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Transport-property predictions for laser resonance chromatography on Rf+ (Z = 104)
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We propose a theoretically designed laser resonance chromatography (LRC) experiment on Rf+ (Z = 104)
drifting in He buffer gas. To this end, we first developed a four-level rate equation model that simulates the
optical pumping of Rf+ from its ground state, 2D3/2 (7s26d1), to the metastable 4F3/2 (7s16d2) state via laser
resonant excitation of the intermediate 4F3/2 (7s16d17p1) state prior to electronic state chromatography. This
model predicts a 93% pumping efficiency that suffices to enable efficient laser resonance chromatography of
this ion. We then performed accurate relativistic multireference configuration-interaction calculations to model
the interaction of Rf+ with He in the ground 2D3/2 (7s26d1), low-lying 2D5/2 (7s26d1), and metastable 4F3/2

(7s16d2) states. These ion-atom interaction potentials were used to calculate the state-specific ion mobilities. For
gas temperatures above 100 K and small applied electric fields, the reduced ion mobilities of the ground and
metastable states differ significantly. In particular, at room temperature the difference between the reduced ion
mobilities of these states is larger than 11% and as such sufficiently large to ensure LRC of this ion.

DOI: 10.1103/PhysRevA.110.012805

I. INTRODUCTION

The nuclides with atomic number Z > 103 are known as
the Superheavy elements [1–3]. Such species are radioactive
and produced synthetically in nuclear laboratories [1,4]. The
scientific community has become interested in superheavy
elements since their first synthesis in the 1960s [5,6]. Multiple
questions drive this interest, for instance, the search for the
nuclear stability island in the atomic number Z region between
114 and 126 and neutron number N = 184 [2,6,7], alongside
their nuclear [8] and electronic [3,9] structures, which are in
turn affected by strong relativistic and quantum electrodynam-
ics effects [10].

The synthesis and characterization of these elements are
extremely challenging; in fact, they can be produced only
in a one-atom-per-second regime [2,3,6,9,11,12] and their
production cross section rapidly decreases with Z [1,5,9].
Furthermore, they are short lived [2,3]. Standard spectro-
scopic experiments based on fluorescence detection suffer
from low sensitivity and therefore cannot be exploited to
characterize short-living species with such low production
rates [9,13]. Thus novel techniques based on gaseous transport
properties are explored in order to determine the elusive elec-
tronic structure and properties of superheavy elements [9,10].

*Contact author: g.visentin@hi-jena.gsi.de
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An example of these novel techniques is laser resonance
chromatography (LRC) [11] that is specifically developed
for the characterization of superheavy elements. LRC ex-
ploits optical laser pumping of ions drifting in dilute buffer
gases (e.g., helium), in order to detect optical resonances.
Ions in distinct electronic states experience different in-
teractions with the buffer gas and, therefore, under the
influence of an external and homogeneous electric field, move
through the drift tube with different velocities toward the
particle detector [3,11,14,15]. The interrelationship between
the electronic state of the ion and its gas-phase transport
properties enables the state-specific ion separation and res-
onance detection, according to a phenomenon called the
electronic-state chromatographic (ESC) effect [9,16].

Thus far, a close interplay of experiments and electronic
structure calculations has allowed the successful validation of
this technique for several singly charged lanthanide and ac-
tinide ions in the ground state [9,14,17–20]. For a few of them
(see for instance [14]) this interplay even helped determine the
optimal experimental conditions to ensure that the transport
properties of the ground state substantially differ from those
of the metastable state. In contrast, no study of this kind exists
for superheavy ions.

