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Determination of the helium-4 mass in a Penning trap
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Abstract. We have measured the cyclotron frequencies of He+, H+
2 and D+

2 ions in a room temperature
Penning trap. The resonances were detected destructively by a time-of-flight technique. The statistical
uncertainty of the resonance frequencies was generally below 1 ppb. A detailed account of measures to
minimize systematic frequency shift is presented. Using the accepted values for the proton and deuteron
mass we obtain a value for the 4He mass: M(4He) = 4.002 603 248 9 (22) (0.5 ppb). It is in agreement with
the accepted value.

PACS. 27.10.+h A ≤ 5 – 32.10.Bi Atomic masses, mass spectra, abundances, and isotopes –
07.75.+h Mass spectrometers

1 Introduction

The masses of atoms and nuclei represent one of the most
fundamental properties of these systems. Their measure-
ment has been pursued since a long time with increasing
precision. A significant step towards higher accuracy has
been the introduction of Penning ion traps [1,2] into mass
spectrometry. Charged particles are confined by static
electric and magnetic fields for very long times and their
cyclotron frequency ωc = (e/m)B in a strong magnetic
field B is determined. The ratio of cyclotron frequencies
of two different ions in the same magnetic field gives di-
rectly their mass ratio.

The properties of Penning traps have been extensively
treated in the literature [1,2] . In the ideal case the electric
trapping potential has a quadrupolar shape
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where d is a characteristic dimension of the trap and V0

the applied voltage between ring and endcap electrodes.
The motion of a single particle of charge q and mass m

in such a potential is given by three harmonic oscillations
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ωz, ω′c, ωm are the axial, reduced cyclotron and magnetron
frequency, respectively. One way to obtain the required
free-ion cyclotron frequency ωc from measurements of the
three eigenfrequencies is to use the so-called invariance
theorem [3]

ω2
c = ω′c

2 + ω2
z + ω2

m (5)

which is independent of trap misalignments to first order.
The sideband

ωc = ω′c + ωm (6)

can also be measured directly by excitation using a proper
field geometry for the excitation.

Existing Penning trap mass spectrometers use differ-
ent ways to detect the eigenfrequencies of the ions mo-
tion in the trap. At the University of Washington, Seattle
[4], and at MIT, Boston [5], sensitive methods have been
developed to detect the image currents induced in the
trap electrodes by the ions oscillation. This allows non-
destructive detection of the ionic resonances. A single ion
can be kept in the trap virtually for ever and cooled to
the ambient temperature which can be held at the boiling
point of liquid He. In contrast Penning trap mass spec-
trometers at ISOLDE/CERN [6] and Stockholm [7] use
a time of flight method developed by Gräff et al. [8] to
detect excited ionic resonances in a destructive way. The
ions are kicked out of the trap and their time of flight to
a distant detector is measured. Since the ions spent only
a short time in the trap, this method does not allow ion
cooling to very low temperatures by resistive cooling ex-
cept for highly charged ions and very high quality factors
of the cooling circuit. For singly charged ions moderate
cooling by buffer gas collisions may be employed [6]. It is,
however, easy to inject ions from outside sources into the
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trap which is of advantage for the investigation of unstable
isotopes or highly charged ions.

The accuracy of Penning trap mass spectrometer is
basically limited by the stability and homogeneity of the
magnetic field and the coherence time for the interaction
of the trapped ion with the r.f. field which excites the mo-
tional oscillations. Statistical uncertainties of resonance
frequencies below the ppb level are almost routinely ob-
tained. In order to obtain the corresponding precision a
careful account of possible systematic shifts of the eigen-
frequencies is required. They stem mainly from trap im-
perfections, fluctuations of the magnetic field, and finite
ion energies.

In this contribution we describe measurements in a
Penning trap mass spectrometer which was used pre-
viously to determine the mass ratios of some light
ions [9,10]. The present experiments deal with mass ra-
tios of hydrogen and deuterium molecular ions to 4He+

ions. Using the accepted values of the proton and deuteron
mass we can calculated the atomic mass of 4He. This may
be of interest in view of some discrepancies between the
accepted value [11] and a recently obtained value by the
Stockholm group [12]. Preliminary values of our experi-
ment have been published elsewhere [13].

