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Bohr-Weisskopf effect: From hydrogenlike-ion experiments to heavy-atom
calculations of the hyperfine structure
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We study the influence of electron screening on the Bohr-Weisskopf (BW) effect in many-electron atoms.
The BW effect gives the finite-nucleus magnetization contribution to the hyperfine structure. Relativistic atomic
many-body calculations are performed for s and p,, states of several systems of interest for studies of atomic
parity violation and time-reversal-violating electric dipole moments—Rb, Cs, Fr, Ba™, Ra™, and TI. For s states,
electron screening effects are small, and the relative BW correction for hydrogenlike ions and neutral atoms is
approximately the same. We relate the ground-state BW effect in H-like ions, which may be cleanly extracted
from experiments, to the BW effect in s and p,, states of neutral and near neutral atoms through an electronic
screening factor. This allows the BW effect extracted from measurements with H-like ions to be used, with
screening factors, in atomic calculations without recourse to modeled nuclear structure input. It opens the way
for unprecedented accuracy in accounting for the BW effect in heavy atoms. The efficacy of this approach is
demonstrated using available experimental data for H-like and neutral 2°>T1 and 2% T1.
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I. INTRODUCTION

Precision studies of the hyperfine structure in heavy atoms
and ions play an important role in atomic and nuclear physics.
They allow for stringent tests of quantum electrodynamics in
strong electromagnetic fields [1-3], determination of nuclear
magnetic moments [4—7] and tests of nuclear structure models
[8—-16], as well as tests of atomic structure theory needed for
precision atomic searches for physics beyond the standard
model [17-19].

In precision hyperfine calculations, one must account for
the finite distribution of the nuclear magnetic moment across
the nucleus, which gives a contribution to the hyperfine struc-
ture known as the Bohr-Weisskopf (BW) effect [20]. For
heavy systems, it is not currently possible to obtain this in-
formation from nuclear structure calculations with sufficiently
high accuracy for a number of applications, and other methods
are sought to deduce or control it. A notable example is in tests
of bound-state quantum electrodynamics (QED) in hydrogen-
like ions: the size of the BW effect is comparable to the size
of the QED radiative corrections, and a method to remove the
BW contribution in a specially constructed difference of the
effects in H-like and Li-like ions is utilized [21].

The last few years have seen a resurgence of interest in
the Bohr-Weisskopf effect and in improved modeling of the
nuclear magnetization distribution. This includes its use in
the determination of nuclear magnetic moments [5-7], in un-
derstanding the neutron distribution in nuclei [12,13], and in
reliable tests of atomic wave functions in the nuclear vicinity
[22,23]. The high sensitivity of the hyperfine structure to
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modeling of the finite nuclear magnetization distribution for
a number of systems of interest for precision atomic tests
of the standard model has only recently come to light [24].
In some cases this amounts to a difference in the hyperfine
structure of several percent. Inaccurate modeling of the nu-
clear magnetization distribution and BW effect has significant
ramifications for fundamental physics tests, and the ability to
test these models is critically important to these areas of study
[16,24].

Progress has been made recently in testing nuclear mag-
netization models using available experimental data for
heavy atoms. Studies of the differential hyperfine anomaly—
the difference in nuclear-size effects for different isotopes
of the same system—support the validity of the nuclear
single-particle model for many of the considered atoms
[5,7,12,13,15,16,25]. The adoption of this model in place of
the widely used uniformly magnetized ball model represents
an advancement in the treatment of nuclear structure effects
in heavy atoms and leads to a significant shift in the hyperfine
structure in some cases.

While the differential hyperfine anomaly gives a much-
needed window into the nuclear magnetization distribution, it
tests the difference in the BW effect between isotopes, while a
test for a single isotope would provide a more powerful probe.
For many-electron atoms, the atomic theory uncertainty limits
the direct extraction of the BW effect from comparison of
calculated and measured values for the hyperfine structure.
Remarkably, this was carried out successfully [23] for an
isotope of Ra™ for the unusual case in which the BW effect
is several times larger than the atomic theory uncertainty
[23,24], with a BW uncertainty approaching 10% (taking the
atomic theory uncertainty to be 0.5%). Direct extraction for
high-lying levels of heavy atoms is another possibility, where
the atomic theory uncertainty is expected to be significantly
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smaller than for the lower levels [22,26]. To overcome lim-
itations due to modeling of the BW effect in heavy atoms,
it has been proposed to replace the effect with a ratio of
measured and calculated values of the hyperfine structure [22]
in a similar vein to the specific difference method used to test
QED [21] (see also discussion of the methods in Ref. [27]).

In the current paper, we consider extraction of the
Bohr-Weisskopf effect from hydrogenlike ions for use in
many-electron atoms. Indeed, the cleanest way to probe the
magnetization distribution is through measurements with H-
like ions, due to the high precision of both measurements and
theory. Note that while in muonic atoms the size of the BW
effect may be an overwhelming ~100% of the size of the total
hyperfine interval, uncertainties connected to the experiments
and theory hinder the high-precision determination of the ef-
fect [28,29]. Measurements have been performed for several
H-like ions of interest for tests of QED, including 2*Bi®**
[30], 27Pb3!* [31], and 2%%-205T13%F [9]. The Bohr-Weisskopf
effects for these systems have been extracted with uncertain-
ties at the level of 1% (see, e.g., Ref. [11], and Refs. [5,15]
with updated nuclear magnetic moment values for 2*Bi [3]
and 2°’Pb [32]).

In this paper, we study the effects of electron screening on
the BW effect and calculate screening factors that relate the
ground-state BW effect in H-like ions to the effect in s and
P12 states of neutral and near neutral atoms for systems of
interest for precision atomic searches for new physics. This
approach is based on the same principle highlighted in a recent
work [23] on the theory of the BW effect in molecules—
that the BW effect in atoms (and molecules) is determined
fundamentally by the BW matrix element for the ls state of
the H-like system. The uncertainty of the screening factors
for s states of many-electron atoms is negligibly small. We
demonstrate the validity of the approach with TI, for which
there are both H-like and neutral-atom precision hyperfine
data available. It is hoped that this paper will stimulate new
experiments with H-like ions for the considered systems.

