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Summary. Gas-phase ion chemistry in a Penning trap has
been explored for future experiments on the chemical proper-
ties of the heaviest elements. The Mainz Cluster Trap, a Penning
trap experiment devoted to metal cluster research, has served as
a model apparatus for SHIPTRAP which is being installed be-
hind the velocity filter SHIP (Separator for Heavy Ion reaction
Products) at the Gesellschaft für Schwerionenforschung (GSI)
at Darmstadt. The reactions of stored Ru+ and Os+ with oxygen
have been studied and the reaction products MO+ and MO2

+

(M = Ru, Os) have been observed. The corresponding rate con-
stants have been measured and the results are discussed with
respect to future studies of similar ion-molecule reactions of the
element 108 (hassium) in SHIPTRAP.

1. Introduction

In the past decade, considerable progress has been made in
the field of heavy element research [1]. This includes studies
of the chemical properties of rutherfordium (element 104),
dubnium (element 105), seaborgium (element 106) [2], and
bohrium (element 107) [3] in the liquid phase and in the
gas phase, respectively. These results were mostly obtained
by the application of highly automated separation methods
coupled to a He-cluster jet transportation system [4]. Al-
ternatively, gaseous compounds have been formedin situ
by reactions of recoil atoms with reactive gases directly
behind the target [2]. For the heavier elements hassium
(element 108), meitnerium (element 109) and further [1],
low production rates and interferring activities produced
in the nuclear reaction make it more difficult to use the
techniques mentioned above. Thus, a device that combines
a fast selection and the possibility of gas-phase chemistry is
needed, preferably installed behind an electromagnetic sepa-
rator such as SHIP [5], where the separated heavy-ion fusion
products are available as ions. Therefore, ion-molecule reac-
tions (see [6, 7] and references therein) may be considered as
a new way to study their chemical properties.
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Ion trapping devices have proven to be a versatile tool in
mass spectrometry and for the investigation of ion-molecule
reactions in the gas phase [6, 8, 9]. An Ion Cyclotron Reson-
ance (ICR or Penning) trap is currently being installed be-
hind the velocity filter SHIP [1, 5] at GSI in Darmstadt, Ger-
many. This new apparatus, SHIPTRAP [10], will be suitable
for future experiments on the heaviest elements. The reac-
tion recoils, which are produced by irradiation of thin target
foils by use of the heavy-ion linear accelerator UNILAC,
are pre-selected with SHIP. All passing recoils are stopped
in a buffer-gas chamber [11], cooled and accumulated in
a radiofrequency quadrupole (RFQ) buncher [12] and finally
injected into the Penning trap setup. Here, the ion bunch is
purified and the elements of interest can be exposed to re-
active gases. The reaction products will be characterized by
their decay properties and by mass spectrometry.

It has been demonstrated by ISOLTRAP [13] at ISOLDE/

CERN [14], that nuclides with lifetimes of less than one sec-
ond (e.g. 33Ar with T1/2 = 174 ms [15]) are accessible for
experiments with Penning trap mass spectrometers [16, 17].
Therefore, it seems possible to use SHIPTRAP for the
investigation of,e.g., hassium, which has a lifetime of
about 10 s [18].

The present work explores the merits of ion-chemical
investigations of superheavy elements in a Penning trap.
In order to test the possibilities of chemical studies of has-
sium ions, experiments have been performed with its lighter
homologous elements ruthenium and osmium. Oxygen was
chosen as a reactive gas, because it is well known that neu-
tral ruthenium and osmium form very stable compounds
with oxygen. In addition, relativistic density functional cal-
culations for OsO4, RuO4, and HsO4 have shown element
108 (hassium) to have properties similar to osmium and ru-
thenium [19]. Reactions of the ruthenium ion, Ru+, have
already been studied by guided ion beam mass spectrome-
try. The ion’s reaction with molecular oxygen was found to
be endothermic [20]. Thus, Ru+, at low temperature and as
long as in the electronic ground state, is not expected to react
with oxygen. To our knowledge, similar experiments with
Os+ have not been reported in the literature.