2 Experiment

2.1 Experimental setup

Our experimental setup is described in some detail in
reference [9]. We use a trap of characteristic dimension
d = 7.3 mm, ρ0/z0 = 1.16, where ρ0 is the trap ra-
dius, 2z0 the closest distance between the endcaps and
d = [ρ2

0/2+z2
0]1/2. The electrodes are made from a copper-

nickel alloy and carefully machined into hyperbolic shape
to create a quadrupole potential. Adding ferromagnetic Ni
to copper reduces the total susceptibility which is close to
0 at 3.99% part of Ni [14]. We have measured the suscepti-
bility of our sample to −0.022×10−2 emu/g, which is a fac-
tor of 9.2 lower than oxygen-free copper which is usually
employed in such devices. The electrodes were gold plated
to reduce the chance of surface charges. The trap size has
been chosen after extensive investigations on smaller and
larger traps as a compromise between a small trapping vol-
ume and low distortion of the electrode shape. The endcap
electrodes have central holes of 0.8 mm diameter for in-
jection of electrons into the trap and for ejection of ions.
Additional guard electrodes placed between the ring and
endcaps as well as outside the endcaps near the entrance
and exit holes serve to compensate for field imperfections
caused by the truncation of the electrodes, possible mis-
alignments or machining errors. The ring electrode is seg-
mented into 4 equal quadrants to allow the application of
radio-frequency fields in different coordinates. For isola-
tion between the different electrodes we used Macor. The
structure is made as symmetric as possible and uses a
small amount of material to minimise the influence of the
traps magnetic susceptibility on the magnetic field inho-
mogeneity. Figure 1 shows details of our trap.

Fig. 1. Scale drawing of our trap structure. Full: main trap
electrodes, hatched: correction electrodes. The axis of symme-
try (z-axis) is in the horizontal direction. The closest distance
between the endcap electrodes is 8.0 mm.

The trap was placed in the centre of a superconduct-
ing solenoid of 7 T field strength whose measured inho-
mogeneity was less than 1 part in 107 in a sphere of 5 mm
diameter. The influence of external magnetic fields on the
field strength at the ions position was reduced by a com-
pensating coil [15]. The reduction factor was 30 as mea-
sured by application of a well defined dipole field outside
the solenoid. Apart from short time intervals when the
magnets cryostat was filled with liquid He or N2 we did
not observe a long term drift of the magnetic field at the
10−9 level.

The base pressure in our apparatus was 1×10−10 mbar
as measured by an ionisation gauge at about half a me-
ter distance from the trap. We used ionisation by elec-
trons of the H2 component of the background gas to cre-
ate H+

2 ions, while for experiments on He+ or D+
2 we

introduced a small amount of He or D2 through a nee-
dle valve. The measured pressure then was raised to about
3×10−10 mbar. At this pressure the collision limited coher-
ence time of the ion in the trap was longer than 2 seconds.

2.2 Experimental procedure

After creation of ions inside the trap by an electron pulse
of typically 10 ms length the ions are stored for 1 second
and are then ejected from the trap. They were detected by
a channel-plate multiplier placed at the end of our cryostat
at about 50 cm distance from the trap (Fig. 2).

The magnetic field at the detector position was re-
duced to 0.25 T. Ions of different mass, created by the
electron pulse, arrive at the detector at different times as
seen in Figure 3 (left). A radio-frequency field applied be-
tween the traps endcap electrodes eliminates all ions from
the trap whose axial frequency is resonantly excited by
the field. We swept the frequency across a range which
covered the axial oscillation frequency of all detected ion
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Fig. 2. Set-up of the experiment.

Fig. 3. Time-of-flight spectrum of ions created from the back-
ground gas by electroionisation. (Left): complete spectrum.
The strong signal corresponds to mass 2 ions, the smaller ones
to N+

2 , and O+
2 . (Right): remaining m = 2 ions after excitation

of the axial resonance frequency of unwanted species.

species except that under investigation. Figure 3 (right)
shows the result of such a cleaning procedure, which as-
sures that in general no unwanted ion is left in the trap.
We then reduced the electron current to such an amount
that typically only in one out of three creation-detection
cycles a single ion is detected. At a detection efficiency of
our channel-plate of 30% this makes it sufficiently unlikely
that more than a single ion is in the trap at the same time.

Cyclotron excitation is performed by an r.f. field ap-
plied between opposite parts of the segmented ring elec-
trode. The effect of resonant excitation is to increase the
radial energy. After ejection of the ions by a short electric
pulse the increase in radial energy if transformed into ax-
ial energy by the fringe field of the magnet. This increase
in axial energy reduces the flight time to the detector.
We measure the average flight time to the detector which
shows a minimum at resonant excitation.