The validation of LRC for superheavy elements should
indeed start with Rf+. Rf+ has Z = 104 and is, therefore,
the first of the superheavy elements in the Periodic Table.
The electronic structure of this ion is nontrivial, as it is
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affected by remarkable electron correlation and strong rela-
tivistic effects [3,21–23]. In spite of this complexity, studies
dating back to the 1990s have been devoted to the inves-
tigation of its energy levels [3,24,25], atomic radii [26],
ionization potentials [26], oxidation states, and chemical
properties [27–30]. These studies showed that Rf+ features
a few well-spaced long-living excited states that can be
exploited for the optical-pumping step of the LRC experi-
ment; in this regard, Ramanoantoanina et al. [3] proposed
a four-level optical pumping scheme. This consists of the
ground state |1〉, 2D3/2 (7s26d1), the intermediate state |2〉,
4F3/2 (7s16d17p1), at about 28 000 cm−1 [3], that should
be probed by laser radiation, the metastable state |3〉, 4F3/2

(7s16d2) at about 15 000 cm−1, which serves to collect the
population from the |2〉 by radiative relaxation processes,
and the low-lying state |4〉, 2D5/2 (7s26d1) between 5682 and
7444 cm−1 [3,24].

In this work, we start from the optical pumping scheme
outlined above and perform accurate relativistic ab init io
computations to devise and validate an LRC experiment on
Rf+. We first develop a rate equation model based on this
optical pumping scheme and evaluate its efficiency. Then, we
compute the ion-atom interaction potentials and ion mobil-
ities for Rf+ interacting with He in the ground state, 2D3/2

(7s2 6d1), and the two corresponding longest-living excited
states taken into account by the rate equation model, i.e., the
low-lying 2D5/2 (7s2 6d1) state and the metastable state 4F3/2

(7s1 6d2). The computed ion mobilities are finally used to
determine the experimental settings that ensure the optimal
state-specific discrimination of the Rf+ gas-phase transport
properties. Indeed, the goal of this theoretical investigation is
to provide a strategy for prospective LRC experiments aimed
at the characterization of superheavy elements. Our study is
organized as follows: we detail the computational approach
in Sec. II, while Sec. III is devoted to discussing (i) the rate
equation model based on the optical pumping scheme, (ii)
the ion-atom interaction potentials, and (iii) the ion mobil-
ities and their state-specific differences in terms of several
experimental settings. Finally, we report the conclusions of
our investigation in Sec. IV.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

A. Ion-atom interaction potentials

The ab initio multireference configuration-interaction
(MRCI) calculations of the Rf+-He interaction potentials
[V (d )] were performed using the DIRAC19 code [31]. The
calculations were carried out in the framework of the four
component Dirac-Coulomb Hamiltonian and the nuclei were
treated within a finite-nucleus model via the Gaussian charge
distribution [32]. The uncontracted Gaussian-type Dyall basis
sets [33,34] of single-augmented triple-zeta (s-aug-v3z) qual-
ity were used for all the elements. Note that the choice of basis
set quality influences the theoretical results. Previous work on
MRCI calculation of Lr+ electronic structure with complete
basis set limit analysis revealed that only small differences are
obtained with triple-zeta and quadruple-zeta basis sets [17].
The metal ion and the neutral helium atom were placed along
the z axis in a system of Cartesian coordinates, separated

TABLE I. Specification of the generalized active space (GAS)
scheme used in the calculations of the Rf+-He systems. See text for
details.

Accumulated Number of

GAS
electrons Kramers

space Mina Max pairs Characters

1 8-m 8 4 6s, 6p
2 24-q 24 8 5f, He 1s
3 25 27 9 7s, 6d, 7p
4 27 27 �30 a.u. Virtual

am and q are variables that control the electron excitation process
attributed to the selective GAS.

by an interatomic distance d that was varied from 2.0 Å to
40.0 Å for the calculation of the interaction potentials. We
used the Boys-Bernardi counterpoise correction to tackle basis
set superposition error [35]: V (d ) = ERf+−He(d ) − ERf+ (d ) −
EHe(d ). ERf+−He(d ) is the MRCI energy of the M+-He sys-
tem at an interatomic distance d . ERf+ (d ) and EHe(d ) are
the energies of the systems Rf+-Gh and Gh-He, respectively,
where He and Rf atoms are replaced by a ghost atom (Gh)
without charge but carrying the full basis sets of the He and
Rf elements, respectively.

