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Abstract. The present work is concerned with the association of a temperature to a single ion stored in
a Penning ion trap. Several methods are described which allow to determine the temperature by mea-
surements of the ion’s cyclotron and axial trapping frequencies. Recent results of a measurement on a
hydrogen-like carbon ion 12C5+ by use of mode coupling are presented and possible further applications
are discussed.

PACS. 07.20.-n. Thermal instruments and apparatus – 07.20.Dt. Thermometers – 42.50.Lc Quantum
fluctuations – 42.50.Vk Mechanical effects of light on ions

1 Introduction

The concept of temperature is usually applied only to large
ensembles of particles. However, under certain conditions
the concept of temperature can be given a meaning also
with individual particles. It has, for example, been suc-
cessfully applied to a single electron confined in a Penning
trap [1]. Generally, in the case of a thermal equilibrium
with the environment at a temperature T , if one mea-
sures the motional energy E of an individual particle re-
peatedly, the probability of obtaining a certain value for
the energy follows the exponential exp(−E/kBT ), where
kB is the Boltzmann constant. It therefore represents a
Boltzmann distribution which is characterized by a tem-
perature. However, this is valid only under the assumption
that the system is ergodic [2]. This assumption states that
the result of a measurement of an observable performed
over an ensemble of particles, if averaged, yields the same
result as given by several consecutive measurements of the
same observable on a single particle, time-averaged.

If the system is indeed ergodic and there is a ther-
mal equilibrium between the environment and the parti-
cle, this yields the possibility of utilizing an ion’s trapping
motion as a probe for thermometry. A single charged par-
ticle in a Penning trap [3] interacts via electromagnetic
forces with the electrodes of the trap which are coupled
to attached electronic circuits used for detection of the
ion’s trapping motions. It is well-known [4] that the ion’s
movement in the trap induces image currents in the trap
electrodes and thus in the attached electronics, as repre-
sented schematically in Figure 1. Since the nature of the
coupling forces is bidirectional, thermal fluctuations in the
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Fig. 1. Schematic view on the interaction of the ion motion
with the trap electrodes and resonance circuits.

electronics due to thermal charge carrier motion also af-
fect the ion’s movement in the trap. The strength of this
coupling can be expressed in terms of a time constant τ
with which the exponential energy loss of an excited ion
would take place. It is given by [5]

τ =
m

q2

D2

R
, (1)

where m is the ion mass and q is its electric charge. D is
the so-called effective distance between the signal pickup
electrodes and R is the corresponding resistance. Equilib-
rium between the temperature of the electronics and the
ion’s motion is reached after a time t � τ .

The amplitude of a trapping motion is a direct measure
for the corresponding energy. In an ideal Penning trap [4],
the amplitudes of the three trapping motions are not cou-
pled and therefore every degree of freedom of the ion can
independently be attributed with a different temperature.
Trap imperfections as, e.g., geometrical deviations from
the ideal case will lift this degeneracy to a certain degree,
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however not necessarily strong enough to compensate for
the different energy dissipations into the system, e.g., due
to different external noise levels in the respective reso-
nance circuits. Therefore, even in an imperfect trap, dif-
ferent thermal equilibria can develop in different motional
degrees of freedom of the ion. In the present case, the axial
and cyclotron degrees of freedom have distinct motional
frequencies in resonance with precisely tuned circuits of
high quality factors. Note, that it is the charge carrier
temperature of the electrodes and the electronics that is
predominantly relevant for the present investigations. The
association of a temperature to the magnetron degree of
freedom is possible only when the particle can be in a ther-
mal equilibrium with its surrounding and still be stored.
This will commonly not be the case, since the radius of
the magnetron motion increases with decreasing energy
and in a liquid helium surrounding as in the present case,
the corresponding radius is much larger than the trap,
thus leading to particle loss.

Accurate knowledge of a single particle’s motional tem-
perature in the Penning trap is relevant for high-precision
measurements of any quantity that depends on the par-
ticle’s dynamics. As pointed out in [6], knowledge of the
single ion’s temperature is of importance e.g. for the line-
shape of the spin-flip resonance used for the determina-
tion of the particle’s g-factor and influences the precision
of such measurements directly.

In the following, we will restrict the discussion to the
determination of the temperature associated with the cy-
clotron and the axial trapping motion. Several possible
approaches to the determination of the axial temperature
will be discussed.