In the following, the experimental setup and procedure is
described followed by the data evaluation. The reaction rates
are discussed with respect to excited states that seem to be
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involved (as inferred from the known endothermicity of the
ruthenium reaction) and in view of future studies of similar
ion-molecule reactions of the element 108 at SHIPTRAP.

2. Experimental setup

For the present investigation, the experimental setup of the
Mainz Cluster Trap has been used (see Fig. 1). Since it has
already been described in detail [21–23], only the features
relevant for the present experiment are briefly reviewed.

Positively charged ions of the element under investiga-
tion are produced in a Smalley-type cluster source [24].
Material from the surface of a metal wire is vaporized
by the light of a pulsed, frequency doubled Nd:YAG laser
(5–10 mJ, 10 ns) and the desorbed material is expanded adi-
abatically into the vacuum within a pulsed helium gas jet.
During the recombination process, small neutral, anionic
and cationic aggregates (clusters) are formed [25]. However,
for the present experiments on Ti, Zr, Ru and Os, the atomic
cations have been used, only.

The ions are guided into a Penning trap [26], which
consists of a ring and two endcap electrodes of hyper-
bolic shape. Between these electrodes, a trapping voltage
is applied and produces a static quadrupolar field for axial
confinement (5 V potential depth). For radial confinement,
a homogeneous magnetic field of a superconducting mag-
net (B = 5 T) is superimposed in axial direction. Ions are
injected into and ejected out of the trap through holes in the
center of the endcaps [27]. The ring electrode is segmented
and allows the application of rf signals for the manipulation
of the ions’ motion [28]. By selective excitation of the cy-
clotron motion, unwanted ions can be radially ejected from
the trap.

The ions of interest are centered by a combination of
buffer gas collisions and a quadrupolar excitation [29] and
confined within a region of about 2 mm diameter in the mid-
dle of the trap [30]. After a reaction period of up to several
seconds, the charged products are ejected out of the trap into
a time-of-flight (TOF) mass-spectrometer for mass analy-
sis. Single ion detection is performed by use of a conversion
electrode and a Micro Channel Plate (MCP) detector. Typ-
ically, the data of 200 to 500 cycles with 10 to 20 observed

Fig. 1. Schematic overview of the experi-
mental setup: Metal ions (M+) are pro-
duced in an external ion source and stored
in a Penning trap at a constant oxygen
pressure. After formation of oxides MOn

+

(n = 1–2) during a variable reaction period,
all ions are ejected and analyzed by time-
of-flight mass spectrometry. (For details see
text.)

ions each are added to obtain statistically significant signal
intensities.

The present experiment studies the ion molecule reac-
tions M+ +O2 → MOn

+ (n = 0, 1, 2) (M= Ru, Os) and their
rate constants. The reactive gas (oxygen) is continuously
leaked into the trap region through a needle valve and pro-
vides a constant background pressure (typically 5×10−7 <

p < 2×10−5 mbar). After the metal ions are captured in
flight, trapped contaminant and prebuilt oxide ions are ra-
dially ejected as described above. By the end of this selec-
tion process, only the educts of interest are left in the trap.
During the reaction periods (between 10µs and 20 s), all
charged species remain stored and, thereafter, the products
are mass analyzed. Both the remaining metal ions which did
not react as well as the metal oxide ions are detected. In
order to minimize the influence of fluctuations in precursor
ion production, a reference cycle with a reaction period of
100 ms is performed in alternation to the above described
cycle and the data are normalized with respect to these ref-
erence data.

