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Abstract. The element specific electron configuration of ions directly reflects the two quantum mechanical
observables 〈r2〉 and rmax, which denote the r2 expectation value of the electron density and the principle
maximum of the wave function of the outermost electron orbital, respectively. Thus, the determination of
these observables may present a new access to element identification of single superheavy nuclides. In this
paper, we discuss how these observables are related to ionic radii deduced from ion-mobility data using the
most simple hard sphere model and semi-empirical (n, 6, 4) model potentials for the interaction of heavy
ions with noble gases. A concept for a high resolution ion-mobility spectrometer is presented. Optimum
extraction efficiency of the ions will be achieved by decoupling the ion motion from the electric field drift
by the friction force of the suitably shaped gas flow at the exit nozzle.

PACS. 27.90.+b Properties of superheavy elements – 31.10.+z Theory of electronic structure, electronic
transitions, and chemical binding – 51.10.+y Kinetics and transport theory of gases – 52.20.Hv Atomic,
molecular, ion, and heavy-particle collisions

1 Introduction

Today’s most advanced method for investigations of the
properties of transfermium elements is gas phase chem-
istry with single atoms. This method yielded detailed
chemical information up to element 108 (hassium) [1] and
— most recently — first experiments at element 112 [2]
were successfully performed. These investigations aim at
the examination of the chemical properties within one
group of homologous elements. Deviations from the pe-
riodicity in the atomic shell structure may be caused by
relativistic effects which gain in particular importance for
the heaviest elements in the region beyond Z = 100. Rel-
ativistic effects are caused, roughly speaking, by a con-
traction of the wave functions of s- and p1/2-electrons.
Inner shell electrons influence indirectly via the shielding
of the nuclear potential the valence electrons and, thus,
the chemical properties as well. The comparison with
relativistic ab-initio calculations [3] happens via the ad-
sorption enthalpy — a thermodynamic property.

However, direct comparison of the measured quanti-
ties with the quantum mechanical observables would rep-
resent a microscopic test of Dirac-Fock calculations. The
radial maximum of the wavefunction of the outermost or-
bital, rmax and the expectation value 〈r2〉, are both not
only subjected to the above mentioned relativistic con-
traction but also reflect the electron configuration of the
respective atoms [4] and ions, see Figure 1. Thus, sys-
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Fig. 1. Maximum of the outermost radial wave function rmax

and
√

Ne〈r2〉 as function of the charge number Z. The number
of electrons in the 5f -shell is n = Z − 89 and in the 6d-shell
m = Z − 103. Values taken from reference [5].

tematic studies of rmax and 〈r2〉 of actinides and trans-
actinides will contribute to a better understanding of the
electronic structure in strong (nuclear) fields. The con-
traction of neighboring actinides amounts to >1% [5]
whereof 20% are caused by relativistic effects [6]. Also
QED effects gain importance for the heaviest elements
and cause changes in the valence electron binding ener-
gies of >0.1 eV [7] which contributes to the actinide con-
traction. Since atomic physics investigations of actinides
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and transactinides require extremely sensitive methods,
no such experiments have been performed with these ele-
ments, so far.

Kemper and Bowers [8] have shown that not only
electron configurations of ions can be deduced from ion-
mobility measurements but that it is even possible to
distinguish between metastable ionic states. The devel-
opment of this technique at trace amounts of shortlived
actinides [9,10] may pave the way for investigations up to
the heaviest elements which may be of particular inter-
est for the identification of the heaviest nuclides observed
in “hot” fusion reactions [11]. Combining nuclear charge
number Z-selective ion-mobility measurements with mass
analysis may allow for definite identification of the neutron
rich isotopes presently assigned to 267,268Rf and 267,268Db
and thus for a connection of the decay chains of the heav-
iest elements to the well established part of the chart of
nuclei.

