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Abstract. For a detailed study of the accuracy of the Penning trap mass spectrometer ISOLTRAP all
expected sources of uncertainty were investigated with respect to their contributions to the uncertainty
of the final result. In the course of these investigations, cross-reference measurements with singly charged
carbon clusters 12C+

n were carried out. The carbon cluster ions were produced by use of laser-induced
desorption, fragmentation, and ionization of C60 fullerenes and injected into and stored in the Penning
trap system. The comparison of the cyclotron frequencies of different carbon clusters has provided detailed
insight into the residual systematic uncertainty of ISOLTRAP and yielded a value of 8 × 10−9. This also
represents the current limit of mass accuracy of the apparatus. Since the unified atomic mass unit is defined
as 1/12 of the mass of the 12C atom, it will be possible to carry out absolute mass measurements with
ISOLTRAP in the future.

PACS. 07.75.+h Mass spectrometers – 21.10.Dr Binding energies and masses – 32.10.Bi Atomic masses,
mass spectra, abundances, and isotopes – 36.40.Wa Charged clusters

1 Introduction

1.1 The ISOLTRAP experiment

The ISOLTRAP experiment is a Penning trap mass
spectrometer for accurate high-precision measurements of
atomic masses. It is installed at the on-line isotope sepa-
rator ISOLDE at CERN (Geneva, Switzerland) [1], and
it is mainly intended for mass measurements of short-
lived radioactive nuclides. The masses of close to two hun-
dred radionuclides have already been measured with the
ISOLTRAP apparatus [2].

ISOLTRAP consists of a radiofrequency quadrupole
(RFQ) ion beam cooler and buncher [3] and two Penning
traps, each located in the field of a superconducting mag-
net [4]. The RFQ ion beam cooler and buncher (RICB)
serves the purpose of decelerating, accumulating, cool-
ing, and bunching the 60-keV ISOLDE ion beam. The
first Penning trap is a cylindrical trap which is used for
the cooling and isobaric cleaning of the ion bunches. The
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actual mass measurement is carried out in the second
Penning trap, a hyperboloidal trap. It is based on a de-
termination of the cyclotron frequency νc of an ion with
charge q and unknown mass mion in a magnetic field of
magnitude B [4]:

νc =
1
2π

qB

mion
· (1)

The cyclotron frequency is measured via the resonant
excitation of an ion’s characteristic radial motions in a
Penning trap [5,6].

In order to deduce the mass mion from its cyclotron
frequency νc by use of equation (1), the magnitude of the
magnetic field in the trap must be known accurately. This
is achieved by measuring the cyclotron frequency of a sta-
ble ion with well-known mass, the so-called reference ion.

1.2 Pushing the limits of mass accuracy

Penning traps are the most precise tools for direct mass
measurements available today. This fact has most recently
been demonstrated by measurements of the mass of the
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electron with the Penning trap mass spectrometer at the
University of Washington [7], by a determination of the
charge-to-mass ratios of the proton and the antiproton
with the TRAP apparatus at CERN [8], and by mass mea-
surements on hydrogen and helium with the Penning trap
setup at the University of Mainz [9].

More particularly in the field of heavy-ion spectrome-
try, recent mass measurements of stable nuclides with the
SMILETRAP apparatus [10] and with the Penning trap
at MIT [11] have shown that Penning trap mass spec-
trometry can reach relative uncertainties of a few parts
in 10−10 or better. SMILETRAP is connected to an elec-
tron beam ion source which supplies it with highly charged
stable ions. As can be seen from equation (1), the higher
charge state leads to a higher cyclotron frequency and
thus, for a given frequency precision, to a smaller rela-
tive uncertainty. The performance of the MIT Penning
trap is reached by placing the trap inside the cold bore
of a superconducting magnet. This assures temperature
stability of the trap and surrounding material as well as
an ultra-high vacuum, thereby allowing long observation
times (many hours) of single ions.

Radioactive nuclides, however, with their low produc-
tion rates and short half-lives, as well as the environment
necessary to create them, represent difficult challenges for
a high-precision measurement in this field. ISOLTRAP is
the apparatus that allows the most precise direct mass
measurements of radioactive nuclides today.

There has been growing motivation for pushing the
limits of the precision of mass measurements of radioac-
tive nuclides beyond 10−7. Fundamental studies for in-
stance, such as a verification of the conservation of the
weak vector current (CVC hypothesis) or the unitarity
of the Cabbibo-Kabayashi-Maskawa (CKM) matrix, both
postulates of the standard model, require accurate mass
measurements with precisions at the 10−8 level [12]. Also,
the binding energies of halo nuclides or nuclides at shell
closures are of special interest and require high mass pre-
cision.

In the past, the uncertainty of ISOLTRAP mass mea-
surements due to all known or expected systematic effects
was taken into account by the addition of a relative uncer-
tainty to the final result. Based on an earlier study of the
contributing effects, the magnitude of this relative uncer-
tainty was conservatively estimated to be 10−7 [4]. This
included fluctuations of the magnetic field during the mea-
surement as well as possible imperfections of the magnetic
and electric fields. Even in the cases where production
rates were high or where a large number of measurements
could be conducted, the relative uncertainty of the final
result was therefore limited to 10−7.