The ion source is designed for the use of a wire as tar-
get material [25]. However, no solid osmium and ruthenium
wires are available commercially. Thus, a substrate wire is
coated with metallic Os or Ru. For the selection of the sup-
porting wire, several criteria have to be met. First, in order to
be fed through the source, the wire (< 1 mm diameter) has to
be pliable. Second, the material has to withstand the coating
process performed in a sulphuric acid solution (pH= 1.5).
And, most important, in order to separate the ion signals in
the mass spectra that correspond to material from the wire
and the coating, bare ions, oxide-ions as well as cluster ions
must have masses that are different from osmium, ruthenium
and their oxides. Several materials exhibit the pliability and
chemical durability needed, but the third criterion is harder
to meet as illustrated in Fig. 2. Bare copper and its oxides are
much lighter than ruthenium and osmium, causing no mass
spectrometrical ambiguities. However, the copper trimer has
some isotopomeric overlap with osmium (Fig. 2, top), prov-
ing copper to be unsuitable. Tantalum meets all three crite-
ria (Fig. 2, bottom) and has therefore been chosen as wire
material.

The coating of the tantalum wire has been performed
in an electrolysis cell (see Fig. 3) that has been heated in
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Fig. 2. Mass distribution for the core wire materials copper (top) and
tantalum (bottom) compared to the distribution of the osmium isotopes.

Fig. 3. Electrolysis cell for the coating of the target wire (for process
details see text).

a water bath to a temperature of about 70◦C. K2OsCl6 served
as electrolyte for the osmium coating and RuCl3·xH2O
(x = 1–3) for the ruthenium coating. The potentiostatic
electrolysis was performed at 2.1 V for 2.5–3 hours with
an electrolyte of 1.5 g of osmium or ruthenium salt, 30 ml
0.2 M KCl solution and 30 ml 0.5 M KHSO4 solution (ad-
justed to pH 1.5). A 30 cm long piece of tantalum wire

(1 mm diameter) was used as the cathode and a plat-
inum wire as the anode [31, 32]. After the electroly-
sis, the coated wire has been taken out of the solution
and rinsed with water to remove residues of the elec-
trolyte. It was dried in air before insertion into the ion
source.

3. Results and discussion

3.1 Pressure calibration

The rate of a gas phase ion-molecule reaction depends on
the collision frequency of the reactants determined by the
velocity distribution and the density (pressure) of the react-
ing gas (or gases). The velocity is well approximated by
a Maxwell distribution at room temperature. The pressure,
however, cannot be directly determined in the interaction re-
gion. Hence, the reading of a gauge, which is mounted at
a distance of 1.5 m from the trap, has been calibrated by use
of the oxidation of titanium

Ti+ +O2 → TiO+ +O , (1)

as a reference reaction in the trap volume [33, 34] with
a known rate constantkTi+ = (5.0±1.0)×10−10 cm3 mol-
ecule−1 s−1 [35].

The number of Ti+ ions, NTi+ (t), has been measured as
a function of the reaction time, which shows an exponential
decrease (see Fig. 4) of the form

NTi+(t) = NTi+ (0)e−k′
Ti+ ·t , (2)

with the ‘pseudo’ rate constant

k′
Ti+ = kTi+ NO2 , (3)

comprising the rate constant of the reaction,kTi+ , and the
number density of oxygenNO2, which is easily converted to
the pressurep.

In order to confirm the linearity of the pressure reading
at the TOF section as a function of the pressure at the lo-
cation of the trap, the above calibration measurement has

Fig. 4. Relative abundance of titanium ions as a function of the reaction
time at an oxygen pressurep = 2×10−6 mbar. The line represents the
fit of Eq. (2) to the data (k′

Ti+ = (26.2±0.7)s−1).
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been carried out at several pressures. These measurements
yield good agreement for the relevant range of 5×10−7 <

p < 2×10−5 mbar.