In this paper, we discuss how the two quantum me-
chanical observables rmax and 〈r2〉 can be deduced from
ion-mobility measurements of actinides (AC) and lan-
thanides (LA), either directly, assuming hard sphere col-
lisions, see Section 3, or via the determination of semi-
empirical interaction potentials, see Section 4. Here, rmax

denotes the principal maximum of the radial wave func-
tion of the outermost ionic orbital and Ne〈r2〉 denotes
the sum of the expectation value 〈r2

i 〉 of each orbital i,∑
Ne

〈r2
i 〉 = Ne〈r2〉, where Ne = Z − 1 is the number of

electrons of the respective ion. The values 〈r2〉 are taken
from reference [5]. Both quantities rmax and

√
Ne〈r2〉

directly reflect the electron configuration of the ions as
shown in Figure 1. In Section 5 we present design studies
for a suitable drift cell for on-line ion-mobility measure-
ments of transactinide elements.

2 Experimental

In references [10,12] shifts were observed in the time
distribution spectra of mono atomic and molecular ac-
tinide ions created by resonance ionization in a buffer
gas cell. In these experiments, the ions drift inside the
buffer gas cell along electric field lines and are extracted
with a time delay of roughly 1 ms. From this time de-
lay td =

∫
S ds/vD(s) = 1

K

∫
S ds/E(s), the ion mobility K

was deduced using the known integral
∫

S
ds/E(s) along

the trajectory s. Here, vD(s) = KE(s) is the instanta-
neous ion drift velocity at point s of the trajectory. At an
argon buffer gas pressure of 100 mbar and a mean elec-
tric field strength of Ē = 25.6 V/cm, the parameter E/N
amounts to E/N ≈ 1 Td, with the number density N of
buffer gas atoms.

From the determined ion mobility K, the momentum
transfer cross section Ω was calculated from the first order
expression [13]

Ω =
3
16

e

n

√
2π

µkBTeff

1
K

neglecting the field dependence K(E) which is reasonable
at the low values of E/N applied in the measurements.
Here, e denotes the electron charge, µ the reduced mass,
and kB the Boltzmann constant. The effective tempera-
ture Teff is given by

3
2
kTeff =

3
2
kT +

1
2
Mv2

D ≈ 3
2
kT

with M the mass of the Ar-atoms and the measured tem-
perature T = 80 ◦C of the optical cell.

3 Description of ion-atom interaction by hard
sphere collisions

In the rigid sphere model, the momentum transfer cross
section can be written as

Ω = πd2 = π(rAr + rion)2 (1)

and the ionic radius rion can be deduced if the radius rAr

of argon is known. Relative changes of ionic radii can be
determined much more precisely from the relative drift
time differences:

∆tA,B
d

tBd
=

√
µAΩA −

√
µBΩB

√
µBΩB

.

For actinides in argon, µA ≈ µB and hence

∆tA,B
d

tBd
≈ ∆ΩA,B

ΩB
≈ 2∆rA,B

rAr + rB
, (2)

with ∆ΩA,B = ΩA − ΩB and ∆rA,B = rA − rB . To ap-
ply the rigid sphere model also to observed AC-monoxide
ions, the most simple Ansatz for the radius of molecules
rM = rmax(ion) + rmax(O) and rM =

√
Ne〈r2〉(ion) +√

Ne〈r2〉(O) was used. Changes in the relative cross sec-
tions ∆ΩA,B/ΩB using rmax or

√
Ne〈r2〉 in equations (1)

and (2) are listed in Table 1.

4 Description of ion-atom interaction
by semi-empirical potentials

Ion-atom interactions can be described as the sum of one
repulsion term and two attraction terms [14],

V (r) =
Cn

rn
− C6

r6
− C4

r4
, (3)

where the constants n and Cn are adapted empirically
to the data. At low temperatures and weak electric fields,
long range interaction is dominated by dipole polarization
V D

p which defines the coefficient C4:

C4 = −V D
p r4 =

e2αAr

2(4πε0)2
. (4)
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Table 1. Relative changes of collision cross sections ∆ΩA,B/ΩB = (ΩA −ΩB)/ΩB of mono atomic and molecular actinide ions

in argon. For ionic and atomic radii (a) rmax and (b)
√

Ne〈r2〉 from Table 2 have been used.

