au were extracted. These were used to

s« deduce 6<r2>A,197 values using the relation:

>

1
ova197 = (knms + kSMS)(— - )+ Fo(raie, (2)

My, My

where ¥ is an electronic factor, knwms 1S the normal mass shift
ss (NMS) constant, and kgyps is the specific mass shift (SMS)
constant, and M, is the atomic mass of the isotope with mass
number A.

Previous IS studies of gold nuclei used a value of ¥ =
—43.07 GHz/fm? for the 267.6-nm transition [4—10]. This was
calculated within the framework of the multi-configuration
Dirac-Fock theory. However, no estimations of the theoretical
uncertainty were given. Empirically estimated theoretical un-
certainties proposed by Otten [1] for F (of ~ 10%, or more in
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troscopic quadrupole moments from our data. Nuclear spins could not be
unambiguously determined from our hfs spectra, due to our limited resolu-
tion. Therefore, they were fixed according to values taking from literature,
or from our complementary decay studies.
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AUtCs’itC;ft‘;Zing ss Dyall’s [20, 21] basis sets augmented by additional basis func-
84806 et 7 tions. Basis sets LHbas and Lbas correspond to the extended
A Continuum s uncontracted AE4Z Dyall’s basis set, while Mbas and Sbas
IP = 74409 cm s basis sets correspond to the extended uncontracted AE3Z and
s AE2Z Dyall’s basis sets, respectively. Compositions of em-
o Fundamental o1 ployed basis sets are given in descending order of their quality
3" step | Broadband Dye laser o in Table L
673.9 nm s For electronic structure calculations the locally modified
69971 Cm'lA 8y o pIRACLS [22, 23], wmree [18, 19, 24], Exp-T [25, 26] and

o5 HFD [27-29] codes have been used.

a

3™ harmonic

2" Step | Broadband Dye laser TABLE 1. The total number of basis functions in different basis sets.
306.5 nm Basis set Functions
LHbas 40s, 36p, 19d, 14 f, 10g, 7h, 4i
37359 cm™|  6pPy, Lbas 40s, 36p, 19d, 14, 10g, 5h, li
A Mbas 365, 30p, 15d, 111, 5g, 1h
Sbas 30s, 25p, 12d,9f, 1g
3" harmonic
1%t Step Titanium Sapphire laser 6 Calculated contributions to the field shift and mass shift
267.6 nm o7 constants are given in Table II. The main correlation cal-
s culations have been performed using the coupled cluster
0cmt 6s2S,,,

9 method with single, double, and perturbative triple ampli-
Au 1o tudes, CCSD(T) [30, 31], the Dirac-Coulomb Hamiltonian

and the Gaussian nuclear charge distribution model. The LH-

FIG. 1. The three-step ionization scheme used during the experiment bas basis set has been employed for the case of #~ and kxus
to produce gold ions (adapted from Ref. [3]). 103 constants. Calculation of the mass shift constant kgys is tech-
nically more complicated due to the two-electron nature of the
corresponding operator. Therefore, in this case, the Mbas ba-
sis set has been used. All electrons were included in the corre-
lation treatment. The virtual orbitals were truncated at the en-
ergy of 10000 Ey,. Calculations of the contributions of correla-
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some cases), are far larger than the precision achieved exper- 10
imentally. Indeed, our recent works have shown that in some 107
cases, the values from old calculations require corrections of 1
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the order of ~ 20% compared to advanced methods [11]. Fur- 10e

thermore, in previous works the kg s constant for the 267.6-
nm transition was not calculated at all [5, 6]. Instead, a global
empirical estimation for all ns — np transitions was used
(ksms = (0.3 + 0.9)kxms [12]). Therefore, considering the
advances in atomic calculations since the previous works, and
the need for proper evaluation of the associated uncertainties,
new calculations to determine the values of 7, kxms and kswmis
were performed.