The electronic structure was obtained in two steps. In the
first step, Dirac-Hartree-Fock calculations were performed
using the average of configuration (AOC) type calculation.
The AOC allowed us to represent the open-shell electronic
structure system with three valence electrons that were evenly
distributed over 12 valence spinors (six Kramers pairs) of
7s and 6d atomic characters. The resulting wave func-
tion was used as reference for the CI calculations. In the
second step, the energy levels and the spectroscopic prop-
erties were calculated using the MRCI approach, within
the Kramers-restricted configuration-interaction module in
dirac19DIRAC19 [31,36–38]. In this implementation, the
Kramers-restricted configuration-interaction calculations use
the concept of generalized active space (GAS) [39], which
enables MRCI calculations with single and double electron
excitations for different GAS setups [36]. The MRCI model
a priori takes into consideration the dynamical correlation of
the active electrons [40].

We report in Table I the GAS setup together with the
technical specifications that were important in the MRCI
calculation. In total, we considered four GAS that were se-
lectively chosen to activate 27 electrons within 21 semicore
and valence orbitals as well as virtual orbitals with ener-
gies below 30 atomic units, i.e., 154 virtuals for the Rf+-He
system. Because the total number of configuration state func-
tions was too large, we defined the parameters m and q to
control the electron excitation process that occurred at the
semicore level. These parameters were set to m = 2 and
q = 1. It is noteworthy that the definition of the GAS in the
present work enables mainly interelectron correlation that cor-
responds to the valence-valence and core-valence interactions.
The core-core interactions are not included for minimizing
the configuration-interaction expansion in terms of single de-
terminants and also computational cost, which may explain
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the deviation between the two models: Fock-space coupled
cluster (FSCC) and truncated MRCI (vide infra). Let us also
note that the truncated configuration-interaction method is not
size consistent [41]. We did not explicitly use the Davidson
(+Q) corrections [31] to solve this problem. But we surmise
that including higher-order excitation in the GAS scheme (see
Table I) has helped to mitigate the size-consistency issue
in the present MRCI calculations. In order to validate the
MRCI results, we also performed size-extensive Fock-space
coupled cluster (FSCC) computations with the iterative treat-
ment of the single and double connected and disconnected
excitations [42] in the (0,1) sector of the Fock space. These
computations used the same basis set as for the MRCI cal-
culations, but differ for (i) the use of the eXact-2-component
Hamiltonian (X2C) [43] to model the relativistic effects and
(ii) the omission of consideration for the basis set superpo-
sition error. We correlated all the occupied orbitals above Rf
4d and all the virtual orbitals with energy below 30 a.u. The
FSCC calculations first modeled the (0,0) sector of the Fock
space, which corresponds to the closed-shell Rf2+-He system.
Subsequently, one electron was added to the (0,1) sector, that
encompasses the 6d orbitals of Rf.

B. Ion mobilities

The ion mobilities were calculated from the ion-atom inter-
action potentials by solving the Boltzmann equation with the
help of the Gram-Charlier approach [44]. To this end we used
the program PC [45], which delivers the momentum transfer
and other transport cross sections as a function of the collision
energy. From this we then calculated the reduced ion mobility
K0 either as a function of temperature at a given electric
field-to-gas-number density (i.e., the reduced electric field,
E/n0) or as a function of E/n0 at different gas temperatures,
by means of the programs VARY [46] and GC [47], respectively.
Here K0 is the ion mobility K normalized to the standard
pressure P0 and the standard temperature T0 according to
K0 = K P

P0

T0
T . Beyond d = 40 Å, the interaction potentials

were adjusted to asymptotically mimic the long-range induced
ion-dipole attraction given by Vpol(d ) = e2αp/[2(4πε0)2d4],
with the static average dipole polarizability of helium of αp =
0.205 Å3 [48]. The averaged mobility Kav

0 [9] was derived
based on the mobility curve calculated for each electronic
state. This quantity was obtained as the average of the state-
specific ion mobilities for each projection of the ion total
angular momentum J along the interaction axis, i.e., �, with
their statistical weights. For further insights into the ion mo-
bility calculations, we showed the ion mobilities associated
with each � projection of the ground 2D3/2 (7s26d1) state,
the low-lying 2D5/2 (7s26d1) state, and the metastable 4F3/2

(7s16d2) state of the Rf+-He system as Supplemental Material
[49] attached to this work.

