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ass-selective ion centering

. Introduction

The combined application of quadrupolar excitation and buffer-
as cooling of the ion motion is a well-established method for
ass-selective ion centering in Penning traps. After its introduction

t ISOLTRAP [1] as a preparatory step for precision mass spec-
rometry of short-lived radionuclei [2,3], the method has quickly
een transferred [4] to (Fourier transform) ion cyclotron reso-
ance (FT-ICR) cells. In analytical chemistry applications it is often

mplemented as part of the standard procedure of complex event
equences, either for axialization of particular species [5] or broader
anges of mass-over-charge ratios [6].

In particular in the case of the Penning trap application for
uclear mass spectrometry, the purification of the ensemble of ions
f interest from isobars or isomers delivered at the same time, is

 key element in securing the accuracy of the resulting mass val-
es. The “quadrupolar cooling” has become the method of choice
o separate the ion species reaching resolving powers of typically

 = m/�m = 104–105. Many species of interest require even higher
esolving powers for the separation from contaminants [7].  Resolv-

ng powers of several 105 can be reached by use of dipolar excitation
or radial ion ejection in buffer-gas free Penning traps [8].  In addi-
ion, the “Ramsey excitation scheme” of time-separated oscillatory

∗ Corresponding author.
E-mail address: marco.rosenbusch@cern.ch (M.  Rosenbusch).

387-3806/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2012.01.002
fields [9,10] has been applied for ion separation [11]. The duration
of these processes is mostly on the order of a second. Thus, for very
short-lived nuclides other methods are needed. In the following, a
new approach for the improvement of the cooling process is stud-
ied. It is based on the replacement of the quadrupolar excitation
by an octupolar excitation, which has recently been introduced to
ion-cyclotron-resonance mass spectrometry [12–15].

A short review of octupolar excitation in vacuum is given fol-
lowed by the introduction of a damping force in the context of
quadrupolar excitation. The latter is a well-studied scheme for
which the most important parameters and their influences are dis-
cussed. The experimental results for quadrupolar and octupolar
excitation are reviewed with respect to centering efficiency and
resolving power. In addition, both buffer-gas cooling schemes are
studied with simulations using a binary-collision model, which
agrees with the experimental findings.

2. Octupolar excitation

A major motivation for the introduction of octupolar excitation
to Penning-trap mass spectrometry was  the doubling of the reso-
nance frequency for the conversion of the radial motional modes as
compared to quadrupolar excitation, namely from �c to 2�c, where

�c is the cyclotron frequency �c = qB/(2�m)  = ωc/2�, which is for
an ideal trap the sum of the radial eigenfrequencies �c = �+ + �−
(cyclotron motion with reduced cyclotron frequency �+ = ω+/2�
and magnetron motion with magnetron frequency �− = ω−/2�  of

dx.doi.org/10.1016/j.ijms.2012.01.002
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:marco.rosenbusch@cern.ch
dx.doi.org/10.1016/j.ijms.2012.01.002
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 charged particle in the Penning-trap). Here the magnetic field
trength is denoted by B; m and q are the mass and the charge of
he trapped ion, respectively. For the motional modes and eigen-
requencies of ions in Penning traps see Refs. [16,17]. The hope of
btaining a similar resonance width, and thus an increase by a fac-
or of two in mass precision, triggered the interest in the application
or high-precision mass spectrometry of short-lived nuclei. Even
igher resolving powers have been found due to the non-linear
ature of octupolar excitation [12,13].