Ion A Ion B Experimental Rigid sphere Rigid sphere (12, 6, 4) Model (8, 6, 4) Model (8, 6, 4) Model
values [10,12] Model (a) Model (b) Solution (c), Table 4 Solution (d), Table 4

Am+ Pu+ −0.04(1) 0.03 −0.05 −1.3 × 10−3 4.8 × 10−4 1.5 × 10−4

Fm+ Cf+ −0.02(1) −0.03 −0.02 −6.4 × 10−4 2.4 × 10−4 7.6 × 10−5

UO+ Cf+ 0.20(1) 0.44 0.30 4.2 × 10−3 −1.3 × 10−3 −4.2 × 10−4

PuO+ Pu+ 0.29(1) 0.36 0.17 7.0 × 10−4 −2.6 × 10−4 −8.3 × 10−5

Table 2. Maximum of the outermost radial wave function rmax and
√

Ne〈r2〉 for atoms and ions. Values taken from reference [5].

O Ar U Pu Am Cf Fm

rmax [Å] (Atom) 0.44 0.69 1.95 1.98 1.95 1.86 1.80
rmax [Å] (Ion) − − 1.84 1.77 1.81 1.74 1,71√
Ne〈r2〉 [Å] (Atom) 0.44 0.64 5.50 5.37 5.32 5.17 5.08√
Ne〈r2〉 [Å] (Ion) − − 4.76 4.67 4.55 4.45 4.39

Table 3. Polarizabilities of atoms αatom and ions αion .

O Ar U Pu Am Cf Fm UO PuO

αatom [Å3] 0.802a 1.64a 27.4b 24.5b 23.3b 20.5b 18.9b − −
αion [Å3] − − 14.8c 13.5c 12.06c 10.87c 10.24c 15.6d 14.3d

αe
atom [Å3] − − 8.37e 7.45e 7.09e 6.13e 5.57e − −
αe

ion [Å3] − − 4.53e 4.12e 3.67e 3.25e 3.02e − −
Natom − 5.52a 3g 3g 3g 3g 3g − −
Nion − − 2g 2g 2g 2g 2g 2g 2g

a Taken from reference [13]. b Calculated polarizabilities taken from reference [19].
c Derived from equation (7). d Derived from equation (8).
e Derived from equation (6). g From comparison with lanthanides, see Section 4.

Here, ε0 denotes the dielectric constant. With
e2/(4πε0)2 = 14.4 eV Å and the polarizability of
argon αAr = 1.642 Å3 [13] we get C4 = 11.81 eV Å4.

The inverse sixth power term describes the interaction
based on permanent dipoles or higher multipoles of one
partner which induce multipole moments on the other [15],
charge induced quadrupole moments, and the lowest order
term of the dispersion interaction Vdis [16]. Considering
mono-atomic ions in noble gases, the first contribution
results in zero. The contribution of the charge induced
quadrupole polarization energy Vq compared to the dipole-
dipole dispersion energy Vdis can be estimated for heavy
alkalies in argon from reference [16] to be Vq/Vdis ≈ 0.26
and is thus neglected in the following:

C6 ≈ −Vdisr
6 =

3
2

αionαAr√
αion/Nion +

√
αAr/NAr

. (5)

The equivalent oscillator number of argon amounts to
NAr = 5.52 [17] and of ytterbium atoms to NYb ≈ 3 [18]
yielding Nion ≈ 2 for Yb+ ions. Since the equivalent
oscillator numbers of Tm and Yb are similar [18], we
assume that there are no big changes in the heavy lan-
thanides and actinides and hence NAC+ ≈ 2. The calcu-
lated atomic polarizabilities [19] of the actinides are listed
in Table 3. Obviously a wrong ground state configuration
for fermium has been assumed in reference [19], therefore
αFm = 18.9 Å3 has been interpolated. The unknown po-
larizabilities of actinide ions can be estimated from the

formula [20]