II. THE BOHR-WEISSKOPF EFFECT

The relativistic electron Hamiltonian for the interaction
with the nuclear magnetic dipole moment is

ngs = - (n x @) F(r)/r?, (1)

where « is a Dirac matrix, n = r/r is the radial unit vec-
tor, p = wl /I with I the nuclear spin and p the magnetic
moment, & &~ 1/137 is the fine-structure constant, and F(r)
describes the nuclear magnetization distribution [F(r) =1
for the pointlike case]. We use atomic units (h=|e|=m,=1,
c=1/a) unless stated otherwise. Matrix elements of the oper-
ator (1) may be expressed as A(I - J), where J is the total
electron angular momentum, and A is the magnetic dipole
hyperfine constant.

The contribution to the hyperfine structure arising from
account of the finite nuclear magnetization distribution is
known as the Bohr-Weisskopf effect [20]. This is a sizable
effect for heavy nuclei and typically enters at the percent level.
In this paper we use two nuclear magnetization models—
the uniform distribution (“ball” model) and a simple nuclear
single-particle model. Until recently it has been standard

practice in the heavy-atom community to use the ball model
or to use the same (Fermi) model that describes the nuclear
charge distribution. In the ball model,

Faan(r) = (r/rm)’

and Fgy(r) = 1 for r > r,,. A value for the nuclear magnetic
radius, r,,, is usually found from the root-mean-square (rms)
charge radius rums, 7 = +/5/3 rims- It has been shown re-
cently [5,16,22,24] that for a number of systems of particular
interest in studies of fundamental symmetries violations the
ball model leads to sizable errors in the calculated hyper-
fine constants by as much as several percent. A model that
has been shown [5,15,16] to be substantially more accurate
for such systems is the simple nuclear single-particle model
[20,33,34]. Indeed, recent studies of the differential hyper-
fine anomaly [5,15,16] (see also Refs. [12,13]) support the
single-particle model for isotopes of Rb, Cs, Ba*t, Fr, and
T1. The results for Fr are also supported from measurements

in 27Pb¥!* and 2Bi®** (see, e.g., supplemental material in
203,205 80+

for r < ry,, 2)

Ref. [5]) and those for TI from measurements in
(as discussed below). Further, the BW effect for 25Ra™ has
been directly extracted [23] from atomic measurements, in
good agreement with the single-particle model. The mag-
netization distribution in the single-particle model may be
included in many-electron atomic calculations in a straight-
forward way [35]:

Fsp(r) = Fgan(r)[1 + AF (I, L, /1)) 3)

Expressions for the term AF, which depends on the nuclear
spin, configuration, and magnetic moment, may be found in
Refs. [35,36]. The simplest version of the model [36]—which
we use in this paper—takes the nucleon wave function to be
constant across the nucleus, and excludes nuclear spin-orbit
effects. More sophisticated modeling, in the Woods-Saxon
potential and with spin-orbit interaction included [8,37], leads
to relatively small corrections for 87Rb, 133Cs, 2'1Fr [24], and
isotopes of T1 [15] (see also Refs. [8,38]).

It is convenient to express the hyperfine constant in the
following form (see, e.g., Ref. [34]):

A= Ao(l +€) + 8 Agep. 4

with the Bohr-Weisskopf effect given as a relative contribution
€. Here, A corresponds to the hyperfine constant found with
a pointlike nuclear magnetization distribution (F = 1) and
with a finite nuclear charge distribution. We model the latter
using a Fermi distribution, with the rms charge radii from
Ref. [39] and the thickness parameter taken to be 2.3 fm. It is
particularly useful to parametrize the BW effect as a relative
rather than an absolute correction, as for heavy alkali-metal-
like atoms and ions € is, to a high degree, independent of
(i) electron correlation effects beyond core polarization, (ii)
principal quantum number, and (iii) ionization degree (for s
states), as we explore further below. All of this is a conse-
quence of the short-range nature of the BW effect; see, e.g.,
Ref. [21], and discussion below. The QED contribution to
the hyperfine structure, 8 Aggp, must also be considered, as
it enters with comparable size to the Bohr-Weisskopf effect
[8] (see also, e.g., Refs [11,24,36,40-43]).
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For hydrogenlike ions, the simple atomic structure allows
for calculations with particularly high precision. Accurate de-
termination of the Bohr-Weisskopf effect from experiments is
therefore possible,

Al = AP+ €) + 8 ASgp, ®)

as long as the QED contribution A5, and the nuclear
magnetic moment—which enters both terms on the right-
hand side of Eq. (5)—are known sufficiently well. Indeed,
the QED contributions have been evaluated with high pre-
cision for hydrogenlike ions spanning much of the periodic
table [8,21,34,36,37,40,42,44-49]. The BW effect is known
to ~1% or better from measurements with 203205T1*% [9],
207Pb81+ [31]’ and 209Bi827L [2]

A. Electron screening

For many-electron atoms, the situation is different, and
direct extraction of the BW effect from comparison of theory
with experiment is strongly limited by uncertainties in the
atomic structure that enter .Ay. We proceed by introducing an
electron screening factor,

Xser = G/GH_hkev (6)

and express the hyperfine constant for many-electron systems
as

A = Ap(1 + xger €% + 8 Agep, @)

where '~k ig the BW effect for the 1s or 2p;,, state of
the H-like ion of the same nucleus. For states with j > 1/2,
the Bohr-Weisskopf effect is essentially zero in the hydro-
genlike case, and only becomes nonzero for many-electron
atoms due to core polarization effects. The screening factors
depend only very weakly on the nuclear model and on atomic
many-body effects beyond core polarization, as we explore
further below, and they may therefore be determined with high
accuracy.

Indeed, the possibility to accurately determine such elec-
tronic screening factors forms the basis of the specific
difference approach for removal of the BW effect in tests of
QED, which has been formulated for Li-like ions and imple-
mented for Li-like Bi [3,21,50].