The octupolar excitation field as a function of the excitation time
 can be written in the form [12]

Ex(�) = (x3 − 3xy2)
4Uoct

a4
cos(ωoct� + ϕoct(0)),

Ey(�) = (y3 − 3x2y)
4Uoct

a4
cos(ωoct� + ϕoct(0)),

(1)

where Uoct is the excitation amplitude defining the maximum
otential on a circle with the radius a, ωoct = 2��oct the angular
requency of octupolar excitation, and ϕoct(0) the starting phase of
he external octupolar field. The radial equations of motion of an ion
n a Penning trap can be written conveniently when the coordinates
�

 = (x, y) are substituted [16] by

� ± = �̇� − ω∓ ẑ × ��, (2)

here ẑ is the unit vector in axial direction. Thus, the equation of
otion of a single ion in the presence of octupolar excitation is

btained as

V̇±
x = −ω±V±

y + Goct
(

V+
y − V−

y

)[(
V+

y − V−
y

)2 − 3
(

V+
x − V−

x

)2
]

V̇±
y = −ω±V±

x + Goct
(

V+
x − V−

x

)[(
V+

x − V−
x

)2 − 3
(

V+
y − V−

y

)2
] (3)

ith the oscillation term

oct = goct cos(ωoct� + ϕoct(0)), (4)

nd the coupling parameter

oct = q

m

4Uoct

a4(ω+ − ω−)3
(5)

n analytical solution of the equation of motion, Eq. (3),  has been
orked out recently [15].

The resolving power of octupolar resonances is expected to be
p to more than two orders of magnitude higher than for quadrupo-

ar excitation under ideal conditions (i.e., 200 times higher [12]),
n improvement of only an order of magnitude has so far been
emonstrated in experiments [12,13,15].  In contrast to the case
f quadrupolar excitation, the ion motion under octupolar excita-
ion depends very sensitively on the initial conditions (position and
elocity of the ion). The quality of a resonance can be affected, e.g.,
ue to the dependency of the conversion duration on the initial
adius leading to asynchronous conversions of ions in an expanded
loud. In a buffer-gas environment, collisions are expected to fur-
her influence the ion motion and thus to degrade the resonance
hapes and to increase their widths. In order to study whether
uffer-gas cooling can be improved by using octupolar instead of
uadrupolar excitation, experimental and simulation studies have
een performed which are described in the following.

. Characteristic parameters of the cooling process
Since the quadrupolar excitation including a damping force has
lready been described [18,19],  it will now be used to introduce
nd discuss the influence of the parameters on the cooling process.
s opposed to an excitation in vacuum, where excitation duration
f Mass Spectrometry 314 (2012) 6– 12 7

and amplitude are the main parameters, collisions with the buffer
gas now enter into the equation of motion as a damping-force,

�F = −2m	�v , (6)

where 	 is the damping coefficient and �v the velocity of the ion. The
damping coefficient is connected by

2m	 = q

K
(7)

to the ion mobility K, which depends on the pressure p and tem-
perature of the buffer gas, and the corresponding ion-atom collision
cross-section [20].

The principle of mass-selective centering consists of two simul-
taneous processes. A quadrupolar excitation (excitation frequency
�q) at �q = �c results in a conversion of an initially pure magnetron
motion into cyclotron motion [21]. Secondly, the cyclotron motion
is cooled by the buffer gas. Thus, the resonantly excited ions move
to the trap center while the ions that are not on resonance remain
on their magnetron orbits which is even further increased by the
buffer-gas collisions [1].  Mass selection is achieved when the ions of
interest are axially ejected through a central opening, whereas the
others, which have not been centered, are blocked by the endcap
electrodes (see also Section 4).

An analytical solution of the ion motion in the presence of a
quadrupolar excitation and a damping force can be found in Ref.
[19]. The cooling process is described by analysing the magnetron
motion. To this end the ratio fM = fM(ı, �, gq, 	) = �−(�)/�−(0) of the
magnetron radius �−(�) at time � to its initial value �−(0) is defined
in analogy to Eq. (26) in Ref. [19]. Parameters are the damping coef-
ficient 	 , the detuning ı = ωq − ωc = 2�(�q − �c) of the excitation
frequency �q from the resonance frequency �c, and the coupling
factor gq of the quadrupolar excitation

gq = q

m

2Uq

a2(ω+ − ω−)
, (8)

which depends on the quadrupolar excitation amplitude Uq and the
parameter a (defined in analogy to the corresponding parameters
Uoct and a of Eq. (5)).