3.2 Reactions of Os+ and Ru+ with oxygen

As described in Sect. 2, a sample of metal cations is pre-
pared in the trap and exposed to oxygen at a fixed pressure
for a variable reaction time (10µs< ∆t < 20 s). Because
all charged species remain trapped, the surviving precursor
ions as well as the metal-oxide ions are detected. As an ex-
ample, Fig. 5a shows the relative ion intensities for the reac-
tion of Os+ with O2 at p = 7.5×10−7 mbar as a function of
the reaction time. The Os+ signal shows an exponential de-
crease. The monoxide-ion signal (Fig. 5b) increases at some
100 ms from a finite initial value and after approximately 1 s
it decreases. This decrease of the OsO+ signal is accompa-

Fig. 5. Relative abundance of (a) osmium ions (b) osmium-monoxide
ions and (c) osmium-dioxide ions as a function of the reaction time
at p = 7.5×10−7 mbar. The solid line is a fit of Eqs. (6), (7) and (8)
to the data, respectively (k1 = 7(1)× 10−12 cm3 molecule−1 s−1 and
k2 = 9(2)×10−12 cm3 molecule−1 s−1).

nied by the formation of osmiumdioxide ions (Fig. 5c). The
solid lines represent fits to the measured data as discussed
below.

Obviously, the reaction is composed of two sequential
oxidation steps:

M+ +O2 → MO+ +O with rate constantk1 , (4)

MO+ +O2 → MO2
+ +O with rate constantk2 . (5)

The solution of the differential equations of sequential reac-
tions (or decays) is a set of exponential functions [36], which
describe the intensities of the precursor and the products, in
the present case:

NM(t) = NM · e−k′
1·t , (6)

NMO = NM · k′
1

k′
2 − k′

1

· (e−k′
1 ·t − e−k′

2 ·t) , (7)

and

NMO2 = NM ·
(

1− k′
2 · e−k′

1 ·t − k′
1 · e−k′

2 ·t

k′
2 − k′

1

)
. (8)

NM represents the number of metal ions att = 0. k′
1 and

k′
2 are the pseudo rate constants as introduced above. The

constantk′
1 was obtained from a fit of Eq. (6) to the expo-

nential decrease of the osmium-ion signal.k′
2 was derived by

use of Eq. (8) (wherek′
1 was kept fixed as determined be-

fore). For the osmium reaction atp = 7.5×10−7 mbar (see
Fig. 5), the exponential equations fit the data very well. By
use of Eq. (3) and the known oxygen pressure, the pressure-
independent reaction rate constantsk1 and k2 are obtained
from the ‘pseudo’ rate constantsk′

1 andk′
2.

The osmium reaction has been investigated for seven
different oxygen pressures. These measurements yield
‘pseudo’ rates that increase linearly with the pressure as ex-
pected from Eq. (3). All measurements have been performed
in complete analogy for ruthenium ions. Fig. 6 shows an
example of the Ru+ and the oxidation product yields at
p = 1.6×10−5 mbar. A comparison of the results with the
osmium reaction indicates a much slower reaction (note that
the oxygen pressure is increased by a factor of 20 as com-
pared to the measurements shown in Fig. 5). The depletion
of the precursor ions is not complete after 20 s (see Fig. 6a),
and also the amount of ions that have reacted to the dioxide
after 20 s (Fig. 6c) is much lower than in the case of osmium.
Table 1 summarizes the results for both elements. In the case
of ruthenium the mean values of the rate constants for both
oxidation steps (k1 = (2.8±0.7)×10−12 cm3 molecule−1 s−1,
k2 = (6.9±3.6)×10−12 cm3 molecule−1 s−1) are equal to or
slightly smaller than the values for the osmium reaction
(k1 = (2.6± 0.3) × 10−12 cm3 molecule−1 s−1, k2 = (9.4±
4.0)×10−12 cm3 molecule−1 s−1).

Many chemical reactions can proceed in both directions,
and, if the rate constants are of similar order of magnitude,
an unconsidered back reaction might result in an underesti-
mation of the actual rate constant. To check whether there
is a back reaction in the first step of the proposed sequential
reaction (see Eq. (4)), an additional experiment was per-
formed: MO+ ions formed in the source or during transfer
were selected, stored in the trap and, after a variable reaction
time, the products were identified. Only dioxide ions and no
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Oxygen Ruthenium [10−12 cm3 molecule−1 s−1] Osmium [10−12 cm3 molecule−1 s−1]
pressurepPT