αe =
4

9Nea0

(
Ne∑

i=1

〈r2
i 〉

)2

, (6)

where Ne is the number of electrons in the atom, a0,
the Bohr atomic radius, and 〈r2

i 〉 the mean square dis-
tance of the ith electron from the nucleus. The sum∑Ne

i=1〈r2
i 〉 = Ne〈r2〉 can be evaluated using listed val-

ues of
√

Ne〈r2〉 for atoms and ions from Table 2. Equa-
tion (6) yields precise values only for nobel gas configura-
tions, compare with reference [16]. Therefore, equation (6)
is only taken to calculate the ratio of the polarizabilities
of ions and atoms:

αion = αatom
αe

ion

αe
atom

. (7)

A good estimate for the polarizability of simple molecules
is the sum of the polarizability of the constituents [16]

αmolecule+ = αion + αatom (8)

where αion is the polarizability of AC+ and αatom the
polarizability of oxygen. All deduced polarizabilities are
listed in Table 3.
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Table 4. Parameters for (n, 6, 4) potentials with n = 12 and n = 8 calculated from equation (5) and equations (9–12). (a) From
comparison with Tl+ in Ar, see Section 4. (b) Interpolated from reference [14]. (c), (d) Real solutions of equation (12) with γ ≤ 1.

U Pu Am Cf Fm UO PuO

C4 [eV Å
4
] 11.81 11.81 11.81 11.81 11.81 11.81 11.81

C6 [eV Å
6
] 6.65 6.30 5.90 5.55 5.35 6.86 6.52

ε [eV] (a) 0.11 0.11 0.11 0.11 0.11 0.11 0.11
T � 0.3 0.3 0.3 0.3 0.3 0.3 0.3

n = 12
γ [10−3] 7.7 7.3 6.9 6.5 6.3 7.9 7.6
rm [Å] 2.943 2.942 2.940 2.938 2.937 2.945 2.943

Ω�(γ, T �) (b) 2.709 2.709 2.709 2.709 2.710 2.709 2.709
n = 8 (c)
γ [10−2] 4.6 4.3 4.1 3.8 3.7 4.7 4.5
rm [Å] 2.181 2.181 2.181 2.181 2.181 2.181 2.181

Ω�(γ, T �) (b) 2.983 2.984 2.985 2.986 2.987 2.982 2.983
n = 8 (d)
γ [10−2] 1.2 1.2 1.1 1.0 1.0 1.3 1.2
rm [Å] 2.716 2.716 2.716 2.717 2.717 2.716 2.716

Ω�(γ, T �) (b) 2.998 2.998 2.999 2.999 2.999 2.998 2.998

It is convenient to write equation (3) in dimensionless
form

V (r) =
nε

n(3 + γ) − 12(1 + γ)

×
[
12
n

(1 + γ)
(rm

r

)n

− 4γ
(rm

r

)6

− 3(1 − γ)
(

rm

r

4
)]

with three parameters: the depth of the potential mini-
mum ε at the ion-atom distance rm and γ, the relative
strength of the repulsive 1/rn term.