The excitation starts after the cleaning period and
lasts one second. The amplitude of the exciting r.f. field
is set to a value which reduces the time-of flight to the

Fig. 4. Mean time-of flight for H+
2 ions (left) and 4He+ ions

(right) when an azimuthal radio Frequency field is scanned
around ω′c. The full width corresponds to the Fourier limit of
the excitation time of 1 s. The experimental data points are
fitted by a Lorentzian line and the statistical uncertainty is
below 1 ppb.

detector by typically 30%. A complete measurement of a
cyclotron resonance consists of about 20 creation – detec-
tion cycles, during which the excitation frequency of sev-
eral tens of MHz is varied in steps of 50 mHz around the
resonance. To improve the signal-to-noise ratio each mea-
surement was repeated 50 times. Test experiments with
many more repetitions and a good signal-to-noise ratio
demonstrated that the expected line shape and width is
experimentally obtained. The line shape is given by the
Fourier transform of the excitation period of length τ ,

I(ω − ω0) = I0
sin2(ω − ω0)τ

(ω − ω0)2
(7)

where ω0 is the resonance frequency and I0 a normalis-
ing factor. Test measurements with extended averaging
revealed the expected sidebands from equation (7). In our
actual runs for mass comparison of two ions we did less
averaging to reduce the total time of a measurement. The
sideband structure was less visible and we used for sim-
plicity a Lorentzian line shape to determine the centre fre-
quency. Test of fits using the true and the simplified line
shape showed that neither the centre frequency nor its
uncertainty changed beyond the statistical expectations.
The half width of the resonance, given by

δω1/2 = 0.89τ−1 (8)

agree well with the expectation. Figure 4 shows examples
of the perturbed cyclotron frequencies for H+

2 and 4He+.

3 Systematic frequency shifts

While the statistical uncertainty in frequency of a cy-
clotron resonance line in general was well below the 1 ppb
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level (see Fig. 4) the precision of a mass comparison is
limited by the level at which systematic frequency shifts
can be accounted for. Such frequency shifts arise from im-
perfections in the trap structure, machining errors, mis-
alignments, or space charge, when several ions are confined
simultaneously.

The influence of trap imperfections on the position of
the motional resonances of a trapped ion has been cal-
culated in detail by several authors [1,6,9,16]. The real
potential of the trap can be expressed as a series expan-
sion in terms of spherical harmonics:

V ′ = V0ΣCk(ρ/d)kPk(cos θ) (9)

V2 is the ideal quadrupole potential

V2 =
V0

2d2

(
z2 − ρ2

2

)
(10)

Pk are the spherical harmonics of order k and Ck denotes
the strength of the perturbing potential of order k.

In a similar way the magnetic field can be expanded
along the z-axis as

B = B0Σbkz
k. (11)

The deviations of the electric and magnetic fields from
the ideal form shift the cyclotron frequency by an amount
which has been calculated in [1,6,9,16] up to the 4th or-
der. If we include the next orders and assume spherical
trap symmetry around the z-axis and reflection symme-
try about the radial plane, for which the odd orders in the
expansion vanish, we obtain the shift in frequency due to
electrical imperfections [17]

∆ωc = ∆ω′c +∆ωm
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Similarly for the magnetic case, the shift in frequency is
given by
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Here z, ρ′c, ρm are the axial oscillation amplitudes and
the radii of the reduced cyclotron and magnetron motion,
respectively. In our experiment the largest contribution

comes from the terms containing z. z can be as large as
several mm, since it is given by the position of the ions at
the instant of creation by electroionisation. This can be
anywhere along the z-axis. The second largest part comes
from terms containing ρm which can assume a maximal
value of 0.4 mm, given by the radius of the electron en-
trance hole in the endcap compensation electrode. The
radius of the reduced cyclotron orbit at our magnetic field
strength of 7 T and a radial ion energy, which increases
from 1/40 eV at creation to about 0.65 eV at resonant ex-
citation is only 10 µm and terms containing higher orders
in this coordinate can generally be neglected.