Typical reference ions used in ISOLTRAP mass mea-
surements are 39K, 85Rb, 87Rb, and 133Cs. These four nu-
clides can be produced in the surface ionization ion source
that is mounted upstream of the ISOLTRAP triple trap
setup. Except for 39K, their masses have been measured
with relative uncertainties at the 10−10 level [11]. How-
ever, for measurements of nuclides whose mass falls out-
side of the range spanned by these four nuclides or differs

by many mass units from the mass of the one nearest to it,
an ion that is also produced by ISOLDE must be chosen.
The masses of these reference ions are often not known
to high precision. This insufficient knowledge of the mass
of the reference ion is an additional source of uncertainty
when the final result is to be expressed in terms of mass.

The main aim of the present study was to attempt to
identify and quantify all effects that contribute to the un-
certainty of the primary result. A special emphasis was
placed on identifying effects whose importance can be di-
minished by conducting a larger number of measurements.
The ideal test bed for these tests was found in the carbon
clusters, which can be readily produced from the frag-
mentation of C60 fullerenes, the ball-shaped molecules of
carbon.

1.3 Carbon clusters

The discovery and synthesis of C60 and C70 [13,14] has
stimulated exciting scientific studies. The fact that C60

fullerenes can now be produced in macroscopic amounts
and with high purity has opened the way for a va-
riety of technical developments and fundamental re-
search [15,16]. Ionized carbon clusters produced via laser-
induced fragmentation and ionization of C60 can now also
be readily studied in ISOLTRAP’s tandem Penning trap
setup [17,18].

Apart from the molecular binding energies, all carbon
clusters that are composed solely of the most abundant
isotope 12C have masses that are exact multiples of the
unified atomic mass unit u [19]. They would therefore be
the ideal choice of reference ions. This would allow to per-
form absolute mass measurements with ISOLTRAP, i.e.
mass measurements in which the reference ion has no mass
uncertainty. In this case, ISOLTRAP’s final result could
directly be expressed as a mass in atomic mass units.

Since carbon clusters with a wide range of masses and
a mass spacing of only 12 u can be produced, they also
constitute a dense grid for the investigation of systematic
effects. In a cross-reference mass measurement, a measure-
ment which is carried out using carbon clusters both as
the reference ion and as the ion of interest, the true value
of the ratio of the cyclotron frequencies νc,ref/νc is exactly
known. This means that cross-reference measurements can
be used to identify errors of the apparatus or the measure-
ment procedure and that the knowledge obtained in this
way can be used to determine the uncertainties of actual
mass measurements.

We have conducted a large number of these cross-
reference measurements to verify the validity of a rede-
fined measurement and analysis procedure. As a whole,
they provide detailed information on the relative com-
bined standard uncertainty uc(r)/r of a cyclotron fre-
quency ratio determination. A χ2 test of that distribution
gives insight into the possible presence and magnitude of
residual systematic effects beyond those already taken into
account in the new analysis procedure.
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Fig. 1. Overview sketch of the ISOLTRAP setup with the
carbon cluster ion source. The source is mounted about 2 m
below the cooling Penning trap.

2 Experimental setup and procedure

2.1 Carbon cluster ion source

The carbon cluster ion source is mounted about 2 m be-
low the cooling Penning trap. Figure 1 shows an overview
sketch of ISOLTRAP’s tandem Penning trap setup with
the carbon cluster source.

The carbon cluster ions are produced by use of laser-
induced desorption, fragmentation, and ionization of C60

fullerenes. To this end, the frequency-doubled beam of a
Q-switched Nd:YAG laser (Quantel Brilliant B; repetition
rate 1–10 Hz; pulse duration 6 ns; frequency 532 nm) is

Fig. 2. Time-of-flight mass spectrum of carbon cluster ions
produced by use of laser-induced desorption, fragmentation,
and ionization of C60 at 532 nm at a laser pulse energy of
about 10 mJ, recorded at MCP 1 [17]. The peak around n = 70
is probably due to coalescence products of C60 and smaller
fragments.

focused on a C60 pellet (Aventis; purity of C60 > 99%),
which is placed at an accelerating potential of 2.8 kV. The
focal spot area of the laser is about 0.1 mm2 with a typical
pulse energy of 10 mJ at 532 nm, corresponding to an
estimated fluence of 10 J/cm2. Desorption and ionization
of C60 set in at a laser pulse energy of about 5 mJ. At
slightly higher pulse energies, the intensity of C+

60 increases
strongly and small amounts of lighter carbon cluster ions
are produced by fragmentation [20].