The parameters γ and rm can be evaluated by com-
parison of coefficients for n = 12:

γ =
C6

2εr6
m

(9)

C4 =
3
2
ε(1 − γ)r4

m

⇒ r6
m − 2

3
C4

ε
r2
m − 1

2
C6

ε
= 0 (10)

and n = 8:

γ =

√

1 +
C6

6εr6
m

− 1 ≈ C6

12εr6
m

(for γ � 1) (11)

C4 = 2ε
3(1 − γ)
3 − γ

r4
m

⇒ r14
m − 23

35
C4

ε
r10
m +

3
28

C4
2

ε2
r6
m

+
1

210
C4C6

ε2
r4
m − 1

840
C6C4

2

ε3
= 0. (12)

The depth ε = 0.11 eV of the interaction potential can be
estimated from the interaction of Tl+ in Ar [21]. If dipole
polarization is the dominant term at rm, ε is equal for all
ions in the same gas, see equation (4). Calculated param-
eters C4, C6, γ, and rm are listed in Table 4. The collision

integrals Ω = Ω�πr2
m are derived from tabulated values

for Ω� from reference [14]. The thermal energy amounts to
3kT/2 = 0.046 eV at a buffer gas temperature of 80 ◦C,
hence T � = kT/ε = 0.3. Relative changes in the cross
sections ∆ΩA,B/ΩB are listed in Table 1.

5 Experimental set-up for high-precision
ion-mobility measurements of single ions

Drift time spectrometers typically allow for wide varia-
tions of E/N by changing the buffer gas pressure and the
electric field E, see reference [13] and references therein.
The parameter E/N determines the kinetic energy of the
ions. Thus, its variation allows for probing the different
1/rn terms in equation (3) with n = 4, 6, 8, 12, ... Consid-
ering ion-mobility measurements for the assignment of A
and Z of single, superheavy ions, extended measurements
at different E/N may be hampered by the low production
rates of <1/min. Hence, it is envisaged to determine Z
via the measurement of 〈r2〉 or rmax, see Section 6, at one
fixed value E/N ≈ 1 Td using an ultra-sensitive set-up
similar to that described in references [10,12].

However, nuclear fusion reactions are necessary for the
production of transfermium elements. Therefore, experi-
ments are planned at the UNILAC accelerator facility of
GSI in Darmstadt behind the recoil separators SHIP [22]
and TASCA [23] which will allow for suppression of back-
ground from scattered primary beam particles and trans-
fer products to <100/s. After passing a thin entrance foil,
the fusion reaction products will be stopped directly in
the drift time spectrometer which consists of 21 ring elec-
trodes and has a total length of 35 cm, see Figure 2. The
ring electrodes at the beginning of the drift path have
an inner diameter of 90 mm, which is necessary to con-
tain the stopping volume of the recoil ions in the buffer
gas cell. The stopping volume amounts, e.g., for Yb+

ions produced in the nuclear fusion reaction 107Ag(52Cr,
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Fig. 2. (Color online) Cross section plot of the ion-mobility
spectrometer for superheavy elements. Only the extraction
part is shown. The spacing between electrodes amounts to
5 mm.

p3n)155Yb at SHIP, to about 102 cm3 having the lateral
extension σx ≈ 23 mm at an argon buffer gas pressure of
100 mbar [24]. The extraction side of the electrode sys-
tem is characterized by a decreasing inner diameter of the
electrodes for focusing of the ions through an exit nozzle
with a throat of d = 1 mm diameter. Three gas inlets are
foreseen to achieve a homogeneous gas flow at the nozzle
cone, see Figure 3. The required argon pressure for the
stopping of the recoiling fusion products limits the pa-
rameter E/N to about 1 Td and results in a gas flow rate
of about 14 mbar l/s through the nozzle, which creates
a background pressure in the adjacent vacuum chamber
of 1.5 × 10−2 mbar. The rear part of the set-up consists
of a differential pumping section and mass selective ion
detection similar to the set-up described in reference [9].

Optimization of the drift cell

The electrode system which is shown in Figure 2 has been
optimized for ion-mobility measurements with a resolu-
tion of δK/K < 1% necessary for the observation of
changes in the ionic radii, see Section 3. Electric fields and
ion trajectories were calculated using the computer code
SIMION [25] and are shown in Figure 4. To minimize the
drift time differences caused by different lateral starting
points of the ions, the potentials are chosen such, that the
ions drift in a homogenous electric field of about 25 V/cm
before they are focused towards the axis of symmetry only
about 50 mm in front of the nozzle. The resulting relative
difference in the drift time amounts to ∆td/td < 10−3 for
a given longitudinal starting position z.