Finally an angle ε between the traps symmetry axis
and the magnetic field direction shifts the cyclotron fre-
quency by an amount [1,9]

∆ωc =
9
4
ωm sin2 ε. (14)

The maximal size of this angle in our experiment can be
calculated from the size of the entrance and exit holes
in the endcap compensation electrodes of 0.8 mm diame-
ter, considering the fact that the electron beam to create
ions starts from a source outside the trap, travels along a
magnetic field line and passes through both the holes. We
obtain εmax = 0.2◦.

As shown by Brown and Gabrielse [1], equation (5) is
independent of a tilt angle ε to first order. A measurement
of all three frequencies thus would virtually eliminate this
uncertainty in the determination of ωc. In our experiment,
however, we cannot measure the axial frequency ωz suffi-
ciently accurate and thus cannot make use of this property.

3.1 Minimising frequency shifts

From equations (12, 13) it is obvious that there are two
ways to minimise shifts of the cyclotron frequency imposed
by trap imperfections: reduction of higher order contribu-
tions to the trapping potential and the magnetic field as
well as reduction of the ion oscillation amplitudes. Both
ways have been pursued in our experiment.

3.1.1 Reduction of the axial oscillation amplitude

Initially the ions are created at a low trapping volt-
age (150 mV). After creation the voltage is raised to
1850 mV. If the voltage increase is performed adiabati-
cally (V t−1/ωzV � 1) the amplitude decreases by the
4th root of the ratio of the final to initial voltage [9], in
our case by nearly a factor 2. If we assume reasonably that
the ion creation is distributed with equal probability along
the z-axis, the initial mean axial oscillation amplitude of
2.1 mm is reduced to about 1 mm. This is still larger than
the cyclotron and magnetron radius and thus gives rise to
the largest contribution to frequency shifts according to
equations (12, 13).
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Fig. 5. Full width of the cyclotron frequency of H+
2 ions (open

circles) and reduction in time-of-flight to the detector at reso-
nant excitation (full circles) for different voltages Vc applied to
the correction electrodes between ring and endcaps. The volt-
ages are given in units of the trap voltage V0. For Vc = 0.43V0

the minimum in linewidth and the maximal change in time-
of-flight indicate the optimum correction voltage to minimise
higher order contributions to the trapping potential.

3.1.2 Tuning the trap

Voltages Vc applied to the guard electrodes between ring
and endcap as well as outside the endcap electrodes serve
to minimise higher order contributions to the trapping po-
tential. We calculated the necessary voltages to minimise
simultaneously the coefficients C4 and C6 in the series
expansion of the potential (Eq. (9)) using the program
SIMION [18]. Without any applied correction voltage the
coefficients C4 and C6 are calculated as 0.13 and 3.1,
respectively. Simultaneous minimisation appeared in the
simulation at correction voltages of Vc = 0.461V0 for the
radial correction electrodes and Vh = 2.259V0 for
the endcap correction electrodes. At these voltages the
coefficients C4 and C6 assume a value of 2 × 10−5 and
−6 × 10−4, respectively. When we tuned these voltages
experimentally, we found that the linewidth of the reduced

cyclotron resonance shows a distinct minimum at a cer-
tain value of the correction voltage Vc. At the same voltage
the change in time-of-flight of the ions to the detector af-
ter resonant excitation shows a maximum (Fig. 5). We
obtained experimentally a value of Vc = 0.43V0, which
agrees reasonably well with the calculated value. Also the
lineshape of the resonance becomes asymmetric for wrong
values of the correction voltage and symmetric for a well
tuned trap (Fig. 6). No significant change on the reso-
nance line was found upon variation of Vh and we used
the calculated value for our measurements. We estimate
the uncertainty in the calculated values of the correction
voltages to 10−2. We use this uncertainty later on to es-
timate the remaining frequency shifts arising from trap
imperfections.

3.1.3 Magnetic field inhomogeneities

The magnetic field along the z-axis was measured by the
frequency of the ions cyclotron resonance when the trap
was moved along the field direction. The obtained data
points could be well fitted by a parabola and we obtained
a coefficient b2 = 4.3× 10−9 mm−2 for a quadratic contri-
bution to the magnetic field. The value of the quadratic
field distortion by the traps susceptibility was calculated
to 9× 10−10 mm−2.

3.1.4 Ion-ion interaction

The Coulomb potential of different simultaneously con-
fined ions in the trap represents a perturbation of the
trapping potential and thus may cause a shift of the eigen-
frequencies. Although we kept the number of detected ions
in each measuring cycle low, there is a chance to have sev-
eral ions at the same time in the trap due to the statistical
nature of the ion creation in the trap and the detection
process of the channel plate. Assuming a Poisson distribu-
tion for the detection probability we have for an average
detected ion number of n = 0.3, as typical for our experi-
ment, chances of 74%, 22% and 3% to detect 0, 1 or 2 ions,
respectively, in each cycle.