[mbar]

k1 k2 k1 k2

7.5×10−7 − − 7 (1) 9 (2)
9.8×10−7 8 (2) 13 (4) 3 (1) 11 (18)
2.3×10−6 3 (1) 17 (13) 2.0 (3) 17 (3)
4.4×10−6 3 (1) 6 (2) 1.8 (2) 9 (1)
6.5×10−6 0.5 (1) 2 (1) 1.7 (2) 8 (1)
8.3×10−6 1.0 (2) 2 (1) 1.9 (2) 8 (1)
1.6×10−5 0.5 (1) 1.1 (3) 1.7 (3) 4 (1)

Table 1. Rate constants of the ion-
molecule reactions of ruthenium and
osmium with oxygen.

Fig. 6. Relative abundance of (a) ruthenium ions, (b) ruthenium-
monoxide ions and (c) ruthenium-dioxide ions as a function of
the reaction time atp = 1.6×10−5 mbar. The solid line is a fit of
Eqs. (6), (7) and (8) to the data, respectively (k1 = (0.5(1))× 10−12

cm3 molecule−1 s−1 andk2 = (1.1(3))×10−12 cm3 molecule−1 s−1).

pure metal ions were observed, contrary to the expectations
in the case of a back reaction. Hence, under the present ex-
perimental conditions, no back reaction takes place and the
assumption of a one-way reaction is justified.

3.3 Discussion and conclusion

As shown in the previous section, it takes more than 10 sec-
onds to convert all osmium ions into the dioxide ion at the
highest oxygen pressure applied (p = 1.6×10−5) and for
ruthenium, the reaction is even slower – after 20 seconds,
the reaction into the dioxide ion is far from being complete.
Both reactions stop at the second oxidation stage (the diox-
ide ion) and no higher oxidized species, likee.g. MO3

+, have
been observed.

The oxidation of ruthenium as well as osmium is well de-
scribed by a simple sequential reaction. The measured rate
constantsk1 for the first step M+ → MO+ andk2 for the sec-
ond step MO+ → MO2

+ (see Table 1) show that for both
elements the reaction velocity is dominated by a slower first
step that is followed by a much faster second step. To our
knowledge, the ion molecule reaction of osmium with oxy-
gen has not been studied before. However, a spontaneous re-
action of ruthenium ions with oxygen is not expected. On the
contrary, it is known from the literature [20] that the reac-
tion Ru+ +O2 → RuO+ +O is endothermic (∆f H ◦ = 5.2±
1.1 eV atT = 0 K, as deduced from the data in [20]). There-
fore, an additional reaction has been investigated, where the
rate constant is already known,i.e., the reaction of zirconium
ions with oxygen. Dheandhanooet al. have shown that the
rate constant of this reaction is equal to that of the previ-
ously used calibration reaction of titanium with oxygen [37],
kTi+ = kZr+ = (5.0±1.0)×10−10 cm3 molecule−1 s−1.

To obtain comparable data, the zirconium oxidation has
been performed in the same way as the ruthenium and os-
mium reactions. Zirconium ions were produced by laser
vaporization from a zirconium wire in the source and se-
lection, trapping and detection were performed as described
above for Os and Ru. Again, the precursor ion number was
measured as a function of the reaction time and for vari-
ous oxygen pressures. As expected, an exponential decrease
of the precursor-ion signal was observed and with Eq. (6),
the corresponding rate constants were deduced (see Table 2).
From these results, a mean value ofkZr+ = (7.1±1.4)×
10−10 cm3 molecule−1 s−1 for the experimental rate constant
was fitted which is only slightly higher than the expected
value [37].

Thus, the present results are as yet inconclusive with
respect to the nature of the measured reaction rates. The ti-
tanium and zirconium measurements give consistent results
while ruthenium shows a strong deviation from the expected
behavior, and for osmium there are no prior reports. Possible
explanations for the finite ruthenium rates are: (a) long-lived
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Table 2. Rate constants of the ion-molecule reaction of zirconium ions
with oxygen at various oxygen pressures.