III. RESULTS AND DISCUSSION

A. Optical pumping scheme

Based on studies presented in Ref. [50] we developed a
rate equation model for a four-level system to evaluate optical
pumping in the Rf+ ion prior to electronic state chromatog-
raphy. The system consists of the ground state |1〉, 2D3/2

(7s26d1), the intermediate state |2〉, 4F3/2 (7s16d17p1), the
metastable state |3〉, 4F3/2 (7s16d2), and the low-lying state
|4〉, 2D5/2 (7s26d1). As significant energy separation between
states and only higher lying odd-parity states are predicted [3],
collision-induced quenching effects or further decay paths can
be neglected. In addition, it is assumed that broadband laser
radiation is used during the initial level search such that the
coherence terms in the optical Bloch equations can be safely
neglected. We obtain

dρ1

dt
= 1

2
A21S(ωL, ω12)O(t )(ρ2 − ρ1)

+ A21ρ2 + (
Ae

31 + Am
31

)
ρ3 + (

Ae
41 + Am

41

)
ρ4,

dρ2

dt
= 1

2
A21S(ωL, ω12)O(t )(ρ1 − ρ2)

− (A21 + A23 + A24)ρ2,

dρ3

dt
= A23ρ2 − (

Ae
31 + Am

31 + Ae
34 + Am

34

)
ρ3,

dρ4

dt
= A24ρ2 + (

Ae
34 + Am

34

)
ρ3 − (

Ae
41 + Am

41

)
ρ4,

with the normalization
∑

i ρi = 1 and the initial conditions
ρ1(t = 0) = 1 and ρi(t = 0) = 0 for i > 1, where ρi, with
i = 1, 2, 3, 4, correspond to the occupations of individual
states |i〉. Aki, Ae

ki, and Am
ki are the Einstein coefficients for

spontaneous emission from |k〉 to |i〉 via electric dipole (E1),
electric quadrupole (E2), and magnetic dipole (M1) transi-
tions, respectively. The values for the coefficients were taken
from the work of Ramanantoanina et al. [3].

We used the frequency-dependent saturation parameter
S(ωL, ω12) as described in Ref. [51]. In this parameter, we
considered Doppler broadening at room temperature in terms
of full width at half maximum of 0.7 GHz and the spectral
bandwidth of the laser of 2.5 GHz, as well as dephasing
effects on the order of 1.4 GHz from mode fluctuations within
the laser pulse. An energy density of the laser radiation of
2.5 μJ/cm2 was taken. In addition, we neglected hyperfine
structures and nuclear isomerism as these should be cov-
ered by the broadband laser radiation. Moreover, the model
includes a rectangular function O(t ) that accounts for laser
radiation exposures of 10 ns duration only once every 100 µs
period.

Figure 1 shows the calculated population of the Rf+ levels
in the course of 10 laser pulses. The efficiency for opti-
cal pumping from the ground state into the metastable 4F3/2

(7s16d2) state saturates above 93% already for 10 laser pulses,
which should enable an efficient laser chromatography of this
ionic species.

B. Ion-atom interaction potentials

In Table II we list the equilibrium distances (dmin) and
dissociation energies (De) for the Rf+-He interaction poten-
tials associated with each � projection of the ground state,
2D3/2 (7s26d1), the low-lying excited state, 2D5/2 (7s26d1), and
the metastable state, 4F3/2 (7s16d2). A graphical representa-
tion of the interaction potentials in the minimum region is
also provided in Fig. 2. In addition, we also reported in the
Supplemental Material [49] the tabulated interaction potential
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FIG. 1. Laser-induced population transfer from ground (|1〉) to
metastable state (|3〉) in Rf+. Level occupation is indicated for each
of the modeled states in the course of 10 laser beam exposures. The
lowest-lying state (|4〉) has only a vanishing occupation probability
and is not plotted in the figure. Inset: corresponding four-level system
used in the rate-equation model with arrows in blue, yellow, and
brown indicating E1, E2, and M1 transitions, respectively. Laser
probing (hν) of the intermediate state (|2〉 : 4F3/2) induces optical
pumping in the system.

values at each interatomic distance (see Tables S1 to S7),
alongside the related dmin and De values uncorrected for the
basis set superposition error (see Table S8). For the doublet
states, we assess the accuracy of the MRCI results with respect
to the FSCC analogs, whereas no similar assessment can be
performed for the metastable 4F3/2 state, due to the intrinsic
limits of FSCC in the modeling of systems with more than
two valence electrons.