Fig. 6. Cyclotron resonances ω′c for different correction voltages: Vc = 0.3, 0.43, and 0.65V0 (from left to right) indicating line
asymmetries for distorted trap potentials.
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Fig. 7. Shift of the cyclotron frequency at different detected
H+

2 ion numbers n. A linear fit through the experimental values
gives a dependence δωc = 0.29(6)n [Hz].

Fig. 8. Temporal stability of the magnetic field from our su-
perconducting solenoid. Data were taken every 20 min. The
solid line is the average of 7 adjacent data points.

We have measured the shift of the cyclotron frequen-
cies for different detected ion numbers n. Figure 7 shows
an example for H+

2 . From a linear fit to the data we obtain
shifts of 0.29 (6) Hz/n for H+

2 , 0.175 (21) Hz/n for D+
2 ,

and 0.15 (3) Hz/n for 4He+.

3.1.5 Temporal magnetic field instabilities

Precise mass measurements require that the cyclotron fre-
quencies of different ions are compared at the same mag-
netic field. As it is well known, the field of superconducting
solenoids may exhibit temporal drifts and jumps, caused
by pressure changes in the magnets cryostat, by flux quan-
tum jumps or by varying ambient fields. We have mea-
sured the temporal variation of our magnetic field by mon-
itoring the cyclotron frequency of an ion over an extended
period of time. Figure 8 shows a typical example. We took
data points every 20 min over a period of 30 hours. The
magnetic field shows variations of the order of 10−9. They
appear in a random manner and no systematic drift is
seen. To reduce the possible influence of short term vari-
ations on the position of the cyclotron resonances of dif-
ferent ions we changed between two ion species after each

Fig. 9. Histogram of 216 values of 4He+/H+
2 mass ratios, de-

rived from their cyclotron resonances. The shape is nearly
a Gaussian (dotted line). The uncertainty of the mean is
1.5× 10−10.

data point when we scanned the applied radio frequency.
The change was effected every 1.3 minutes. Checks on the
statistical distribution of the measured frequency ratios
did not show any deviation from the expectation beyond
statistical scatter. So we conclude that time variation of
the magnetic field does not contribute to the error signif-
icantly at our level of precision.

4 Measurements

After setting the voltages of the correction electrodes to
the optimum values we excited the sideband resonance
at ωc = ω′c + ωm by a radio-frequency field applied be-
tween two adjacent quadrants of the ring electrode. Com-
parison of two different ions took place, as mentioned
above, by switching between the different ions after each
frequency point. The average time-of-flight for each data
point was determined after 50–100 measuring cycles. The
data points for each ion were fitted by a Lorentzian line
shape. The statistical uncertainty of the line centre gen-
erally was below 1 ppb as seen in Figure 4. The mea-
surements were repeated many times. A histogram of the
frequency ratio for two different ions shows a Gaussian dis-
tribution (Fig. 9), from which the mean was taken. Data
were taken for 4He+/H+

2 and 4He+/D+
2 mass ratios.

An additional measurement on the 4He+/D+
2 mass ra-

tio was performed by an excitation of the frequency 2ω′c.
This resonance could be observed at higher excitation am-
plitudes. The magnetron frequency, required for the cal-
culation of ωc, was determined from the difference of ω′c
and ωc. The magnetron frequency shows only a small de-
pendence on the mass of the ions and its values were de-
termined as 376.69 (24) Hz and 376.17 (35) Hz for D+

2

and 4He+, respectively. Statistical checks were made in a
similar way as described above and no deviation from a
purely statistical scatter of the data was found.
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Table 1. Fractional uncertainties from trapping field imper-
fections, ion-ion interaction and relativistic mass shifts on the
mass ratios of 4He+/H+

2 and 4He+/D+
2 .