2 A single ion in a Penning trap

A single hydrogen-like ion 12C5+ is used in the present
experiments. The choice of this ion is arbitrary and not
of special interest for the present investigations. The ion
is prepared by electron impact ionization of the neutral
species and subsequent trapping of the ionization prod-
ucts. Mass and charge state selection is then performed
by ejection of all unwanted species from the trap. Re-
peated lowering of the trapping potential leads to step-
wise ion loss until only a single ion remains trapped. The
ion signal is picked up by resonant circuits attached to
the trap electrodes which are tuned to the respective mo-
tional frequencies of the ion under investigation. Thus,
motional frequencies and amplitudes can be measured in-
dependently.

The three physically realized motional frequencies
in the trap are the so-called “perturbed cyclotron fre-
quency”, the axial frequency and the “magnetron fre-
quency”. The perturbed cyclotron frequency is given by

ω+ =
ωc

2
+

√
ω2

c

4
− ω2

z

2
(2)

where ωc is the free cyclotron frequency of the ion in the
magnetic field of the trap, ωc = (q/m)B. B is the mag-
netic field strength and ωz is the “axial frequency” of the

Fig. 2. Schematic representation of the double trap set-up
used for the present investigations.

oscillation along the magnetic field lines given by

ωz =

√
qU

md2
, (3)

where d is the characteristic trap parameter [7]. The “mag-
netron frequency” is given by

ω− =
ωc

2
−

√
ω2

c

4
− ω2

z

2
(4)

and is an unstable drift motion around the trap center in
the combined electric and magnetic field of the trap. The
axial motion is due to the electric potential minimum be-
tween the trap endcaps and thus independent of B. Typi-
cal values for ω+, ω− and ωz in the present experiment are
25MHz, 16 kHz and 1 MHz, respectively, with an accuracy
of the axial frequency measurement of about 50mHz.

The details of the experimental set-up and procedures
are given in [8,9]. Figure 2 is a schematic representation
of the double trap set-up used for the present investiga-
tions. The trap electrodes are shown together with the
electronic resonance circuits used for the detection of the
respective ion motions. Details will be discussed below.
This double-trap arrangement is also successfully used for
highly precise measurements [6,8,9,12–14] of the magnetic
moment of single highly charged ions by use of the contin-
uous Stern-Gerlach effect [8,9]. The traps differ mainly in
the existence of an artificial magnetic field inhomogene-
ity due to the presence of a nickel ring in the so-called
“analysis trap” (see Fig. 2). This inhomogeneity causes
a frequency shift between the different spin states of the
electron bound in the hydrogen-like ion and thus allows
for a determination of its magnetic moment by means of
the continuous Stern-Gerlach effect. The remaining mag-
netic field inhomogeneity in the second trap, the so-called
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Fig. 3. Measured distribution of the cyclotron energy E+

yielding a cyclotron temperature of 4.9 ± 0.1 K (from [8]).

“precision trap” is three orders of magnitude smaller and
thus allows for a precise measurement of the ion’s motions.

3 Cyclotron temperature measurement

The cyclotron temperature can be measured by coupling
of the axial and cyclotron motions in an inhomogeneous
magnetic field. As stated above, the nickel ring electrode
of our analysis trap produces a bottle-like magnetic field
which can be characterized by a series expansion

B(z) = B0 + B1z + B2z
2 + . . . (5)

Odd terms vanish because of the mirror symmetry of the
field. The coupling of axial and cyclotron motions leads
to an axial frequency shift ∆ωz for a given cyclotron en-
ergy E+ [4]:

E+ = mωz
B0

B2
∆ωz. (6)

In our case B0 = 3.8 T and B2 = 8.2(9) mT/mm2. The
corresponding shift in ωz has been determined experimen-
tally by systematic excitation of the cyclotron energy to
5 Hz per meV [8,9].

Figure 3 shows the distribution of the thermally fluc-
tuating cyclotron energy E+ as obtained from a repeated
measurement of the axial frequency ωz in the analysis
trap. The axial frequency is measurement by signal pickup
of the oscillating ion’s mirror charges with a tuned res-
onance circuit attached to the corresponding trap elec-
trodes (see Fig. 2) and subsequent Fourier analysis of the
signal. A least squares fit to a Boltzmann distribution
yields a cyclotron temperature T+ = 4.9 ± 0.1K. This
temperature is slightly higher than the ambiance temper-
ature of 4.2 K from the liquid He bath due to additional
noise originating from the trap voltage supplies. The small
tail of the measured distribution for E+ < 0 also results
from this noise and the corresponding axial frequency un-
certainty.