Oxygen pressurepPT kZr+ (Exp)
[mbar] [10−10 cm3 molecule−1 s−1]

7.5×10−7 5 (1)
9.8×10−7 8 (2)
2.3×10−6 7 (1)
3.1×10−6 7 (1)
4.4×10−6 7 (1)
8.3×10−6 9 (3)

metastable states, that may survive many collisions both in
the ion source and in the trap, (b) non-Maxwellian velocity
distributions of the ions in the trap, in particular due to the
persistent application of quadrupolar excitation of the ions’
radial motion, in order to center the ions in the middle of the
trap [29].

In the first case, the observed reaction would be a super-
position of the reactions of two (or more) distinctive species,
Ru+ and Ru+∗, where the ground state species should not
react to RuO+. The influence of long-lived excited states is
reported,e.g., in the case of the reaction of Ag+ with oxy-
gen [20]. A thermalization of ruthenium and osmium with
argon gas has been performed prior to the reaction with
oxygen, but the number of collisions (about 100) was pos-
sibly not sufficient to quench all excited states [38]. The
present data do not allow to decide whether there is a finite
non-reacting offset of Ru+ ions (see Fig. 6a). Under the as-
sumption of case (b) all measured rate constants are upper
bounds of the actual room temperature rates. In any case,
both of these complications may apply to any of the four
metals that have been used for the present study.

Nevertheless, the following important conclusion can be
drawn: In principle, kinetic data on ion-molecule reactions
can be obtained in a Penning trap study with single ion de-
tection, and the stoichiometry of the reaction products can
be determined unambiguously by mass spectrometry. This is
a distinct advantage over conventional gas-phase or liquid-
phase experiments [2] in which the stoichiometry of inves-
tigated molecules can at best be deduced indirectly on the
basis of comparisons of the chemical behavior of homolo-
gous elements within a given group in the Periodic System.
The low reaction rates observed, which actually may only
be upper bounds, will constitute a severe problem for short-
lived isotopes with lifetimes well below the inverse of the
reaction rates. This problem is due to the low permissible gas
pressure in the Penning trap. Therefore, the main conclusion
from the present work is that ion-molecule reactions should
preferably be performed already in the buffer-gas cell or the
RFQ buncher of SHIPTRAP for cooling and accumulation.
Thus, high gas pressures can be realized at the expense of
a loss of information on kinetic data. The stoichiometry of
the reaction products can still be determined by a subsequent
mass measurement in the Penning trap.

Note added in proof:

In a subsequent experiment by G. Marxet al. (to be pub-
lished) using a Fourier Transform-Ion Cyclotron Resonance

apparatus (FT-ICR) it could be shown that Ru+ ions react
with oxygen only when their radial motion is excited. Thus,
apparently the persistent application of quadrupolar excita-
tion of the ions’ radial motion was responsible for the Ru+

ions reactions in the present work.

Acknowledgment. This work was supported by the Deutsche For-
schungsgesellschaft and by the Fonds der Chemischen Industrie. The
authors thank S. Zauner for developing the electrolysis procedures.

References

1. Münzenberg, G., Hofmann, S.: Discovery of the Heaviest Elem-
ents. In:Heavy Elements and Related New Phenomena. (Grei-
ner, W., Gupta, R. K. eds.) World Scientific, Singapore (1999)
p. 9.

2. Kratz, J. V.: Chemical Properties of the Transactinide Elements.
In: Heavy Elements and Related New Phenomena (Greiner, W.,
Gupta, R. K. eds.) World Scientific, Singapore (1999) p. 129.

3. Eichler, R., Brüchle, W., Dressler, R., Düllmann, Ch. E., Eich-
ler, B., Gäggeler, H. W., Gregorich, K. E., Hoffman, D. C., Hübe-
ner, S., Jost, D. T., Kirbach, U. W., Laue, C. A., Lavanchy, V. M.,
Nitsche, H., Patin, J. B., Piguet, D., Schädel, M., Shaughnes-
sy, D. A., Strellis, D. A., Taut, S., Tobler, L., Tsyganov, Y. S., Tür-
ler, A., Vahle, A., Wilk, P. A., Yakushev, A. B.: Nature407, 63
(2000).