It is worth noting that QED corrections §.Aggp to the hy-
perfine structure for many-electron atoms may be rigorously
evaluated, with uncertainties well below those connected to
nuclear structure evaluation of the BW effect. Calculations
have been performed for the ground states of the alkali-metal
atoms in Ref. [41], and for the lowest-lying pi,» and p3),
states in Refs. [42,49]. High-precision calculations of the hy-
perfine structure for the ground states of Rb, Cs, Ba™, Fr, and
Ra™t were carried out in Ref. [24], and the QED corrections
evaluated with uncertainties amounting to only 0.1% or less
of the hyperfine constants.

To elucidate the behavior of the electron wave functions at
small distances and the BW effect, consider the single-particle
Dirac equation (Hp — €)¢ = 0, where

Hp=ca-p+(B—-1c+V, (8)

with p the electron momentum operator, 8 a Dirac matrix, and
V the sum of nuclear and electronic potentials. We express the

single-particle electron orbitals as

_ l an (7’) Q/cm(n)
Grem (1) = r (igm((r) Qk,m(n)>’ )

where f and g are the large and small radial components
of the orbital [normalized as f(f2 +&H)dr=1], Q are
two-component spherical spinors, n is the principal quan-
tum number, and x = (I — j)(2j + 1) is the Dirac quantum
number (with j and [ the total and orbital angular momen-
tum quantum numbers, and m = j,). Then, for a spherically
symmetric potential V(r), the single-particle radial Dirac
equation may be expressed for a given « as

V(I’)—S C(K/r_ar) fn/c _
[c(x/r +9,) V)—e-— 202] [g} =0 (9

The Bohr-Weisskopf effect can be seen via Eqgs. (1) and (4)
to depend on the factor F'(r) — 1, which is nonzero only inside
the nucleus:

_ " g () IF () — 11/ dr
" [ fruc(r)guc (1) /T2 dr

At small radial distances, r < ag/Z, the electronic screen-
ing potential is negligible, and V &~ —Z/r. It is seen from
Eq. (10) that for a given « the only state dependence comes
from the energy ¢. Since |V| > |¢]|, the electron wave func-
tions for each angular symmetry differ only by a multiplicative
constant in this region, determined by the normalization of
the wave function. This applies to states of different principal
quantum number n of the same atom, and is valid across all
degrees of ionization of the atom, from neutral to H-like. In
the context of the Bohr-Weisskopf effect, this behavior has
been exploited in the formulation of the specific difference
[21] and ratio [22] methods, and the n independence of the
BW effect has been observed experimentally in neutral #-8’Rb
[51,52].

Note furthermore that in the nuclear region the potential
[V| > mc?, and there is a symmetry between the f, and g,
components with ¥’ = —k, as may be seen from Eq. (10).
Therefore, in this region f;, , « gp, , and f, , « g;, ,, and the
integrand in the numerator of Eq. (11) for s and p,, states is
different only by a numerical factor. The above consideration
means that the nuclear magnetization effects in atoms (and
molecules) may be related fundamentally to the BW matrix
element for the 1s state of the H-like system, a point that was
highlighted in a recent work by Skripnikov [23] in which the
theory for molecules was set out and applied to RaF.

Though the s-state Bohr-Weisskopf effect depends only
weakly on correlation effects, the many-body effect known
as core polarization (hyperfine correction to the states in the
atomic core) gives an important contribution, particularly for
states with [ > 0 [53]. We include this effect in the calcula-
tions via the relativistic time-dependent Hartree-Fock (TDHF)
method, equivalent to the random-phase approximation with
exchange. Calculations are performed in the V¥ ~! approxima-
tion (N refers to the total number of electrons in the system),
with the N — 1 core electrons solved for self-consistently in
the average potential formed by the remaining core electrons.
Thallium is also treated using this approach, with the 6s> sub-
shell relegated to the core. Without core polarization, this is

(1)
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TABLE I. Electron screening factors x,, [Eq. (6)] for the lowest s1,, (p1/2) states of several atoms of interest with respect to the 1s;,,
(2p1,2) states of their H-like counterparts. These are strongly n and isotope independent (see text). The ratio 7, [Eq. (14)] for H-like systems
is presented in the last row. An empty cell indicates that the value is consistent with zero within errors.

87Rb 133 135Ba+ 203,205 21p, 225Ra+
Xser (S1/2) 1.022 1.047 1.048(3) 1.088 1.104 1.103(2)
Xscr(Pl/z) 0.61(4) 0.72(3) 1.40(4) 0.997(3) 1.021(5)
Nsp 21.3 9.07(5) 8.65(1) 3.60 3.02(1) 2.93

the relativistic Hartree-Fock (RHF) approximation and VV~!
is the RHF potential. The valence electron wave functions
and binding energies are found in this potential. Account of
core polarization leads to a correction to the potential §V
that is first order in the external field (hyperfine interaction)
and all orders in the Coulomb interaction. It is found by
self-consistently solving the set of TDHF equations

(H — e:)0yc = —(hngs + 8V — dec) e (12)

for the core electrons. Here, H, v, and e. are the RHF
Hamiltonian, core electron orbitals, and core electron binding
energies, respectively, and §¥. and ¢, are hyperfine-induced
corrections for core orbitals and energies. The core polar-
ization correction to the hyperfine structure is included by
replacing the hyperfine operator hyg with hyg + 8V in the
valence electron matrix element. This well-known method has
been described at length many times before, and we refer the
reader to Ref. [54] and to recent works [5,16,24,26] for details
about implementation for the hyperfine structure.