4 Axial temperature measurement

The axial temperature measurement is based on repeated
measurement of the axial energy for a given ambiance tem-
perature and the calculation of the mean value of the re-
sulting distribution. This is not as straight-forward as in
the cyclotron case discussed before, since the axial fre-
quency to first order does not depend on the value of the
axial energy. We present three different approaches to the
determination of the axial temperature and apply them
to a single stored hydrogenic carbon ion 12C5+.

4.1 Active methods

4.1.1 Active sideband coupling

This method for measuring the axial temperature has been
described earlier by Häffner et al. [9]. It is based on a cou-
pling of the cyclotron motion to the axial motion by an rf
field at the frequency ω+ − ωz applied in the radial plane
of the trap between different segments of the split ring
electrode in the precision trap. The effect of this coupling
is to make the quantum numbers of both oscillations iden-
tical. For a detailed description of this effect, see [10,11].
Then we have the relation

E+

ω+
=

Ez

ωz
(7)

between the cyclotron and axial energies. This can be used
to determine the axial energy from a measurement of the
cyclotron energy. When the cooling time constant of the
axial motion is much smaller than the cyclotron cooling
time constant, then the axial energy fixes the cyclotron
energy. The axial motion first reaches equilibrium with
the environment by resistive cooling. To ensure the equiv-
alence of the quantum numbers the sideband coupling is
performed during a time of around 10 s, which is about
100 times longer than the corresponding energy exchange
time. The cyclotron energy is measured as described in
Section 3 by monitoring the axial frequency in an inho-
mogeneous magnetic field for a sufficiently long time of
e.g. several hours, performing measurements every few
seconds. To that end, the ion has to be transported to
a magnetic bottle (“analysis trap” in Fig. 2) which shifts
the axial frequency when the cyclotron energy changes due
to thermal fluctuations as described in Section 3. When
E+ is known we obtain the axial temperature by

Tz =
〈Ez〉
kB

=
〈E+〉
kB

ωz

ω+
. (8)

In our measurement (see Fig. 4) we found an axial tem-
perature of Tz = 61 ± 9 K. A more detailed discussion of
this method can be found in [15].

The main disadvantage of this method is the fact that
the ion has to be transported from a homogeneous B field
region to a magnetic bottle with a known (measured)
B2 term, which requires the assumption that the trans-
port is an adiabatic process, i.e. there is no temperature
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Fig. 4. Cyclotron energy Boltzmann distribution result of the
measurement by active sideband cooling, yielding an axial tem-
perature of Tz = 61 ± 9 K.

(energy) variation during the transport. Energy loss due
to radiative cooling by synchrotron radiation can be ex-
cluded in the present case. Under the given conditions the
maximum cooling rate of a trapped ion is given by the
radiated power

P =
1

6πε0

q6

c3

B4

m4
r2, (9)

where c is the speed of light and r is the ion’s motional
amplitude. For typical parameters in the present experi-
ment, the radiated power P is on the order of 10−6 eV/s.
Therefore, radiative energy loss during typical transport
times of 100 milliseconds can be neglected. However, the
transport process might be not completely adiabatic due
to other energy dissipation processes e.g. due to electric
potential switching during transport or due to magnetic
field changes.

4.1.2 Active motional excitation

In this case, the measurement procedure is similar to the
method explained in Section 4.1.1 in the sense that the ax-
ial temperature is also obtained by means of actively cou-
pling the axial and the cyclotron motions, only that now
there is no need of transporting the ion to the magnetic
bottle. Still, the remaining magnetic field inhomogeneity
as expressed by B2 can be used for a measurement of the
axial temperature, even though in the present case it is
smaller by three orders of magnitude. The associated con-
straint is that one can no longer count only on the direct
relationship between the cyclotron energy and the axial
frequency shift (Eq. (6)) to determine the axial energy.
This is because the axial frequency shift depends on the
value of the B2 term, which in the magnetic bottle is big
enough to make thermal variations of the cyclotron energy
visible as axial shifts, but not so in the by three orders of
magnitude more homogeneous B field. Thus, by external

excitation the axial temperature has to be increased by
a well-known factor for the axial frequency shift to be
big enough to be resolved. This is achieved as follows:
First, the ion motion is resistively cooled until it reaches
a thermal equilibrium with the surroundings. This is the
temperature associated with the minimum attainable ax-
ial energy for the current set-up, denoted by T0, and also
the temperature that is aimed to be determined. Then an
axial frequency measurement is carried out (ωzcold