For the initial condition of zero cyclotron radius �+(0) = 0, the
ratio fM is given by

fM(ı, �, gq, 	) = �−(�)
�−(0)

= e−	�

∗, (9)

where


 =
√

cos
ωR�

2
− i

ı + i	̃1(	)
ωR

sin
ωR�

2
(10)

and 
* is the complex conjugate of 
. The modified Rabi frequency
ωR = ωR(ı, gq, 	) of the conversion of the motional modes with
damping is given by

ωR(ı, gq, 	) =
√

4g2
q + ı2 − 	̃1(	)2 + 2iı	̃1(	). (11)

A first order approximation of 	̃1 (Eq. (19) of [19]) leads to

	̃1(	) = 2	
ωc

ω1
(12)

with

ω1 =
√

ω2
c − 2ω2

z , (13)

where ωz is the frequency of the axial ion oscillation.
3.1. Resonant excitation including a damping force

The variation of the damping coefficient 	 versus the coupling
factor gq creates different cases of ion motion for resonantly excited
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ig. 1. Magnetron (solid line), and cyclotron radius (dashed line), as a function of the
xcitation time � for quadrupolar on-resonance excitation under different damping
onditions, � < 1 (top) and � ≥ 1 (bottom).

ons [18]. It is convenient to normalize the damping coefficient with
 scaling parameter �

(�) = gq
ω1

ωc
�. (14)

 weak damping, namely � < 1 and thus 	 < gq(ω1/ωc), leads to an
scillating-motion scheme due to a real ωR. During the excitation,
he ions are approaching the trap center while the cyclotron and

agnetron mode are converted back and forth into each other (see
ig. 1, top). For � ≥ 1, ωR is imaginary and the magnetron motion
s decreasing exponentially (Fig. 1, bottom) in analogy to the over-
amped motion of a harmonic oscillator. In order to center the ions,
he parameter � may  not exceed ωc/(

√
2ωz) [18]. Otherwise, the

amping coefficient 	 is too large for the applied coupling factor
q and the magnetron radius cannot be decreased or, for an even
arger �, increases during the excitation.

.2. Resolving power for ion centering with damping

Fig. 2 shows the magnetron radius �− after quadrupolar exci-
ation (excitation duration �0) as a function of the normalized

requency detuning ı/2��0 and normalized to the initial magnetron
adius �−(0). The scaling parameter � has been varied as � = 1/10
dotted line), � = 1/2 (dashed line), and � = 1 (solid line). The width
f the resonance curve is increasing with the parameter � leading

0

1

-4 -2 420

f M
( δ

, τ
0)

=
ρ −

( τ
0)

ρ −
(0

)

δ
2π · τ0

ρdia/ρ−(0)

λ = 1/10
λ = 1/2

λ = 1

ig. 2. fM(ı, �0) as a function of the normalized frequency detuning ı/2��0. Straight
ine at the bottom: radius �dia of the ejection hole of the Penning trap (see also
ection 4).
f Mass Spectrometry 314 (2012) 6– 12

as expected to high resolving powers R = ��mag/�c at low pressures,
where ��mag is the FWHM of each curve. For the oscillating-motion
scheme (� = 1/10 and 1/2), the coupling factor gq is chosen such
that only the first complete conversion is performed, leading to the
highest resolving power. This corresponds to

gq = gqmin = arccos(−�)√
1 − �2�0

. (15)

For the overdamped scheme (� = 1) the coupling factor gqmin does
not exist, since no complete conversions are carried out. In this
case the amplitude should be chosen sufficiently small to keep the
centering effect on off-resonantly excited ions low but still large
enough to center and eject the ions of interest after cooling the
cyclotron radius.

By use of the dimensionless expression ı/(2�)�0 the resonance
curves are independent of the excitation duration �0, thus pro-
viding a common approach for the high-vacuum case [18]. For a
non-zero damping coefficient 	 this is no longer valid. This is why
the parameter � has been introduced. For a given �, the coupling
factor gqmin is proportional to 1/�0. This causes an elimination of
� = �0 in Eq. (9) if ı is normalized to �0. Also for the overdamped
scheme the dependency of gq ∝ 1/�0 holds if the final conversion
degree is constant (�−(�0) fixed).