The constants knys and ksys were calculated using the fol-
lowing relativistic Hamiltonians [13-16]:

tion effects beyond the CCSD(T) model have been performed
within the coupled cluster with single, double, triple, and per-
turbative quadruple amplitudes, CCSDT(Q), method [17-19]
within the Mbas basis set. In these calculations, sixty 1s — 4 f
electrons were excluded from the correlation treatment and
virtual energy cutoff has been set to 20 Ey,. For kgys we have
calculated basis set correction at the CCSD level as the dif-
ference between the kgys values obtained in all-electron cal-
culations using Lbas and Mbas basis sets. The contribution
of the Gaunt interelectron interaction has been calculated at
the self-consistent field level. Note, that the non-relativistic

S

(8]

@

=

@

NMS, knms = v/1822.9 = 615 GHzu (v being the transition

Hroas = 1 Z 72— aZio L (@; - 77| A 3" frequency), is very close to our relativistic value (see Table II),
2A - ! ri | ! rl.2 i 122 however, it is not possible to estimate the uncertainty in the
123 non-relativistic case.
) . 12+ The uncertainties on the calculated constants consist of sev-
_ 1 Lo, oal|,  (@-nrn| 125 eral terms. The contributions of the effect of increasing the
Hows = == (B B — — | @+~ 3o, (4 .
2A Ti r; 126 basis set from MBas to LHBas (for the case of ¥ and knwms)

e and to LBas (for the case of kgys) have been used as an esti-
mate of the uncertainty due to the basis set quality. The Gaunt
interaction contribution given in Table II is included totally
in the uncertainty. The uncertainty due to correlation effects
takes into account: (i) higher-order correlation effects uncer-
tainty for sixty core electrons, estimated as the difference be-
tween contributions of non-iterative triple amplitudes for all

where Z is the proton number, @; are Dirac matrices corre- 1z
sponding to electron i and 7 is the coordinate of i electron. 1z
Electronic correlation effects have been considered within the 130
relativistic coupled cluster theory with inclusion up to quadru- s
ple cluster amplitudes [17-19]. In the electronic structure
calculations, we have used the uncontracted Gaussian type 1
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TABLE II. Calculated values of the normal, knxus, specific, ksus, to-
tal, kto mass shift constants (in GHz-a.m.u.), and the field shift con-
stant, 7, (in GHz/fm?) using different levels of electronic theory.

156

knvs  kswms kT otal 7
79e-CCSD(T) 723 221 944 -41.9
19e-CCSDT - 19e-CCSD(T) -124 -37 -161 +1.0
19e-CCSDT(Q) - 19¢e-CCSDT 4 -31 -35 +0.5
Basis set correction - -28 -28 -
Gaunt +5 -22 -17 +0.3
Total 600(40) 103(93) 703(101) -40.1(11)

electrons and 19 valence electrons; (ii) higher-order correla-
tion effects uncertainty for 19 valence electrons estimated as
the “CCSDT(Q)-CCSDT” correction; (iii) the uncertainty of
the “CCSDT(Q)-CCSD(T)” contribution, estimated as the dif-
ference between the values of these contributions calculated in
the Mbas and the Sbas basis sets. This term corresponds to the
“interference” between high-order correlation effects and the
basis set size increase effect. For the ¥ constant (for which
we obtained results with smaller uncertainty) we have also es-
timated the uncertainty due to the nuclear charge distribution
model (Gauss vs. Fermi) at the self-consistent field level. Fi-
nally, following Ref. [11] we include effects of QED of ~1%
in the uncertainty of . The total uncertainty was determined
by summing the different contributions in quadrature. For 7,
the different contributions to the uncertainty are 1.2% from
the electron correlation treatment level, 1.5% from the finite
basis set limitations, 0.7% from the Gaunt contribution uncer-
tainty, and 1% from the nuclear charge distribution. For the
mass shift constants, uncertainties of: 1.7% for knwms, 27.7%
for kspms stem from the finite basis set; 6.4% for knwms, 83.0%
for ksps from the correlation effects treatment; and 0.9% for
knums, 21.3% for kgys from the Gaunt contribution.
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Comparison of experimental and calculated magnetic dipole
moments for gold isotopes
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FIG. 2. Comparison between experimental magnetic dipole mo-
ments (@) of gold isotopes with those from HFB calculation with-
out (m) and with (a) configuration mixing included. The filled sym-
bols indicate ground states, whilst the hollow symbols represent the
isomers in '7®!87 Ay and the high-spin state in '’® Au. The shaded pink
area is to guide the eye, and indicates the region of well-deformed
ground states.

Comparison of experimental and calculated changes in
mean-squared charge radii in the lead region
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FIG. 3. Comparison between experimental (@) and theoretical (a)
results for ground state §(r?) values along isotopic chains. Candi-
dates states were selected from the calculations based on having the
best agreement with 5¢r2), correct I when compared to experiment,
a u value within 50% agreement of the experimental value, and an
excitation energies within 2 MeV of the calculated ground state. The
isotopic chains are arbitrarily offset from each other for clarity, and
are labelled with their chemical symbol and proton number.
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