) and a
measurement of the background Johnson noise level (Un0)
in a frequency window around this axial frequency is per-
formed. The axial motion is excited to increase the corre-
sponding temperature to a higher value T1 . Once this rise
has occurred, the axial and cyclotron motions are coupled
by use of the method described in Section 4.1.1 and a net
energy transfer from the axial to the cyclotron degree of
freedom takes place. Then the background Johnson level
is measured with the applied excitation, yielding a value
for Un1 typically 5 times bigger than Un0 . Finally, a second
axial frequency measurement is performed, yielding ωzhot

.
If one now substitutes the known parameters in equa-

tion (6) by its numerical values (m = 12 u, ωz = 2π ×
916.97 kHz, B0 = 3.797 T and B2 = 8.2 µT/mm2), it
results in

E+ ≈ 2π × 2.085∆ωz. (10)
A value for the cyclotron energy is obtained with the mea-
sured quantity for the frequency shift

∆ωz = ωzhot
− ωzcold

. (11)

By repeating this procedure many times one obtains the
Boltzmann distribution of the cyclotron energy.

As in the first method, explained in Section 4.1.1, by
making use of the fact that the quantum numbers of both
the axial and cyclotron motion are made equal by side-
band coupling, a direct relationship between the mean
values of both energy distributions can be found:

〈Ez〉
ωz

=
〈E+〉
ω+

. (12)

Since the mean value of the Boltzmann distribution is
given by kBT and since it can be directly derived from an
exponential fit to the experimental results, equation (12)
becomes

T1 =
ωz

ω+

〈E+〉
kB

(13)

from where one determines the axial temperature of the
ion during the excitation.

The final step is to obtain a proportionality factor be-
tween T1 and T0. For this purpose, the Johnson noise levels
at both temperatures have been measured. The expression
that relates the Johnson noise level (Un) to the tempera-
ture (T ) of a system is [16]

U2
n = 4kBTBfR (14)

where Bf is the frequency bandwidth under observation.
Therefore, the initial axial temperature can be found as

T0 =
ωz

ω+

〈E+〉
kB

U2
n0

U2
n1

. (15)
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Fig. 5. Plot of the Boltzmann distribution of the cyclotron
energy.

Fig. 6. Distribution of the proportionality constant which de-
fines the ratio T1/T0. The solid line is a Gaussian fit to the
data, yielding a mean value of U2

n1/U2
n0 = 23.2 ± 1.3.

The resulting curve for the distribution of the cyclotron
energy upon axial excitation and mode coupling is plotted
in Figure 5, yielding a mean value of

〈E+〉 = 4.03 ± 0.31 eV (16)

where the uncertainty is purely statistically determined
by the least square fit.

The next number needed for the calculation of T0,
is U2

n1
/U2

n0
. Statistical fluctuations of this repeatedly mea-

sured quantity shows a Gaussian distribution, as can be
seen in Figure 6. It introduces the largest uncertainty in
the final number for the axial temperature measurement.
It amounts to a value of〈(

Un1

Un0

)2
〉

= 23.2 ± 1.3 (17)

with these numbers and the axial and cyclotron frequen-
cies (ωz = 2π × 916.97 kHz and ω+ = 2π × 24.076 MHz,

with associated uncertainties too small in comparison to
〈E+〉 and U2

n1
/U2

n0
to be considered), one gets a value

from equation (15) for the axial temperature of the single
hydrogenic carbon ion of

T0 = 77 ± 6 ± 8 K, (18)

where the first uncertainty comes from statistical consid-
erations and the second one from the uncertainty in the
value measured for B2 [15]. One can see that in Figure 5
there are some points hinting at negative energies corre-
sponding to negative axial frequency shifts. These negative
shifts arise from the fact that for the determination of the
cyclotron energy we are assuming that the substraction of
two Boltzmann distributions (corresponding to ωzhot

and
ωzcold

) gives another Boltzmann distribution. This is, of
course, not true. However, the ratio in the two mean val-
ues for the axial distributions is so high, that the differ-
ence actually resembles a characteristic exponential, save
for the small tail appearing for negative energy values.

4.2 Passive method: residual motional coupling

A second possibility for an axial temperature measure-
ment is making use of the fact that the trapping potential
can be chosen not to be completely harmonic. The axial
frequency will in this case depend on the axial energy and
the lineshape of the ion’s resonance signal will be non-
symmetric.