4. Experimental setup and procedure

The experimental investigations have been performed in the
preparation Penning trap of ISOLTRAP [22] (Fig. 3 top). Singly
charged cesium ions (133Cs+) are delivered from a surface-
ionization ion source and are accumulated in a RFQ buncher [22,23].
The cylindrical Penning trap is located in the bore of a supercon-
ducting magnet with a field strength of 4.7 T. The ring electrode has
eight segments, which allows the application of an octupolar radio-
frequency (rf) field. The inner diameter of the trap is 20 mm which
ensures a good acceptance of ions which are slowly injected using
retardation electrodes. A diaphragm with a diameter of �dia = 3 mm
is placed at the upper end of the trap realizing the radial selection
of ions and serving as a pumping barrier towards the upper part
of the setup [22]. A microchannel-plate (MCP) detector is located
about 1 m above the trap and the ion-optical elements between the
trap and the detector have been optimized for ions starting from the
trap axes. A pressure of p = 10−5 mbar up to several times 10−4 mbar
inside the buffer-gas filled Penning trap is estimated from mea-
surements with a Penning gauge located about 1 m below the trap,
where the pressure pread is about two  orders of magnitude lower.

The time structure of the experimental cycle is shown in the bot-
tom of Fig. 3. The ion bunch is captured in the preparation Penning
trap by lowering the voltage at the lower endcap (capture pulse A).
After a waiting time (B) to cool the axial oscillation of the ion motion
the radial rf-signals are applied to the ring segments (C–F). First, a
quadrupolar excitation at the resonance frequency �c of the cesium
ions is applied (C) for radial centering. A waiting time for radial cool-
ing (D) is implemented to decrease the remaining cyclotron radius
after this excitation. These two steps have been added to the stan-
dard sequence for the study comparing the effect of quadrupolar
and octupolar excitation. They are usually not applied during on-
line investigations of short-lived nuclides. Subsequently, all ions
are excited by a dipolar rf-signal (E) at the magnetron frequency
�− to achieve an average magnetron radius of typically 4–7 mm
depending on the strength of the excitation. This is followed by
the main centering excitation (F) which is the focus of the present

work: either a quadrupolar excitation around �c or an octupolar
excitation around 2�c indicated by the dashed lines in Fig. 3 bot-
tom. After a second radial-cooling time (G), an extraction pulse (H)
ejects the centered ions towards the detector.
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it  the MCP  detector. Bottom: event sequence of a typical experimental cycle.

Note that the width of a resonance curve obtained from the
umber of detected ions as a function of the excitation frequency

s influenced by the size of the diaphragm in the upper endcap of
he preparation trap (see Fig. 2). By use of a straight-line approxi-

ation for the resonance curve near ı = 0 applicable for � ≤ 0.5, the
idth ��dia of the resonance at the diaphragm radius �dia is given

y

�dia = ��mag
2�dia

�−(0)
.  (16)

or more realistic experimental values (e.g., � = 0.8), the width is
ecreased by a smaller factor. In any case, the width is decreased
y maximizing the initial magnetron radius �−(0).

. Experimental results

The quality of an excitation scheme for ion separation is mainly
haracterized by two properties, the centering efficiency and the

esolving power. The centering efficiency is defined by the ratio of
he number of ions detected after the complete procedure (step
–H in Fig. 3 bottom) with resonant excitation to the number of

ons when ejecting them immediately after step D. The resolving
Fig. 4. Normalized ion count as a function of the excitation amplitude for quadrupo-
lar (left) and octupolar (right) excitation. Pressures at the Penning gauge are (top):
6.0 × 10−7 mbar, (bottom): 1.2 × 10−6 mbar. Lines to guide the eye.

power is determined by an evaluation of the measured ion count
as a function of the excitation frequency (so called cooling reso-
nance). In the following the cooling-resonance shape of octupolar
excitation and systematic measurements of the resolving power
for both quadrupolar and octupolar excitation are presented. The
parameters studied for the centering efficiency are the pressure
pread and the excitation amplitudes, Uq for quadrupolar excitation
and Uoct for octupolar excitation. The parameters studied for the
resolving power are the pressure pread and the excitation durations
�0. As a further issue especially for the performance of a separation
process for unstable ions, the overall duration of the process will
be discussed.