Two different potential configurations are shown in Ta-
ble 5. By using configuration (a), the ions are purely fo-
cused by the steadily increasing electric field gradient. Due
to the non-vanishing width, w = 3 mm, of the conduct-
ing nozzle at the potential U1, all ions are guided onto this
electrode if they arrive at a distance r ≥ d/2 from the axis
of symmetry, see Figure 4a. This is the dominant fraction
of the ions transported from the stopping region centered
at z ≈ 40 mm even though the maximum field gradient
is set between the nozzle and the first electrode leading

Fig. 3. Contour plot of the radial velocities of argon buffer-
gas atoms at a gas flow rate of 14 mbar l/s at the nozzle.
Negative velocities indicate focussing versus the axis of sym-
metry. Trajectories of 254No+1 ions are shown to demonstrate
the defocusing effect resulting from the electrostatic guiding
field without considering the gas flow.

Fig. 4. Simulation of electrical fields and 254No+1 ion trajec-
tories from z = 0 mm towards the nozzle in 100 mbar Ar.
(a) Strong and (b) moderate electrostatic field focussing using
the electrode potentials listed in Table 5. Time stamps with
∆t = 1 ms are indicated on each trajectory.

to E ≈ Ecrit with the critical field for voltage breakdown
Ecrit = 1.1 kV/cm [26]. The strong focusing results in
the high radial velocity vrad ≈ 27 m/s of the ions hit-
ting the nozzle. In reference [27], it has been proposed to
slow down the ions in front of the nozzle so that the gas
flow becomes the dominating effect which would in turn
lead to further electrostatic defocusing. A similar idea was
followed in configuration (b), which represents a combina-
tion of electrostatic and gas-flow focusing, see Figures 4b
and 3. The electric field gradient steadily increases from
U21 to U2 and decreases between the first electrode and
the nozzle which reduces the radial velocity of the ions
hitting the nozzle to about vrad ≈ 10 m/s. In this case,
the electrostatic forces can be counteracted by the friction
force of the gas flow. However, reducing the electric poten-
tials as listed in Table 5 results in an increase of the drift
time from 25 ms (a) to 60 ms (b). Envisaging experiments
with short-lived nuclides, the drift time should not exceed
100 ms.
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Table 5. HV-potentials used in the electric field calculations, see Figure 4. The potential decreases from U21 to U10 in steps of
125 V (a) and 50 V (b) resulting in a homogenous electric drift field of 60 V/cm and 25 V/cm, respectively.

U22[V] U21[V] ... U10[V] U9[V] U8[V] U7[V] U6[V] U5[V] U4[V] U3[V] U2[V] U1[V] U0[V]
(a) 3520 3480 ... 2110 1930 1750 1570 1370 1160 940 700 420 20 0
(b) 1500 1480 ... 930 860 790 710 610 510 400 270 130 40 0

In this paper, we present a gas inlet system, see Fig-
ure 2, which uses the gas flow of the argon buffer gas for
additional focusing of the ions. The gas provided from
three gas inlets passes a 0.5 mm wide slit which is part
of the nozzle and causes a homogenous gas flow into the
nozzle throat. Figure 3 shows a contour plot of the radial
gas velocities at the nozzle obtained from the computer
code for gas-dynamic simulations FLUENT 6.2 [28]. Ac-
cording to the simulations, radial gas velocities >10 m/s
with a focusing effect for the ions are achieved at the gas
inlet. The closer the ions drift towards the nozzle throat,
the stronger becomes the gas focusing mechanism. At the
nozzle throat, the friction force in the emerging buffer gas
jet dominates the ion motion and the ions are extracted
out of the buffer gas cell.