Then the electric potential Φ along the symmetry axis
of the trap (i.e. the z-direction) has a nonvanishing oc-
tupole term C4 in the expansion of the potential

Φ(z, 0) =
∞∑

j=0

Cjz
j ; Cj =

1
j !

∂jΦ

∂zj

∣∣∣
(0, 0)

. (19)

In the present set-up, the harmonicity of the trapping po-
tential can be influenced by the choice of the voltages ap-
plied to correction electrodes of the Penning trap placed
symmetrically between the ring and endcap electrodes.
This is expressed in terms of the so-called “tuning ra-
tio” tr, which is the ratio of the voltages applied to the
correction electrodes and the ring electrode. The term C4

appears due to the deviation from an ideal, infinite hyper-
bolical trap. It is related to the difference between the op-
timal tuning ratio (i.e. the one to achieve a harmonic trap
potential) and the one actually applied. For the present
trap set-up, this relation is calculated to be [17]

C4 =
1
4!

∞∑
m=1,3,5

(mπ

L

)4

(Am + Bm tr), (20)

where L is the length of the cylindrical trap and Am and
Bm are tuning ratio parameters which are calculated by
use of the given trap geometry [17]. The dependence of
the axial frequency on the axial energy can be written as

ωz = ωz,Ez=0 + βEz (21)
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where ωz,Ez=0 is the axial frequency for vanishing axial
energy. β is given by

β =
C4

(C2)2
3ωz

8π q U
(22)

and describes the dependence of the axial frequency ωz on
the axial energy Ez in terms of the determined C4.

By fixing a non-optimized tuning ratio and measuring
the axial resonance signal of the ion, the motional temper-
ature can be extracted from the lineshape of the resonance
signal. To that end, the lineshape for a fixed axial energy
Ez of the ion is convoluted with a Boltzmann distribution
of that energy to describe the smearing out of the reso-
nance due to thermal energy fluctuations. Thus, one starts
with a Lorentz-type lineshape as given by

U(ωz) ∝
√

(ωz,r − ωz)2

γ2/4 + (ωz,r − ωz)2
(23)

where U(ωz) is the measured FFT signal voltage and
ωz,r is the resonance frequency of the circuit. γ is
the frequency-dependent damping factor due to the
impedance Z(ω) of the system defined by

γ =
q2

mD2
Z(ω) =

1
τ

(24)

in analogy and with the same nomenclature as in
equation (1). The convolution of equation (23) with a
Boltzmann distribution yields

U(ωz) ∝
∫ ∞

0

exp
(−Ez

kBT

)

×
√

(ωz,r − (ωz + βEz))2

γ2/4 + (ωz,r − (ωz + βEz))2
dEz. (25)

Thus, by numerical inversion of equation (25) a value for
the axial energy (and therefore temperature) can be found
for a given (measured) axial resonance curve at a fixed
detuning of the trap.

Figure 7 shows a measured resonance curve together
with the fitted curve according to equation (25) yielding
an axial temperature of 62 ± 10K. Similar measurements
have been performed for a number of values for the de-
tuning. The combined result for the axial temperature is
69 ± 8 K.

This method does not require transport of the ion, but
has the disadvantage that the numbers in equations (20)
and (21) have been calculated for ideal trap geometry
and may vary due to any geometrical imperfections or
charge accumulation on the electrodes. However, an accu-
rate measurement by other methods will yield an experi-
mental value for C4 through equations (20) and (21).

5 Direct noise temperature measurement

Assuming the equality of the noise temperature of the res-
onance circuit attached to the trap and the ion inside the

Fig. 7. Measured axial resonance signal (data points) and fit-
ted curve according to equation (25) yielding an axial temper-
ature Tz = 62 K.

Fig. 8. Noise spectrum of the axial detection circuit. The sharp
peak marks the frequency at which the noise level voltage is to
be determined.

trap, a value for the ion’s temperature can be obtained by
a measurement of the noise temperature of the electronics.
To that end, the Johnson noise level voltage Un of the elec-
tronics has been measured by use of a Yokogawa SA2400
spectrum analyzer upon frequency downconversion of the
signal. An absolute value of the noise level has been calcu-
lated by use of the corresponding attenuation factor be-
tween the resonance circuit and the spectrum analyzer.
This number (i.e. the transfer function) has been deter-
mined by a combination of measured attenuation factors
and calculations based on the known electronic properties
of the relevant components.