On examination of the doublet states, the MRCI and FSCC
methods predict a qualitatively similar behavior for the ion-
atom interaction. The interaction potentials associated with
the � = 1/2 and 3/2 projections of the Rf+ ground state
show negligible differences and can be easily described by the
average isotropic potential depicted in Fig. 2 [panel (b)]. In
contrast, the interaction potentials for � = 1/2, 3/2, and 5/2

TABLE II. Calculated equilibrium distances dmin (in Å) and dis-
sociation energies (in cm−1) derived from the MRCI and FSCC
interaction potentials for the Rf+-He electronic ground state, 2D3/2

(6d17s2), the low-lying excited state, 2D5/2 (6d17s2), and the
metastable state, 4F3/2 (6d27s1), with their � projections.

MRCIa FSCC

(2S+1)LJ � dmin De dmin De

1/2 4.101 43.817 4.005 59.018
2D3/2 3/2 4.065 47.875 3.989 63.322

1/2 4.193 39.561 4.095 55.917
2D5/2 3/2 3.942 52.794 3.861 68.680

5/2 4.065 48.503 4.005 59.256
1/2 3.987 46.076

4F3/2 3/2 3.864 53.967

aThese parameters were derived from the counterpoise energy cor-
rected interaction potential (see the Supplemental Material [49] Table
S8 for the noncorrected values).

of the 2D5/2 (7s26d1) state significantly differ, with � = 3/2
giving rise to the most attractive interaction. Overall, both ap-
proaches model similar equilibrium distances and dissociation
energies for the interaction potentials associated with the 2D3/2

(7s26d1) and 2D5/2 (7s26d1) states.
The two theoretical approaches disagree on the depth of the

interaction potential. FSCC describes a more attractive and
deep potential well, as shown by the smaller FSCC values
for the equilibrium distances and the larger dissociation en-
ergies compared to the MRCI counterparts. In particular, for
� = 1/2 and 3/2 the FSCC calculations predict the related
potential wells to be deeper than the MRCI analogs by 19.505
and 11.143 cm−1, respectively. We ascribe these differences
to the different modeling of dynamic electron correlation
provided by these two methods. We do not expect signif-
icant deviations due to the lacking counterpoise correction
in the FSCC calculations, since the basis set superposition
error accounts for no more than 1.2 cm−1 (see Table S8 in
the Supplemental Material [49]). Remarkable discrepancies
due to the different relativistic Hamiltonians employed in the
two sets of calculations (four-component Dirac-Coulomb for
the MRCI computations; two-component X2C for the FSCC
computations) should be excluded as well; X2C calculations
usually feature accuracies comparable to those of the length-
ier four-component Dirac-Coulomb counterparts even for the
heaviest elements [52].

Interaction in the metastable 4F3/2 (7s16d2) state retains
several characteristics in common with the ground- and low-
lying states analogs; for � = 3/2 the ion-atom potential
well is about 17% deeper compared to the � = 1/2 coun-
terpart. However, ion-atom interaction in the quartet state
features higher dissociation energies compared to interactions
in the doublet states, as apparent from Fig. 2. In general,
the interaction is isotropic only for the ground state of the
ion, whereas the doublet and quartet excited states give
rise to anisotropic interaction potentials. This behavior jus-
tifies the averaging of the state-specific ion mobilities over
the related � projections, in accordance with the so-called
anisotropic approximation [9,16], rather than the averaging
of the interaction potentials prior to the ion-mobility calcula-
tions.

C. Ion mobility

In order to reach significant time resolution in prospective
LRC experiments on superheavy ions, we need to maximize
the ESC effect and, therefore, the relative state-dependent
drift time differences [50]. This procedure depends on two
experimental variables: the gas temperature T and the reduced
electric field E/n0.