5.1. Centering efficiency

For an excitation duration of �0 = 50 ms  and two different pres-
sures, the ion yield has been determined as a function of the
excitation amplitude. The excitation frequency was set to the reso-
nance frequency �c for quadrupolar excitation and 2�c for octupolar
excitation. The normalized ion count for quadrupolar (octupolar)
excitation is shown in Fig. 4 left (right). For quadrupolar excitation
at low pressures (top) the ion count oscillates as a function of the
amplitude, since � < 1 (see Section 3.1) for at least all amplitudes
above the one corresponding to gqmin . For suitable amplitudes, the
efficiency is typically 80–100 %. For higher pressures (bottom) the
efficiency range is similar, but the ions are detected for all ampli-
tudes above a minimum value. This means that � ≥ 1 or, in the case
of higher amplitudes, � < 1 with the corresponding oscillations of
the ion count not detectable, since, due to the higher pressure, the
total radius is already smaller than �dia upon ejection.

Due to the asynchronous conversion in case of octupolar excita-
tion (see Section 2), only small oscillations of the ion count have
been observed even for low pressures (top). The large distribu-
tion of final radii leads to a maximum efficiency of about 50%. For
pread = 1.2 × 10−6 mbar, which is commonly used in the experiment,
the efficiency grows to about 75%.

5.2. Octupolar cooling resonances
An example of a cooling resonance for octupolar excitation of
133Cs+ ions is shown in Fig. 5 top. The shapes of cooling reso-
nances with octupolar excitation are similar to those obtained
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Fig. 5. Top: ion count as a function of the frequency for octupolar excita-
tion for �0 = 50 ms  and a pressure of pread = 6.0 × 10−7 mbar. Bottom: resolving
power as a function of the excitation duration (logarithmic time scale) for
quadrupolar excitation (open symbols) and octupolar excitation (full symbols) at
a  pressure of pread = 3.0 × 10−7 mbar (squares), pread = 6.0 × 10−7 mbar (circles), and
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read = 1.2 × 10−6 mbar (triangles) at the Penning gauge. Dashed (quadrupolar exci-
ation) and solid lines (octupolar excitation) to guide the eye. Statistical error-bar
izes are on the order of the symbol size.

ith quadrupolar excitation and have been fitted with a Gaussian
24,25]. The resolving power obtained in the experiment is deter-

ined by R = �c/��N for quadrupolar, and R = 2�c/��N for octupolar
xcitation, where ��N is the FWHM of the ion count as a function of
he frequency. For the same width ��N for both excitation schemes,
ne obtains thus for octupolar excitation twice the resolving power
f the quadrupolar excitation. The characteristic phase dependence
f octupolar excitation disappears for typical excitation durations
0 > 20 ms,  since collisions with the buffer gas disturb the motion
nd the initial phase distribution averages out resulting in a larger
idth of the resonance curve.

.3. Resolving power

The resolving power R has been studied for different values of
he pressure pread and the excitation duration �0. In each case, the
xcitation amplitude has been optimized to achieve the highest
esolving power (see Section 3.2).