Figure 8 shows a measured noise spectrum of the axial
detection circuit. The sharp peak marks the frequency at
which the noise level voltage is to be determined. The
expression that relates this Johnson noise level (Un) to
the temperature (T ) of a system is given by equation (14)
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and can be solved to give

T =
U2

n

4kBBfR
(26)

with the same nomenclature as above. The observation
bandwidth has been chosen to be Bf = 7.8Hz. The resis-
tance R of the resonance circuit is determined from the
measured quality factor Q by

R =
Q

ωrC
(27)

where C is the capacitance of the resonance circuit. Cor-
rections to this value have to be made due to the exis-
tence of attached electronics which have been taken into
account by a corresponding simulation. It yields a resis-
tance R of 11.0± 1.4 MΩ at a capacity of C = 23± 3 pF.
With this, the resulting value for the noise temperature is
T = 52± 5± 3K, where the first uncertainty is the statis-
tical measurement uncertainty and the second one is due
to the uncertainties in R and C used in the simulation.

6 Conclusion

We have presented different approaches to measure the
temperature of a single ion confined in a Penning trap and
have applied these methods to the cyclotron and the axial
motion of the ion. While the measured cyclotron temper-
ature of T+ = 4.9±0.1K is in satisfactory agreement with
the liquid helium surrounding, the resulting value for the
axial temperature is significantly higher. Measurements
performed on a single, hydrogen-like carbon ion 12C5+

have yielded results which agree within the given uncer-
tainties and give a combined value of Tz = 69±6K. Since
the different approaches are based on different aspects of
the trapping, a combination of the presented methods can
be used for an experimental determination of certain trap-
ping parameters, as e.g. trapping potential anharmonicity
terms and electronic noise levels.

A direct measurement of the electronic noise tempera-
ture of the electronics attached to the trap electrodes has
yielded a value of Tz = 52 ± 5 ± 3 K, in fair agreement
with the value determined from the ion’s motion.

Such a deviation of the axial ion temperature from the
liquid helium ambiance temperature of about 4K has been
commented on before [18]. It is most likely due to noise in
the electronic components used for axial signal detection.
These are different from the electronics used for cyclotron
signal detection mainly with respect to the quality factor
and frequency of the resonance circuit and the subsequent
mixing and amplification of the signal.

The highest measured ion temperature is the one
determined by active sideband excitation (see Sect. 4.1.2).
This higher temperature as compared to the electronic
noise temperature in the axial degree of freedom might be
due to parasitic sideband excitation. The irradiated side-
band frequency ω+−ωz used for coupling the ion motions

is close to the cyclotron frequency itself and might thus
excite the cyclotron degree of freedom and therefore also
the axial degree of freedom above its original value.

Apparently, the residual coupling of the axial motion
due to e.g. trap imperfections to the other degrees of free-
dom is not strong enough to produce a thermal equilib-
rium amongst all degrees of freedom at the axial tempera-
ture. This is already clear from the fact that the cyclotron
temperature T+ has been measured to be 4.9K in agree-
ment with the ambiance temperature while the axial tem-
perature Tz is more than one order of magnitude higher.

From the fact that the measured energy distributions
obey a Boltzmann distribution it may be concluded that
the system under investigation (i.e. the single ion in in-
teraction with the trap electrodes and attached resonance
circuits) is an ergodic system in the sense defined before.
The ergodicity is connected with the requirement that the
particle is able to access the whole available phase space
within the measurement time, which apparently is the case
here. This seems to be reasonable also if one realizes that
the typical motional frequencies are more than six orders
of magnitude higher than the inverse measurement time
and the ion’s motion is in principle unrestricted within the
trapping volume, especially since the ion’s spatial trajec-
tory is not closed [4].

This work was funded by the BMBF and the EU in the
framework of the HITRAP project (grant no. HPRI-CT-2001-
50036).
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9. H. Häffner et al., Eur. Phys. J. D 22, 163 (2003)

10. E.A. Cornell, R.M. Weisskoff, K.R. Boyce, D.E. Prichard,
Phys. Rev. A 41, 312 (1990)

11. M. Kretschmar, AIP Conf. Proc. 457, 242 (1999)
12. N. Hermanspahn et al., Phys. Rev. Lett. 84, 427 (2000)
13. H. Häffner et al., Phys. Rev. Lett. 85, 5308 (2000)
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