Let us first start from the evaluation of the reduced ion
mobilities in terms of T . Figure 3 consists of two panels:
in panel (a) the averaged zero-field reduced ion mobilities
of the ground 2D3/2 (7s26d1), low-lying 2D5/2 (7s26d1), and
metastable 4F3/2 (7s16d2) states are plotted across a wide
range of gas temperatures, whereas in panel (b) we depict the
relative difference in the averaged zero-field ion mobilities of
the metastable and the ground states. In addition, we show the
reduced ion mobilities associated with each � projection of
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FIG. 2. Graphical representations of the MRCI interaction potentials of the Rf+-He system calculated for the ground state 2D3/2 (7s26d1),
the low-lying state, 2D5/2 (7s26d1), and the metastable state, 4F3/2 (7s16d2), for each � projection of the ion’s total electronic angular momentum
along the interaction axis [panel (a)]. Note that counterpoise energy corrections are also included in the interaction potential (see also the
Supplemental Material Tables S1– S7 [49]). The calculated average interaction potentials for the ground, low-lying, and metastable states are
shown in panel (b). Note that for clarity the potentials are normalized to the same dissociation limit.

these states as a function of T in Figs. S1, S2, and S3 of the
Supplemental Material [49].

With regards to panel (a), the state-dependent ion
mobilities converge at the polarization limit, Kpol =
(13.876/α2

p) [(MHe + Mion)/MHeMion]1/2, at 16 cm2/Vs,
in the mK temperature regime [53]. Here, 13.876 is obtained
when αp is given in units of Å3 and the masses M are in
atomic mass units. The ion mobilities start to differ from
around 10 K. Higher temperatures feature a steady increase
in the ion mobilities that reach their maximum with a peak at

about 100 K, followed by a monotonic decrease up to 1000 K.
In this high-temperature region, the metastable 4F3/2 state
relates to a considerably larger average zero-field ion mobility
compared to the ground 2D3/2 and low-lying 2D5/2 states.
In contrast, the mobilities associated with these two latter
states show a negligible difference at the peak temperature,
while they overlap at higher temperatures. At 1000 K, the
ion mobility for the metastable state decreases to about
15 cm2/V s, whereas the ion mobilities for the ground and
low-lying excited states further decrease to about 13 cm2/V s.

FIG. 3. (a) Reduced zero-field mobilities of the Rf+-He system in the ground 2D3/2 (7s26d1) (in black), as well as in the low-lying excited
2D5/2 (7s26d1) (in orange) and metastable 4F3/2 (7s16d2) (in violet) states as a function of the temperature, derived from the MRCI interaction
potential. Note that the represented traces are average ion mobility for the different components of the Rf+-He electronic states (see also the
Supplemental Material Figs. S1, S2, and S3 [49]). (b) Relative differences between the reduced zero-field mobilities of the ground and the
metastable states as a function of temperature.
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FIG. 4. (a) Reduced mobilities of the Rf+-He system as a function of E/n0 and at selected temperatures, derived from the MRCI interaction
potential, corresponding to the ground 2D3/2 (7s26d1) (solid lines) and the metastable 4F3/2 (7s16d2) (dashed lines) states. The selected
temperatures decrease from 400 K (lowest-lying full and dashed red lines) down to 100 K (highest-lying full and dashed blue lines). Note
that the depicted mobility curves correspond to the average calculated mobility for the state specific omega values (see also Figs. S4 and S5
in the Supplemental Material [49]). (b) Relative differences between the reduced mobilities for the ground and the metastable states of the
Rf+-He system as a function of E/n0 at selected temperatures, derived from the MRCI interaction potentials. The operating temperatures span
from 400 K (highest-lying blue line) down to 100 K (lowest-lying red line).

Panel (b) reflects the trends seen in panel (a). In particular,
the difference in the ion mobilities for the metastable and the
ground states becomes negative at around 10 K: there, the
ground state is slightly more mobile in He compared to the
metastable state. Upon increasing T , the situation is reversed
and the ion mobility of the metastable state grows faster
compared to the ground-state analog. This behavior reflects
the stronger interaction with He that affects the metastable
state of Rf+ compared to its ground state. The difference in
the ion mobilities consequently rises and attains a maximum
at about 1000 K. Therefore, the temperature range between
roughly 100 and 1000 K is an optimal temperature window to
detect the electronic state chromatographic effect.