Our calculated electronic screening factors for the lowest s
and py, states of Rb, Cs, Fr, Tl, Ba™, and Ra™ are presented
in Table I. The BW effects for many-electron atoms were
found from TDHF calculations for the hyperfine structure, the
relative difference between results with the finite- and point-
nucleus magnetization distributions yielding €; these values
have been reported in our recent papers on the BW effect
[5,16,24]. The screening factors are found by taking the ratio
of the BW result in atoms with that for the hydrogenlike coun-
terpart. While the Bohr-Weisskopf effect depends strongly on
the nuclear model and on the nuclear magnetic radius, the
screening factors do not, which means they may be calculated
with high accuracy without the need for a sophisticated nu-
clear model. This is demonstrated in Fig. 1. To estimate the
uncertainties in the screening factors, we include an error term

equal to the largest difference between the values calculated
using the single-particle and ball models, both with and with-
out the inclusion of dominant correlation corrections beyond
TDHEF (the correlation potential; for details see Ref. [54], and
Refs. [5,24,26] for recent implementations). On top of this,
we include an error term equal to 5% of the core polarization
correction to xyr, which is sizable for p;/, states though neg-
ligible for s states, to capture missed higher-order many-body
effects.

The screening factors presented in Table I are also ap-
plicable with high accuracy to the atomic states with higher
principal quantum number (e.g., n =7,8,9, ... for Cs); the
n independence was demonstrated for the BW effect in
Ref. [24]. It is worth emphasizing that the screening factors
are also strongly isotope independent.

B. H-like s-p ratio
Motivated by the symmetry between f;;, and g/, and
noting that (for hydrogenlike ions)
281 1w K
JjG+1D
where gy = u/(unl) and py is the nuclear magneton, we
construct the ratio

A0(1+E)= /fm((r)gn/((r)F(r)/rzdr’ (13)

N = €/ (14)

for hydrogenlike ions. To a good approximation, the ratio of
the BW effects for s and p; s, states is independent of principal
quantum number, due to the proportionality relations that hold
in the nuclear region, and the ratio scales with nuclear charge
as Z~2, as described below.

Calculated values for 7,, are given in Table 1. The results
depend only to a small extent on the finite nuclear charge
distribution. For example, for Cs>**, the value for 7, (in the

400 . 1 0.2
< 300 | PP N S 1= 01} ]
= 200+ -7 1 32 i | | oo |
< 100 F° 1 = 0 5 0
< o0r S =05 F 7T g S 01} Ball - --- |

T Single-Particle
_100 I I I -1 I I I _02 1 | |
-0.2 =01 O 0.1 0.2 -0.2 =01 O 0.1 0.2 -0.2 =01 0 0.1 0.2
O0rm/Te Orm/7e Orm/Te

FIG. 1. Effect of relative changes in the nuclear magnetic radius for '**Cs on the 6s Bohr-Weisskopf effect (left), the hydrogenlike
€(ls)/e(2p, ;) ratio (middle), and the 6s screening factor (right). The Bohr-Weisskopf effect depends strongly on the nuclear model and
on the nuclear magnetic radius, while the screening factors and /€, ratios do not. The scale of the dependence is similar for other atoms.
Here, €y, xo, and 1y correspond to nuclear single-particle model values found with magnetic radius r,, = r. = +/5/3 rims. The nuclear spin and

parity for 1**Cs are I" = 7/2*.
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nuclear single-particle model) changes from 9.0 to 9.1 when
the finite nuclear charge distribution is accounted for. These
ratios also depend only to a small extent on the nuclear mag-
netization model and effective magnetic radius. For Cs>** | the
ratios differ by ~0.5% between the ball and single-particle
models; see Fig. 1. For reasonable variations in the magnetic
to charge radius, the resulting uncertainties are negligibly
small. These have been taken into account in the uncertainty
estimates in the results presented in Table I. Our finding of
the robust nature of the ratio to changes in nuclear structure
is in agreement with calculations of the closely related ratio
€% /€12 that was the subject of a recent study [6]. In that
work [6], excellent agreement with the results of analytical
calculations [34] was demonstrated, and the ratio was shown
to be given by (e"/e""12)~! =3/47%a* to leading order.
This relation is also correct to leading order for 1/7;,, and
gives values that are in agreement with our results to within
about 10%.

If measurements are made of the hyperfine splitting of the
ground state of a hydrogenlike ion, the empirical value for the
BW effect €'* may be accurately extracted [Eq. (5)]. Then,
the calculated ratio 7y, may be used to determine the pi,,
hydrogenlike BW effect. These, together with the calculated
screening factors xsr, may be used to determine the BW
effects in s and p;,, states of many-electron atoms with high

accuracy as follows:
A = A‘E)[l + x5, 6“] + 8 Agep: (15)
AP = AD[1+ (B /nep) €] + 8 Abgp.-

scr

We note, furthermore, that the BW effects for states with
higher angular momenta (p3/2, d3/2, . . .) may be determined
from the H-like 1s BW effect in a similar way; nonzero
BW effects for these states arise only due to account of
many-body effects, in particular core polarization. Therefore,
the proposed method removes entirely the nuclear structure
uncertainty from atomic many-body calculations of the hy-
perfine structure.

III. DEMONSTRATION WITH THALLIUM

To demonstrate the method and its effectiveness, we
consider two isotopes of thallium, 2®*TI and *TI, that
have been widely studied in the context of the hyper-
fine structure and the BW effect; see the theoretical works
[8,10,15,16,34,38,53,55,56]. This is the simplest heavy-atom
system for which experimental data [9,57,58] are available
both for the hydrogenlike ion and neutral atom.

Empirical values for the BW effects in the ls state of
hydrogenlike 2T1 and 2Tl are presented in Table II. These
were found from measured hyperfine splittings in these ions
[9], along with the QED value calculated in Ref. [8] and
the small Wichmann-Kroll magnetic loop correction from
Ref. [37] amounting to 8 Agg, = —0.0116(1) (1t/py) eV—
in excellent agreement with a value extrapolated from
Ref. [40])—together with our calculated values for A(l)f. (Note
that we have introduced the uncertainty for § ASED, which may
be conservative.) Then, with our calculated ratio 7, presented
in Table I, we can infer with reasonably high accuracy the
BW effect for the 2p;,, state. Finally, using the screening

TABLE II. BW effect, € (%), for 1s and 2p;,, states of H-like
Tl, and 6p,/, and 7s states of neutral Tl. Single-particle model (SP)
values are shown alongside results found using the measured value
for H-like 1s.