The results for quadrupolar and octupolar excitation are shown

n the bottom of Fig. 5. Systematic measurements have been per-
ormed for excitation durations ranging from 20 ms to 1000 ms
t pressures of pread = 3.0 × 10−7 mbar, pread = 6.0 × 10−7 mbar, and
read = 1.2 × 10−6 mbar at the Penning gauge (about 10−5 mbar to
f Mass Spectrometry 314 (2012) 6– 12

10−4 mbar inside the trap). A significant difference in resolving
power between both excitation schemes is only visible for the
lowest pressure pread = 3.0 × 10−7 mbar, where octupolar excitation
shows an advantage for short excitation durations and reaches
R ≈ 4 × 105 for longer excitation. Use of this pressure, however,
requires long waiting times to cool the motional modes of the
ions. Thus, a preparation time of 700 ms  has been added to the
main step of the experimental cycle (step F in Fig. 3). Also, the
efficiency of octupolar excitation is below 40%. For the typical pres-
sure of pread = 1.2 × 10−6 mbar at the Penning gauge (additional
preparation time of 400 ms), saturation for the resolving power is
reached already after �0 = 100 ms  for both excitation schemes and
the resolving powers are comparable.

6. Simulations

The measurements described above will be compared with sim-
ulations of the ion trajectories in the preparation Penning trap.
To this end, a simulation program has integrated the equation of
motion for test particles assuming ideal electric fields and neglect-
ing ion–ion interactions.

Although requiring more algebraic calculations than a standard
integrator like the fifth-order Runge–Kutta method, the fifth-order
Gear integrator [26] was chosen because the force has to be cal-
culated only once per time step. The repetition of the calculation
of the force is more computation-time consuming than that of the
integrator. Thus, the Gear integrator is quite effective. In addition,
it guarantees a still admissible deviation from energy conservation.

A binary-collision model is used for collisions of the trapped
particles with the buffer gas. For every time step, the probability
P of a collision of an ion with a buffer-gas atom is calculated as a
function of the number density ngas of the buffer gas (determined by
the pressure p), the velocity difference u between buffer-gas atom
and ion, and the cross section � for 133Cs+ ions in a 4He gas at room
temperature, which are obtained from [27]

P = 1 − exp(−ungas��t). (17)

In case of a collision, the polar scattering angle  in the center-of-
mass system is sampled from the uniform probability distribution
UD according to the binary collision model inspired by Takizuka
and Abe [28] and further generalized in Ref. [29],

cos() = 1 − 2(UD),  (18)

where UD is a random number between 0 and 1. The azimuthal
scattering angle � is sampled isotropically by � = 2�(UD).

6.1. Initial conditions and procedure

The ion cloud in the trap is described by a Gaussian distribution
in space. To determine the initial radial bunch width ��,  i.e., the
situation after step C in the bottom of Fig. 3, simulations of a pre-
cooling process for three typical pressures used in the trap have
been performed. The initial bunch width scales from 0.5 mm for
p = 20 × 10−5 mbar to 1.0 mm for p = 2 × 10−5 mbar and has been
linearly interpolated for pressure values in between. For pressures
below p = 2 × 10−5 mbar, the bunch width was  assumed to remain
constant, ��  = 1.0 mm.

An average magnetron radius of 5 mm is assumed to repre-
sent experimental conditions after step E in the bottom of Fig. 3.
Then, the centering excitation is applied and the residual mag-
netron radius is determined. Ions with a magnetron radius smaller
than the diaphragm radius �dia are counted as cooled ions assum-

ing that the residual cyclotron radius is decreased sufficiently after
a certain waiting time. The simulations have been performed for
an excitation duration of �0 = 50 ms,  various coupling parameters
g = gq (g = goct) and pressures p.
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the necessity of using a microscopic model instead of a continu-
ous damping force can be found in Ref. [27], where the interaction
of ions with buffer-gas atoms in RFQ devices is discussed. As also
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ig. 6. Resolving power (top) and efficiency (bottom) of the cooling process for 13

inimum required gmin to center the ions (i.e., gmin = gqmin for quadrupolar excita
right).

For each of these (g, p) parameter sets the efficiency and the
esolving power R have been extracted from the simulation. To
alculate the resolving power, ��N has been determined from
earching the frequency where half of the ion number as com-
ared to the simulation at the resonance frequency are in the center
egion. To this end the bisection method has been used in order to
educe the number of simulation steps needed for the search. The
earch is performed uni-directional, since also for octupolar excita-
ion the cooling resonances are assumed to be symmetric (see Fig. 5
op).