We can now cast our attention to the ion mobility variation
as a function of the reduced electric field. We make this
comparison in Fig. 4. The figure consists of two panels; in
panel (a) we show the average reduced ion mobilities asso-
ciated with the ground 2D3/2 state (full lines) and metastable
4F3/2 (dashed lines) state at four different temperatures (100,
200, 300, and 400 K) as a function of the reduced electric
field; in panel (b) the same plot is shown for the difference
between the ion mobilities of the ground and the metastable
states. The reduced electric field is given in units of Townsend
(1 Td = 10−17 V cm2). For each state, we also showed the
�-dependent ion mobilities in terms of reduced electric field
in Figs. S4, S5, and S6 of the Supplemental Material [49].

In Fig. 4(a), we distinguish two general features: first,
the ion mobility is larger at 100 K and decreases as the gas
temperature increases, in agreement with Fig. 3; second, the
ion mobility is approximately constant for values of the re-
duced electric field below 10 Td. At higher values of E/n0

the ion mobility decreases almost exponentially, until it falls
below 12 and 14 Td for the ions in the ground and metastable
states, respectively. For very high values of E/n0 it nearly

decouples from the temperature dependency. This behavior
was observed also for the mobilities of Lu+ and Lr+ in He [14]
and was ascribed to the energy gained from the electric field
that dominates over the effective ion temperature.

In Fig. 4(b), the relative difference between the ground and
metastable states mobilities increases with the gas tempera-
ture. Upon raising the reduced electric field, this difference
grows regardless of the temperature, albeit lower T ensure a
higher sensitivity to reduced-field variations. The electronic
state chromatography effect is largest at 100 Td, where the
ion-mobility difference lies roughly between 13% (100 K)
and 14% (400 K). At gas temperatures above 100 K, the
ESC effect is already significant for reduced electric fields
smaller than 10 Td, with the relative difference between the
metastable and ground states that roughly ranges from 9%
(T = 200 K) up to 13% (T = 400 K). In particular, at room
temperature the ion-mobility difference lies far above 11%.

IV. SUMMARY AND CONCLUSION

We envisaged a strategy for an LRC experiment on Rf+

in a helium buffer gas. As the first step, we devised a rate
equation model that simulates the optical pumping prior to
the electronic state chromatography. The model involves the
ground state of Rf+, 2D3/2 (7s26d1), as well as three excited
states, i.e., the low-lying 2D5/2 (7s26d1) state, the metastable
4F3/2 (7s16d2) state, into which the ion is optically pumped,
and the intermediate 4F3/2 (7s16d17p1) state. Our model pre-
dicts a 93% pumping efficiency already for 10 laser pulses,
thus ensuring efficient laser resonance chromatography of
the ion. In the second step, we investigated the interaction
of Rf+ with He for the ground, low-lying, and metastable
states of the ion, by means of accurate relativistic MRCI and
FSCC calculations. The two levels of theory are in qualitative
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agreement and describe the interaction to be weak and
isotropic for the ground state of the ion, while the excited
states feature stronger and anisotropic interactions, in particu-
lar for the metastable state.

We then used the computed interaction potentials to model
the related ion mobilities in terms of the gas temperature and
the reduced electric field and to evaluate the experimental
conditions that optimize the ESC effect. For gas temperatures
above 100 K and reduced fields below 100 Td, the relative
drift time difference between the ground and the metastable
state should lie well above 9% and grow up to 14% as the
temperature increases. These features are indeed encouraging
for prospective LRC experiments on Rf+, as they show that
sophisticated cryogenic ion mobility spectrometers can be
avoided. Reduced fields below 10 Td and room temperatures
are recommended in order to avoid the quenching of the
states that occurs at high effective ion temperatures [50] and
to maintain state populations in the prospective LRC experi-
ments [15]. In these conditions, the experiment still ensures

optimal ESC effects, as the relative drift time difference be-
tween the ground and excited state should lie above 11%, in
line with the 15% and 13% values previously found for Lu+

and Lr+ at the same temperature and reduced field conditions
(see [14]).
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