€ (SP) € (empirical)*
TIP 20371 2057 Method
H-like Isi, =195 =2.216(10) —2.236(11) Expt.
2pip =054 —0.616(3) —0.621(3) Nsp
Neutral  6p;, —0.78 —0.86(3) —0.87(3) Nsps Xser
Ts1, =213 =2.41(1) —2.43(1) Xser

#Found using H-like 1s measurement [9], QED calculations [8,37],
and atomic calculations (A, x, and 1) from this paper.

PWith I* = 1/2*, the SP and ball models coincide for 2> T1 and 2°°T1,
and the BW effect is nearly the same for these isotopes.

factors (Table I), we can find the BW effect for the 6p;,»
and 7s;,, states for neutral Tl. These results are presented
in Table II, along with calculated values for €. Note that for
the considered TI isotopes the single-particle model and ball
models coincide, since they have spin and parity designations
I =1/2%.

To test the empirically deduced BW values we have ob-
tained for neutral T1, we consider the differential hyperfine
anomaly [59]

49
IA2 = AV/g”
- 2)
A(z)/gl

for which there are accurate experimental data. The QED
contributions to the hyperfine constants are very weakly iso-
tope dependent, and they cancel in the ratio. (It is informative
that for the isotopes of H-like 2>?®TI the QED values are
the same as the given digits in Ref. [8].) The anomaly 'A?
is composed of the differential finite nuclear magnetization
(Bohr-Weisskopf) and differential finite nuclear charge (Breit-
Rosenthal [60], §) effects. It often happens that for nearby
isotopes of the same atom the Breit-Rosenthal effects strongly
cancel and the differential anomaly is dominated by the dif-
ferential BW effect [4]. However, this is not always so, in
particular when the nuclear spins of the isotopes are the same
[4], as is the case for the considered Tl isotopes.

In Table III, we present the differential anomalies
for H-like and neutral Tl. The first column of results cor-
responds to calculations performed in the SP model. In the
next column, the empirically deduced results are presented,
found from the Bohr-Weisskopf results derived from the hy-
drogenlike ion measurements shown in Table II. The values
include the contribution from the Breit-Rosenthal effect; in-
deed, this effect gives nearly the whole contribution to the
calculated single-particle values for the considered isotopes.
Due to strong cancellations in the differential anomaly for the
Tl isotopes, the associated relative uncertainties are signifi-
cantly larger than for the BW effects. Comparison with the
measured values shows that the calculated SP results are too
small by about a factor of 2. On the other hand, the empirically
deduced results agree with the measured data. These checks
give confidence to the proposed approach for the screened
empirically deduced BW corrections.

1 e) —e@ 48D 52 (16)

203 AZOS
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TABLE III. Differential hyperfine anomaly 23 A% (%) for the
1s and 2p,/, states of H-like Tl, and the 6p,,, and 7s states of
neutral T1. The values “SP” and “Via 1s” are results of this paper, the
former found in the single-particle model and the latter found using
the measured H-like 1s result from Table II; measured values are
presented under “Experiment.” We do not show the extracted value
for 1sy/,, since this matches the experimental value by definition.

Sp Via Is Experiment
H-like lsip  0.014 0.032(12) [9] (2001)
2pi, 0.004  0.008(4)
Neutral 6p;, 0.005 0.012(6) 0.01036(3) [57] (1956)
0.0121(47)  [58](2012)
Tsip 0014 0.034(14) 0.0294(81)  [58](2012)

Nuclear magnetic radius

In the modeling of the nuclear magnetization distribution,
the nuclear magnetic radius is often taken to correspond to
that of the charge radius; in particular their root-mean-square
radii are taken to be the same. However, this is a rough ap-
proximation, as typically the magnetization distribution does
not come from the bulk of the nucleus; it arises largely from
unpaired nucleons. Following a recent similar study by Pros-
nyak et al. [56] (and earlier works on H-like 185, 187Re [61],
H-like 2°3:295T1 [9], and muonic 2°>2%TI and ?*Bi [62]), we
introduce an effective magnetic radius, r,,, into Egs. (2) and
(3) for F(r), that is defined as the value required to reproduce
the observed magnetic hyperfine anomalies. In general, this
radius will depend on the model used for F(r), and it also
has some dependence on the modeling of the charge distribu-
;%(S)n. Below, we will demonstrate this method using 20371 and

TL

We proceed in two independent ways. First, we find the
value of r,, that reproduces the observed s-state BW effect
for the 20%2%°T] hydrogenlike ions, accounting for the QED
effects as above [Eq. (5)]. These results depend on values
of individual magnetic moments, which we take from the
compilation of Stone [63]. This is shown by the horizon-
tal and vertical black lines in Fig. 2. We then consider the
6p1/2 and 75y, differential hyperfine anomalies for the neutral
atoms. By fixing the magnetic radius for one isotope, we
may deduce that required for the other isotope in order to
reproduce the observed anomaly. The differential anomaly is
particularly sensitive to the difference in the squared mag-
netic radii of the two isotopes [9,53,56], but cannot on its
own lead to a determination of either magnetic radius, as
can be seen in the diagonal lines in Fig. 2. Note that the
differential anomaly depends on the ratio of the magnetic
moments 1 (*®T1)/u(?®T1) = 1.009 836 13(6) [64], which is
known to higher precision than the individual moments [65].
By combining the two sets of results from hydrogenlike and
neutral atom data, the effective nuclear magnetic radii may be
accurately determined.