.2. Comparison of simulations with experimental results

The results of the simulation of the resolving power and the
fficiency for both excitation schemes are shown in Fig. 6. The effi-
iency ranges from 0 (0%) to 1 (100%). Resolving powers for points
ith an efficiency less than 30% have not been calculated and are

et to 0.
The simulation yields a maximum resolving power of

max ≈ 1 × 105 for both excitation schemes. At a pressure of
 = 4.0 × 10−5 mbar the octupolar excitation scheme reaches its
aximum in resolving power and shows a slight advantage as com-

ared to quadrupolar excitation, whereas for higher pressures the
esolving powers are comparable. This agrees with the experimen-
al findings (�0 = 50 ms  in the bottom of Fig. 5). This means that for
ctupolar excitation the width ��N of the resonance is doubled
s compared to quadrupolar excitation for most of the simulated
ressures. The efficiency values for quadrupolar excitation show
he expected results. A transition from the oscillating to the over-
amped motion scheme is observed and all ions are centered for
ptimized amplitudes. For octupolar excitation, a loss of ions (to
0% and less) is found for low pressures, where the simulated curves
eproduce the measured curves in Fig. 4 quite well, including the
bsence of the periodical count rate oscillations for low pressures
see Section 5.1).
The drop of the resolving power for octupolar excitation com-
ared to the results in Refs. [12,13] is a consequence of the collisions
as illustrated in Fig. 7). The ion motion, excited by a quadrupo-
ar excitation, is still comparable with the corresponding motion
ons as a function of the pressure and the coupling parameter g normalized to the
ith �0 = 50 ms). Results for quadrupolar excitation (left) and octupolar excitation

with a continuous damping coefficient 	 , since small changes of
the trajectories have a small influence on the conversions.

In the case of octupolar excitation, however, the ions react
strongly on the collisions and the resulting new initial conditions
for the next part of the simulation lead to drastic deviations from
the trajectory without collisions. Thus the conversions are inter-
rupted, which further decreases the efficiency and reduces the
resolving power.

In contrast, a continuous damping ansatz of the form of Eq.
(6), which has been simulated in the same way as described in
Section 6.1,  leads to resolving powers for octupolar excitation of
up to Rmax ≈ 107 (not shown). This result is in contradiction to the
experimental values. Thus, for octupolar excitation the continuous
damping approach does not adequately describe the ion motion in
contrast to the microscopic collision model. Further examples for
Fig. 7. Magnetron (solid lines) and cyclotron radii (dashed lines) of ten 133Cs+ ions
for  quadrupolar excitation (top) and octupolar excitation (bottom) as a function of
excitation time from a simulation including collisions. All ions have the same initial
conditions.
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ndicated in a recent study [30] collision models have to be chosen
ccording to their validity at different ion energies.

. Summary

The application of octupolar excitation for mass-selective
entering of ions in a Penning trap has been investigated by
easurements at ISOLTRAP and compared to simulations. The

xperimental study was conducted for different pressures, exci-
ation durations and amplitudes. For octupolar excitation, a gain
n resolving power as compared to quadrupolar excitation can be
btained, but only for lower pressures than typically used in the
xperiment which in turn require longer experimental cycles. In
ddition, the efficiency of octupolar excitation decreases to below
0% for these pressures.

The experimental results have been reproduced by simulations
ncluding a binary-collision model. The decreased efficiency for
ctupolar excitation at low pressures is explained by the asyn-
hronous conversions due to different initial radii.

In contrast to a continuous damping approach the binary-
ollision-model simulations show the non-negligible influence of
he individual buffer-gas collisions on the ion motion in case
f octupolar excitation. The sensitive reaction of the system
xplains the measured decrease in the resolving power for com-
only used buffer-gas pressures as compared to collision-free

esonances.
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