Source of error 4He+/H+
2

4He+/D+
2

C4(2× 10−5) 7.8× 10−11 4.7× 10−13

C6(−6× 10−4) 4.5× 10−11 2.7× 10−13

b2(4.3 × 10−9 mm2) 2.5× 10−11 1.1× 10−11

εmax(0.20) 4.1× 10−10 2.5× 10−12

ion–ion 1.9× 10−9 1.3× 10−10

rel. mass shift 3.2× 10−10 2.5× 10−13

quadratic sum 2.0× 10−9 1.4× 10−10

5 Systematic errors

The frequency shifts arising from the residual values of
the higher order contributions in the trapping potential
as discussed in Section 3.1.2 as well as from the second
order coefficient b2 in the magnetic field from Section 3.1.3
were calculated. Their influence on the mass ratios are
listed in Table 1. They are in all cases below 10−10 and
can be neglected compared to the statistical uncertainty.
The uncertainty from a possible angle εmax between the
trap axis and the magnetic field direction (Eq. (14)) is
negligible for the mass doublet 4He+/D+

2 , since it cancels
out in the first order, but contributes to the error budget
for non-doublets. Similarly the effect of ion-ion interaction
can be neglected for doublets, but represents in our case
the largest systematic uncertainty for the mass ratios for
a non-doublet.

Finally a shift of the cyclotron frequencies arises from
the second order Doppler effect. The ions energy is in-
creased by the excitation process from initially thermal
values. From the measured shape of the magnetic field
strength along the axis between the trap and the detector
and the measured reduction in flight time at resonant cy-
clotron excitation we calculate that the maximum energy
of the detected ion was 0.65 eV. We take this value to
calculate the maximum relativistic shift and its influence
on the mass ratio.

From the quadratic sum of the systematic uncertain-
ties in Table 1 we find that in case of the mass doublet
4He+/D+

2 the systematic error is smaller than the statis-
tical uncertainty while for the non-doublet 4He+/H+

2 the
systematic uncertainty dominates.

6 Results and discussions

The results of our mass comparisons for 4He+/H+
2 and

4He+/D+
2 are

4He+/H+
2 : 1.986 031 327 4 (31) (1.5× 10−9),

4He+/D+
2 : 0.993 643 871 28 (55) (0.6× 10−9).

The quoted uncertainties are the quadratic sum of the sta-
tistical and systematical uncertainties. For the 4He+/D+

2

Table 2. Mass values for atomic 4He.

4.002 603 248 9 (22) this work

4.002 603 256 8 (13) reference [12]

4.002 603 249 7 (10) accepted value [19]

case we have combined our results from the independent
determinations by ωc and 2ω′c which gave the same num-
bers within the statistical error.

From the mass ratios we can calculate the mass val-
ues for the neutral helium atom. When we use the ac-
cepted values for the proton and deuteron mass from
the most recent CODATA compilation [19] and the
known values for the ionisation and dissociation en-
ergies of the atoms and molecules (including a small
correction for the average vibrational quantum num-
ber of the molecules ν̂ = 3.5 [20,21]) we obtain
for m(H+

2 ) = 2.015 101 497 03 (36) au and m(D+
2 ) =

4.027 654 988 04 (70) au. It the follows for the mass of the
neutral 4He atom:

from 4He+/H+
2 :

m(4He) = 4.002 603 254 5 (63) au (1.5× 10−9),

from 4He+/D+
2 :

m(4He) = 4.002 603 248 2 (24) au (0.6× 10−9).

In Table 2 we list the weighted mean of these results along
with other recently obtained values.

Our final result is in agreement to the accepted value of
the 4He mass. It deviates from the recently obtained value
by the SMILTRAP group. It has been suggested [12] that
this discrepancy might be due to a proton mass differ-
ent from the accepted value as is was indicated by earlier
measurements of the SMILETRAP group [22]. Although
our error bar is somewhat larger than those by previous
experiments our result may help to obtain a reliable and
accurate mass value. Results at the 1 ppb level of preci-
sion “should not remain unchallenged: checks by another
group, at the same level of precision, are highly desirable
to strengthen the validity of their mass measurements, and
transform these very precise measurements into very accu-
rate ones” [G. Audi]. Further improvement of our result
would theoretically be possible when the largest uncer-
tainty in our experiment arising from the ion-ion interac-
tion would be reduced. This requires a further reduction
of the average detected ion number n. Since this is al-
ready as low as n = 0.3 or even below it would increase
the total time for a measurement unless the detection ef-
ficiency can be enhanced significantly. This has the risk of
temporal instabilities of the magnetic field and also of the
electric trapping field. Thus we conclude that further im-
provements of our present technique is limited by practical
constraints.

Our experiments were supported by the Deutsche Forschungs-
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