The two lines from the neutral 6p and 7s anomalies in
Fig. 2 agree precisely, with smaller error bars for the 6p
data. Note that this coincidence is not guaranteed, as the
lines are calculated independently. Indeed, at the Hartree-Fock
level (i.e., without core polarization), the two lines do not

1.095 ——
1.09 | ]
_1.085 | ]
E i
= 1.08 | 1
. [
g ‘
= 1.075 | ]
i H-like
1.07 | Gp1/2
Tf S1/2 -~

o b e e b e e e e e
0615.065 1.07 1.075 1.08 1.085 1.09 1.095
rm/re (203T1)

FIG. 2. Magnetization radius (in units of the reference radius
re = A/5/3 rms) for 2°%25T1, as constrained by measurements of
the H-like Bohr-Weisskopf effect (Table II) and the neutral-atom
differential hyperfine anomaly (Table III). Solid black lines are from
experimental BW effect for 203203 ™", Diagonal colored lines relate
7 for 23T1 and 25T deduced from experimental hyperfine anomaly
for 6p;, (magenta) and 7s,,, (blue) states. Uncertainties are indi-
cated by shaded regions.

coincide. The shaded regions in the plot represent the (lo)
uncertainties. For the hydrogenlike ions, the uncertainty is
dominated by that attributed to the QED calculations. For
the neutral systems, the uncertainty comes both from the
experimental determination of the anomalies and from the
theoretical calculations connected mostly to the account of
many-body effects. In particular, the former dominates the
7s result, and the latter dominates the 6p;,,. Our results
give the following values for the effective magnetic radii:
/e = 1.077(3) for 25T, and r,,/r. = 1.083(3) for 295TI,
and their ratio r,,*®T1)/r,,(***T1) = 1.0057(5). Our results
for individual magnetic radii are smaller than those found
in Ref. [56], while the inferred difference in the squared
rms magnetic radii agrees with previous works [9,56]; the
deviation could be explained by the different modeling of
the nuclear charge distribution. As a final consistency check,
we calculate the BW effect for 6p;,, and 7s states of neutral
Tl using the deduced effective magnetic radii. For 2*TI we
find €(6p) = —0.886% and €(7s) = —2.41%, and for **>Tl
we find €(6p) = —0.893% and €(7s) = —2.43%, in excellent
agreement with the BW values determined from hydrogenlike
measurements, shown in Table II.

IV. CONCLUSION

We propose a joint theoretical and experimental scheme
to accurately extract the Bohr-Weisskopf effect from H-like
ions for use in calculations with heavy atoms. Using the
presented method, the BW effect for many-electron atoms
may be determined with high accuracy from a measurement
of the ground-state hyperfine structure for the corresponding
hydrogenlike ion. This method allows one to remove nuclear
uncertainties from calculations of the hyperfine structure, and
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to perform a clean and reliable test of atomic theory uncer-
tainty in the nuclear region through hyperfine comparisons.
This is important for precision atomic calculations needed in
studies of atomic parity violation and time-reversal-violating
electric dipole moments. At the same time, experimental de-
termination of the Bohr-Weisskopf effect will aid in better
understanding nuclear structure by providing a window for
testing nuclear models, including the neutron distribution.
We hope this paper will stimulate new measurements with

hydrogenlike ions, where experimental capability is rapidly
expanding.

ACKNOWLEDGMENTS

This work was supported by the Australian Government
through Australian Research Council (ARC) DECRA Fel-
lowship No. DE210101026 and ARC Future Fellowship No.
FT170100452.

[1] A. V. Volotka, D. A. Glazov, G. Plunien, and V. M. Shabaev,
Ann. Phys. (NY) 525, 636 (2013).

[2] J. Ullmann, Z. Andelkovic, C. Brandau, A. Dax, W. Geithner,
C. Geppert, C. Gorges, M. Hammen, V. Hannen, S. Kaufmann,
K. Koénig, Y. A. Litvinov, M. Lochmann, B. MaaB, J. Meisner,
T. Murbock, R. Sanchez, M. Schmidt, S. Schmidt, M. Steck
et al., Nat. Commun. 8, 15484 (2017).

[3] L. V. Skripnikov, S. Schmidt, J. Ullmann, C. Geppert, F. Kraus,
B. Kresse, W. Nortershiuser, A. F. Privalov, B. Scheibe, V. M.
Shabaev, M. Vogel, and A. V. Volotka, Phys. Rev. Lett. 120,
093001 (2018).

[4] J. R. Persson, At. Data Nucl. Data Tables 99, 62 (2013).

[5] B. M. Roberts and J. S. M. Ginges, Phys. Rev. Lett. 125, 063002
(2020).

[6] E. A. Konovalova, Y. A. Demidov, and M. G. Kozlov, Opt.
Spectrosc. 128, 1530 (2020).

[7] A. E. Barzakh, D. Atanasov, A. N. Andreyev, M. Al Monthery,
N. A. Althubiti, B. Andel, S. Antalic, K. Blaum, T. E. Cocolios,
J. G. Cubiss, P. Van Duppen, T. D. Goodacre, A. de Roubin,
Y. A. Demidov, G. J. Faroog-Smith, D. V. Fedorov, V. N.
Fedosseev, D. A. Fink, L. P. Gaftney, L. Ghys et al., Phys. Rev.
C 101, 034308 (2020).

[8] V. M. Shabaev, M. Tomaselli, T. Kiihl, A. N. Artemyev, and
V. A. Yerokhin, Phys. Rev. A 56, 252 (1997).

[9] P. Beiersdorfer, S. B. Utter, K. L. Wong, J. R. Crespo Lépez-
Urrutia, J. A. Britten, H. Chen, C. L. Harris, R. S. Thoe, D. B.
Thorn, E. Tréabert, M. G. H. Gustavsson, C. Forssén, and A.-M.
Martensson-Pendrill, Phys. Rev. A 64, 032506 (2001).

[10] M. Tomaselli, T. Kiihl, W. Nortershiuser, S. Borneis, A. Dax,
D. Marx, H. Wang, and S. Fritzsche, Phys. Rev. A 65, 022502
(2002).

[11] R. A. Sen’kov and V. F. Dmitriev, Nucl. Phys. A 706, 351
(2002).

[12] J. S. Grossman, L. A. Orozco, M. R. Pearson, J. E. Simsarian,
G. D. Sprouse, and W. Z. Zhao, Phys. Rev. Lett. 83, 935
(1999).