Without further knowledge of the starting position z,
the resolution will be limited by the ratio of the width of
the stopping distribution to the length of the drift path to
δK/K ≈ 0.07. Therefore, it is planned to deduce relative
differences of the radii of superheavy and argon ions from
relative drift time measurements, see equation (2). Argon
atoms are ionized during the slowing down of the fusion
products and can be registered prior to the superheavy
ion itself.

6 Conclusion

The element-specific electron configuration of ions directly
reflects the two quantum mechanical observables 〈r2〉 and
rmax, see Figure 1, which opens up a new access to element
identification of the heaviest nuclides. However, electron
configuration changes may hamper unambiguous distinc-
tion between, e.g., Am (Z = 95) and Np (Z = 93) consid-
ering 〈r2〉, or Cm (Z = 96) and U (Z = 92) considering
rmax. Nevertheless, the determination of 〈r2〉 or rmax in
combination with mass number A analysis, i.e., determi-
nation of the mass of the ions with ∆m/m ≤ 1/A ≈ 1/300
which is feasible with commercial quadrupole mass filters,
will present severe constraints for the assignment of most
actinides and transactinides.

In Table 1, measured collision cross section ratios for
different actinide ions in argon from references [10,12] are
compared with the respective ratios calculated using the
hard sphere model, see Section 3, and (n, 6, 4) model
potentials with n = 12 and n = 8 as discussed in Section 4.

We find good agreement between the deduced collision
cross section ratios using 〈r2〉 and rmax as ionic radii in
the most simple hard sphere model, see Section 3, and
the experimental data. The opposite trends of rmax and√

Ne〈r2〉 between Pu and Am, may be a hint that ion

mobility is rather sensitive to
√

Ne〈r2〉 than to rmax. This
finding calls for systematic investigations using the refined
experimental set-up described in Section 5.

Both semi-empirical model potentials discussed in Sec-
tion 4 fail to explain the observed shrinking of the cross
sections of mono atomic actinide ions with increasing
charge number Z if we assume that ε does not vary in
the actinides.

Even more obvious is the discrepancy in the cross sec-
tion ratios of mono atomic and molecular ions of ≥20%,
see Table 1. Using these models, long range forces, i.e., ion-
dipole interaction — which is independent of the atomic
structure of the ion — dominates the ion-atom interaction
at zero-temperature (kT � ε).

Thus, the observed differences in collision cross sec-
tions for different actinide ions can only be accounted
for if we assume small variations in the potential depth
ε, note that Ω is proportional to

√
ε [14]. This parame-

ter can only be determined, if the absolute collision cross
section Ω can be measured with sufficient precision of
δΩ/Ω < 0.01 which was not possible with the set-up used
in references [10,12]. Therefore, a suitable drift time spec-
trometer for rare radioactive ions is being constructed, see
Section 5. Another Ansatz is the determination of Ω at dif-
ferent values of E/N . Detailed studies of the mobility of
O+ ions in argon [29] have shown perfect agreement with
quantum chemical calculations [30].

Using the (n, 6, 4) models, all atomic structure infor-
mation about the ions is hidden in ε. All actinide ions
apart from Th, Cm, and Lr have a 5fn+17s or 5fn6d7s
configuration. In reference [18], the authors have shown,
that the 5f electrons are so well shielded by the 7s2 va-
lence electrons of actinide atoms, that their contribution
in collisions is negligible. If this is also true for the ions,
the interaction is dominated by the contribution of the 7s
valence orbital which is subjected to the actinide contrac-
tion, see Figure 1. Note that the maxima of the outermost
radial wave functions rmax of Ar (rmax = 0.7 Å [4]) and of
AC+ (rmax ≈ 1.9 Å [5]) overlap at the mean value of the
calculated minima rm ≈ 2.6 Åof the Ar-AC+ interaction
potentials, see Tables 2 and 4. Here, detailed quantum
chemical calculations are needed to deduce the influence
of the size of the 7s orbital on the potential depth ε.
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