4. Trautmann, N.: Radiochim. Acta70/71, 237 (1995).
5. Münzenberg, G., Faust, W., Hofmann, S., Armbruster, P., Gütt-

ner, K., Ewald, H.: Nucl. Instrum. Methods161, 65 (1979).
6. Eller, K., Schwarz, H.: Chem. Rev.91, 1121 (1991).
7. Brodbelt, J. S.: Mass Spectrom. Rev.16, 91 (1997).
8. Nibbering, N. M. M.: Acc. Chem. Res.23, 279 (1990).
9. Bowers, M. T., Marshall, A. G., McLafferty, F. W.: J. Phys. Chem.

100, 12 897 (1996).
10. Marx, G., Dilling, J., Kluge, H.-J., Mukherjee, M., Quint, W., Ra-

haman, S., Rodriguez, D., Sikler, G., Tarisien, M., Weber, C., the
SHIPTRAP Collaboration: SHIPTRAP: A capture and storage fa-
cility on its way towards a RIB-facility. In:Non-Neutral Plasma
Physics IV. (Anderegg, F., Schweikhard, L., Driscoll, C. F. eds.)
AIP Conference Proceedings 606, AIP (2002) p. 615.

11. Engels, O., Beck, L., Bollen, G., Habs, D., Marx, G., Neumayr, J.,
Schramm, U., Schwarz, S., Thirolf, P., Varentsov, V.: Hyp. Int.
132, 505 (2001).

12. Herfurth, F., Dilling, J., Kellerbauer, A., Bollen, G., Henry, S.,
Kluge, H.-J., Lamour, E., Lunney, D., Moore, R. B., Scheiden-
berger, C., Schwarz, S., Sikler, G., Szerypo, J.: Nucl. Instrum.
Methods Phys. Res., Sect. A469, 254 (2001).

13. Bollen, G., Becker, S., Kluge, H.-J., König, M., Moore, R. B.,
Otto, T., Raimbault-Hartmann, H., Savard, G., Schweikhard, L.,
Stolzenberg, H., the ISOLDE Collaboration: Nucl. Instrum.
Methods Phys. Res., Sect. A368, 675 (1996).

14. Kugler, E., Fiander, D., Jonson, B., Haas, H., Przewloka, A.,
Ravn, H. L., Simon, D. J., Zimmer, K., the ISOLDE Collab-
oration: Nucl. Instrum. Methods Phys. Res., Sect. B70, 41
(1992).

15. Herfurth, F., Dilling, J., Kellerbauer, A., Audi, G., Beck, D.,
Bollen, G., Henry, S., Kluge, H.-J., Lunney, D., Moore, R. B.,
Scheidenberger, C., Schwarz, S., Sikler, G., Szerypo, J., the
ISOLDE Collaboration: Hyp. Int.132, 309 (2001).

16. Bollen, G., Ames, F., Audi, G., Beck, D., Dilling, J., Engels, O.,
Henry, S., Herfurth, F., Kellerbauer, A., Kluge, H.-J., Kohl, A.,
Lamour, E., Lunney, D., Moore, R. B., Oinonen, M., Scheiden-
berger, C., Schwarz, S., Sikler, G., Szerypo, J., Weber, C., the
ISOLDE Collaboration: Hyp. Int.132, 215 (2001).

17. Kellerbauer, A., Bollen, G., Dilling, J., Henry, S., Herfurth, F.,
Kluge, H.-J., Lamour, E., Lunney, D., Moore, R. B., Scheidenber-
ger, C., Schwarz, S., Sikler, G., Szerypo, J.: Hyp. Int.132, 511
(2001).