[13] J. Zhang, M. Tandecki, R. Collister, S. Aubin, J. A. Behr, E.
Gomez, G. Gwinner, L. A. Orozco, M. R. Pearson, and G. D.
Sprouse, Phys. Rev. Lett. 115, 042501 (2015).

[14] F. Karpeshin and M. Trzhaskovskaya, Nucl. Phys. A 941, 66
(2015).

[15] S. D. Prosnyak and L. V. Skripnikov, Phys. Rev. C 103, 034314
(2021).

[16] B. M. Roberts and J. S. M. Ginges, Phys. Rev. A 104, 022823
(2021).

[17] J. S. M. Ginges and V. V. Flambaum, Phys. Rep. 397, 63 (2004).

[18] B. M. Roberts, V. A. Dzuba, and V. V. Flambaum, Annu. Rev.
Nucl. Part. Sci. 65, 63 (2015).

[19] M. S. Safronova, D. Budker, D. DeMille, Derek F. Jackson
Kimball, A. Derevianko, and C. W. Clark, Rev. Mod. Phys. 90,
025008 (2018).

[20] A. Bohr and V. F. Weisskopf, Phys. Rev. 77, 94 (1950); A. Bohr,
ibid. 81, 331 (1951).

[21] V. M. Shabaev, A. N. Artemyev, V. A. Yerokhin, O. M.
Zherebtsov, and G. Soff, Phys. Rev. Lett. 86, 3959 (2001).

[22] J. S. M. Ginges and A. V. Volotka, Phys. Rev. A 98, 032504
(2018).

[23] L. V. Skripnikov, J. Chem. Phys. 153, 114114 (2020).

[24] J. S. M. Ginges, A. V. Volotka, and S. Fritzsche, Phys. Rev. A
96, 062502 (2017).

[25] Y. A. Demidov, E. A. Konovalova, R. T. Imanbaeva, M. G.
Kozlov, and A. E. Barzakh, Phys. Rev. A 103, 032824 (2021).

[26] S.J. Grunefeld, B. M. Roberts, and J. S. M. Ginges, Phys. Rev.
A 100, 042506 (2019).

[27] E. F. Karpeshin and M. B. Trzhaskovskaya, Phys. At. Nucl. 84,
418 (2021).

[28] S. Biittgenbach, Hyperfine Interact. 20, 1 (1984).

[29] J. R. Crespo Lépez-Urrutia, P. Beiersdorfer, K. Widmann, B. B.
Birkett, A.-M. Martensson-Pendrill, and M. G. H. Gustavsson,
Phys. Rev. A 57, 879 (1998).

[30] 1. Klaft, S. Borneis, T. Engel, B. Fricke, R. Grieser, G. Huber,
T. Kiihl, D. Marx, R. Neumann, S. Schroder, P. Seelig, and L.
Volker, Phys. Rev. Lett. 73, 2425 (1994).

[31] P. Seelig, S. Borneis, A. Dax, T. Engel, S. Faber, M. Gerlach,
C. Holbrow, G. Huber, T. Kiihl, D. Marx, K. Meier, P. Merz,
W. Quint, F. Schmitt, M. Tomaselli, L. Volker, H. Winter, M.
Wiirtz, K. Beckert, B. Franzke et al., Phys. Rev. Lett. 81, 4824
(1998).

[32] V. Fella, L. V. Skripnikov, W. Nortershauser, M. R. Buchner,
H. L. Deubner, F. Kraus, A. F. Privalov, V. M. Shabaev, and M.
Vogel, Phys. Rev. Research 2, 013368 (2020).

[33] M. Le Bellac, Nucl. Phys. 40, 645 (1963).

[34] V. M. Shabaev, J. Phys. B 27, 5825 (1994).

[35] I. 1. Tupitsyn, A. V. Loginov, and V. M. Shabaev, Opt.
Spectrosc. 93, 357 (2002).

[36] A. V. Volotka, D. A. Glazov, L. I. Tupitsyn, N. S. Oreshkina,
G. Plunien, and V. M. Shabaev, Phys. Rev. A 78, 062507
(2008).

[37] A. N. Artemyev, V. M. Shabaev, G. Plunien, G. Soff, and V. A.
Yerokhin, Phys. Rev. A 63, 062504 (2001).

[38] M. G. H. Gustavsson, C. Forssén, and A.-M. Mirtensson-
Pendrill, Hyperfine Interact. 127, 347 (2000).

052802-7


https://doi.org/10.1002/andp.201300079
https://doi.org/10.1038/ncomms15484
https://doi.org/10.1103/PhysRevLett.120.093001
https://doi.org/10.1016/j.adt.2012.04.002
https://doi.org/10.1103/PhysRevLett.125.063002
https://doi.org/10.1134/S0030400X20100148
https://doi.org/10.1103/PhysRevC.101.034308
https://doi.org/10.1103/PhysRevA.56.252
https://doi.org/10.1103/PhysRevA.64.032506
https://doi.org/10.1103/PhysRevA.65.022502
https://doi.org/10.1016/S0375-9474(02)00759-5
https://doi.org/10.1103/PhysRevLett.83.935
https://doi.org/10.1103/PhysRevLett.115.042501
https://doi.org/10.1016/j.nuclphysa.2015.06.001
https://doi.org/10.1103/PhysRevC.103.034314
https://doi.org/10.1103/PhysRevA.104.022823
https://doi.org/10.1016/j.physrep.2004.03.005
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/PhysRev.77.94
https://doi.org/10.1103/PhysRev.81.331
https://doi.org/10.1103/PhysRevLett.86.3959
https://doi.org/10.1103/PhysRevA.98.032504
https://doi.org/10.1063/5.0024103
https://doi.org/10.1103/PhysRevA.96.062502
https://doi.org/10.1103/PhysRevA.103.032824
https://doi.org/10.1103/PhysRevA.100.042506
https://doi.org/10.1134/S1063778821040165
https://doi.org/10.1007/BF02043319
https://doi.org/10.1103/PhysRevA.57.879
https://doi.org/10.1103/PhysRevLett.73.2425
https://doi.org/10.1103/PhysRevLett.81.4824
https://doi.org/10.1103/PhysRevResearch.2.013368
https://doi.org/10.1016/0029-5582(63)90309-2
https://doi.org/10.1088/0953-4075/27/24/006
https://doi.org/10.1134/1.1509815
https://doi.org/10.1103/PhysRevA.78.062507
https://doi.org/10.1103/PhysRevA.63.062504
https://doi.org/10.1023/A:1012693012231

ROBERTS, RANCLAUD, AND GINGES

PHYSICAL REVIEW A 105, 052802 (2022)

[39] I. Angeli and K. Marinova, At. Data Nucl. Data Tables 99, 69
(2013).