18. Hofmann, S., Ninov, V., Hessberger, F. P., Armbruster, P., Fol-
ger, H., Münzenberg, G., Schött, H.-J., Popeko, A. G., Yeremin,
A. V., Saro, S., Janik, R., Leino, M.: Z. Phys. A354, 229
(1996).



Ion-molecule reactions of Ru+ and Os+ with oxygen in a Penning trap 343

19. Pershina, V., Bastug, T., Fricke, B., Varga, S.: J. Chem. Phys.115,
792 (2001).

20. Chen, Y.-M., Armentrout, P. B.: J. Chem. Phys.103, 618
(1995).

21. Becker, S., Dasgupta, K., Dietrich, G., Kluge, H.-J., Kuznetsov, S.,
Lindinger, M., Lützenkirchen, K., Schweikhard, L., Ziegler, J.:
Rev. Sci. Instrum.66, 4902 (1995).

22. Schweikhard, L., Becker, St., Dasgupta, K., Dietrich, G., Klu-
ge, H.-J., Kreisle, D., Krückeberg, S., Kuznetsov, S., Lindin-
ger, M., Lützenkirchen, K., Obst, B., Walther, C., Weidele, H.,
Ziegler, J.: Physica ScriptaT59, 236 (1995).

23. Schweikhard, L., Krückeberg, S., Lützenkirchen, K., Walther, C.:
Eur. Phys. J. D9, 15 (1999).

24. Powers, D. E., Hansen, S. H., Geusig, M. E., Puiu, A. C., Hop-
kins, J. B., Dietz, T. G., Duncan, M. A., Langridge-Smith, P. R. R.,
Smalley, R. E.: J. Phys. Chem.86, 2556 (1982).

25. Weidele, H., Frenzel, U., Leisner, T., Kreisle, D.: Z. Phys. D20,
411 (1991).

26. Brown, L. S., Gabrielse, G.: Rev. Mod. Phys.58, 233 (1986)
27. Schnatz, H., Bollen, G., Dabkiewicz, P., Egelhof, P., Kern, F.,

Kalinowsky, H., Schweikhard, L., Stolzenberg, H., Kluge, H.-J.:
Nucl. Instrum. Methods Phys. Res., Sect. A251, 17 (1986).

28. Schweikhard, L., Marshall, A. G.: J. Am. Soc. Mass Spectrom.4,
433 (1993).

29. Savard, G., Becker, S., Bollen, G., Kluge, H. J., Moore, R., Otto, T.,
Schweikhard, L., Stolzenberg, H., Wiess, U.: Phys. Lett. A158,
247 (1991).

30. Walther, C., Becker, S., Dietrich, G., Kluge, H. J., Lindinger, M.,
Lützenkirchen, K., Schweikhard, L., Ziegler, J.: Z. Phys. D38, 51
(1996).

31. Notley, J. M.: Trans. Metal Finishing50, 59 (1972).
32. Gmelin, L.: Handbuch der Anorganischen Chemie. 8. Auflage,

Osmium Supplement Volume 1, Springer-Verlag, Berlin, Heidel-
berg, New York (1980).

33. Dietrich, G., Dasgupta, K., Kuznetsov, S., Lützenkirchen, K.,
Schweikhard, L., Ziegler, J.: Int. J. Mass Spectrom. Ion Processes
157/158, 319 (1996).

34. Walther, C., Herlert, A., Kim, J. I., Scherbaum, F. J., Schweik-
hard, L., Vogel, M.: Chem. Phys.265, 243 (2001).

35. Johnsen, R., Castell, F. R., Biondi, M. A.: J. Chem. Phys.61, 5404
(1974).

36. Friedlander, G., Kennedy, J., Macias, E., Miller, J.:Nuclear and
Radiochemistry. 3rd ed., John Wiley and Sons, Inc., New York
(1981).

37. Dheandhanoo, S., Chatterjee, B. K., Johnsen, R.: J. Chem. Phys.
83, 3327 (1985).

38. Lei, Q. P., Amster, I. J.: J. Am. Soc. Mass Spectrom.7, 722
(1996).