[40] P. Sunnergren, H. Persson, S. Salomonson, S. M. Schneider, 1.
Lindgren, and G. Soff, Phys. Rev. A 58, 1055 (1998).

[41] J. Sapirstein and K. T. Cheng, Phys. Rev. A 67, 022512 (2003).

[42] J. Sapirstein and K. T. Cheng, Phys. Rev. A 74, 042513 (2006).

[43] A. V. Volotka, D. A. Glazov, O. V. Andreev, V. M. Shabaev, 1. 1.
Tupitsyn, and G. Plunien, Phys. Rev. Lett. 108, 073001 (2012).

[44] S. M. Schneider, W. Greiner, and G. Soff, Phys. Rev. A 50, 118
(1994).

[45] V. M. Shabaev, M. B. Shabaeva, and I. I. Tupitsyn, Phys. Rev.
A 52,3686 (1995).

[46] V. A. Yerokhin, V. M. Shabaev, and A. N. Artemyev, JETP Lett.
66, 18 (1997).

[47] V. M. Shabaev, A. N. Artemyev, O. M. Zherebtsov, V. A.
Yerokhin, G. Plunien, and G. Soff, Hyperfine Interact. 127, 279
(2000).

[48] V. A. Yerokhin, A. N. Artemyev, V. M. Shabaev, and G.
Plunien, Phys. Rev. A 72, 052510 (2005).

[49] J. Sapirstein and K. T. Cheng, Phys. Rev. A 78, 022515 (2008).

[50] V. M. Shabaev, M. B. Shabaeva, I. I. Tupitsyn, and V. A.
Yerokhin, Hyperfine Interact. 114, 129 (1998).

[51] A. Pérez Galvan, Y. Zhao, L. Orozco, E. Gémez, A. Lange, F.
Baumer, and G. D. Sprouse, Phys. Lett. B 655, 114 (2007).

[52] A. Pérez Galvan, Y. Zhao, and L. A. Orozco, Phys. Rev. A 78,
012502 (2008).

[53] A.-M. Mairtensson-Pendrill, Phys. Rev. Lett. 74, 2184 (1995).

[54] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov, and O. P.
Sushkov, J. Phys. B 20, 1399 (1987).

[55] E. A. Konovalova, M. G. Kozlov, Yu. A. Demidov, and A. E.
Barzakh, Rad. Applic. 2, 181 (2017).

[56] S. D. Prosnyak, D. E. Maison, and L. V. Skripnikov, J. Chem.
Phys. 152, 044301 (2020).

[57] A. Lurio and A. G. Prodell, Phys. Rev. 101, 79 (1956).

[58] T.-L. Chen, I. Fan, H.-C. Chen, C.-Y. Lin, S.-E. Chen, J.-T. Shy,
and Y.-W. Liu, Phys. Rev. A 86, 052524 (2012).

[59] J. R. Persson, Eur. Phys. J. A 2, 3 (1998).

[60] J. E. Rosenthal and G. Breit, Phys. Rev. 41, 459 (1932).

[61] P. Beiersdorfer, A. L. Osterheld, J. H. Scofield, J. R. Crespo
Lépez-Urrutia, and K. Widmann, Phys. Rev. Lett. 80, 3022
(1998).

[62] A. A. Elizarov, V. M. Shabaev, N. S. Oreshkina, and 1. 1.
Tupitsyn, Nucl. Instrum. Methods Phys. Res. Sect. B 235, 65
(2005).

[63] N. J. Stone, At. Data Nucl. Data Tables 90, 75 (2005).

[64] E. B. Baker and L. W. Burd, Rev. Sci. Instrum. 34, 238 (1963).

[65] M. G. H. Gustavsson and A.-M. Martensson-Pendrill, Phys.
Rev. A 58, 3611 (1998).

052802-8


https://doi.org/10.1016/j.adt.2011.12.006
https://doi.org/10.1103/PhysRevA.58.1055
https://doi.org/10.1103/PhysRevA.67.022512
https://doi.org/10.1103/PhysRevA.74.042513
https://doi.org/10.1103/PhysRevLett.108.073001
https://doi.org/10.1103/PhysRevA.50.118
https://doi.org/10.1103/PhysRevA.52.3686
https://doi.org/10.1134/1.567475
https://doi.org/10.1023/A:1012616322709
https://doi.org/10.1103/PhysRevA.72.052510
https://doi.org/10.1103/PhysRevA.78.022515
https://doi.org/10.1023/A:1012666320389
https://doi.org/10.1016/j.physletb.2007.09.042
https://doi.org/10.1103/PhysRevA.78.012502
https://doi.org/10.1103/PhysRevLett.74.2184
https://doi.org/10.1088/0022-3700/20/7/009
https://doi.org/10.21175/RadJ.2017.03.037
https://doi.org/10.1063/1.5141090
https://doi.org/10.1103/PhysRev.101.79
https://doi.org/10.1103/PhysRevA.86.052524
https://doi.org/10.1007/s100500050081
https://doi.org/10.1103/PhysRev.41.459
https://doi.org/10.1103/PhysRevLett.80.3022
https://doi.org/10.1016/j.nimb.2005.03.147
https://doi.org/10.1016/j.adt.2005.04.001
https://doi.org/10.1063/1.1718319
https://doi.org/10.1103/PhysRevA.58.3611