The charged fullerene fragments C+
n are then electro-

statically accelerated to 2.8 keV and transferred towards
the cooling Penning trap. A typical time-of-flight (TOF)
mass spectrum is shown in Figure 2. It was recorded on
the micro-channel-plate (MCP) detector MCP 1 at a laser
pulse energy of 10 mJ. The spectrum is characterized by a
strong production of the high-mass, even-numbered frag-
ments (fullerene fragments C+

34−58) and low-mass frag-
ments C+

n , n ≤ 27. Between these two regions, a gap is
observed. These characteristics of the spectrum are ex-
perimentally well understood in terms of the geometrical
properties of the clusters [21]. Coalescence products of C60

and smaller fragments are observed in the spectrum be-
yond n > 60.

Ion beams that are produced either at the ISOLDE
target–ion source combination or at the surface ionization
reference source pass through the RICB, where they are
radially confined in an RFQ field and cooled in buffer gas
collisions. In a region towards the end of the RICB, they
are longitudinally confined before being ejected towards
the cooling Penning trap in bunches [3].

Carbon clusters that are produced in the carbon clus-
ter laser ion source are directly transferred to the cooling
Penning trap. In the current setup, ions from ISOLDE and
from the cluster source cannot be used simultaneously for
mechanical reasons.
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2.2 Penning trap setup

In a Penning trap, the motion of an ion is the superpo-
sition of three harmonic motions, one axial and two ra-
dial. The two radial motions, the magnetron motion with
frequency ν− and the cyclotron motion with reduced fre-
quency ν+, can be coupled by an azimuthal quadrupolar
excitation at the sum frequency. The sum frequency is in
fact the cyclotron frequency νc of an ion in a pure mag-
netic field [22]:

νc = ν+ + ν− . (2)

This behavior is exploited in both Penning traps of the
ISOLTRAP setup.

In the buffer-gas-filled cooling trap, all three charac-
teristic motions of the ions are cooled in buffer gas colli-
sions. A cooling of the magnetron motion, however, leads
to an increase of its radius. The radial motions of the ions
can be excited by means of an azimuthal quadrupolar RF
field applied to the segmented ring electrode of the trap.
When the ions are excited at the sum frequency of the two
characteristic radial motions, these motions are coupled
and the magnetron motion is constantly converted into
cyclotron motion, which in turn is cooled away. This cool-
ing and centering technique is mass-selective and therefore
can be used for an isobaric cleaning of the ion sample [23].
Storage times of several hundred milliseconds without sig-
nificant losses are achieved in the cooling trap. Typical
mass resolving powers are of the order of 104 to 105 [4].

The selected ion species is then transferred to the pre-
cision Penning trap. The precision trap also has a seg-
mented ring electrode, but instead of containing a buffer
gas, it is operated at high vacuum. After the transfer
from the cooling trap, the ions are first subjected to an
azimuthal dipole excitation at the magnetron frequency
which causes an increase of the magnetron radius. An az-
imuthal quadrupolar RF field at the sum frequency of the
two characteristic radial motions then leads to a conver-
sion of the magnetron motion into cyclotron motion. Since
the reduced cyclotron frequency is much larger than the
magnetron frequency, the ions gather kinetic energy in
the process. When the ion bunch is finally ejected out of
the trap towards an MCP detector, the radial energy
is converted into longitudinal energy as the ions pass
through the inhomogeneous-magnetic-field region of the
superconducting magnet. Therefore, the ions whose ra-
dial motion has been resonantly excited reach the detec-
tor after a reduced flight time compared to those whose
magnetron motion has not been converted into cyclotron
motion [5,6].

The frequency of the azimuthal quadrupolar excitation
is scanned, leading to a TOF resonance, of which a typical
example for C+

9 ions is shown in Figure 3. The shape of
this resonance is well understood [24] and its functional
representation can be used to perform a least-squares fit
to the data points and extract the cyclotron frequency of
the ion and its experimental standard deviation.

The TOF uncertainty of the data points in a resonance
such as that shown in Figure 3 is mainly due to the random

Fig. 3. Time-of-flight resonance curve of C+
9 . The solid line

is a fit of the expected line shape to the data points [24]. The
reduced χ2 of the least-squares fit of the complete resonance is
close to one.

distribution of the axial energy of the ions in the precision
trap before they are ejected. The uncertainty of the time
of flight at a given excitation frequency νRF is assigned as
a function of the width of the TOF distribution and the
number of detected ions for that frequency. In all records
with a sufficient number of detected ions, the reduced χ2

of the fit is close to one.

2.3 Principle of a mass measurement

Assuming that all ion species have the same charge q =
+e, the atomic mass m of the ion of interest can be cal-
culated from the cyclotron frequency1 of the reference ion
νref, the cyclotron frequency of the ion of interest ν, the
atomic mass of the reference ion mref, and the electron
mass me:

m =
νref

ν
(mref − me) + me . (3)

However, in this manner, the uncertainty of the atomic
mass of the reference ion contributes to the uncertainty of
the mass result as well.

That is why ISOLTRAP’s results are always also re-
ported in terms of the ratio r of the cyclotron frequencies:

r =
νref

ν
· (4)

In this way, the mass of the ion of interest can be obtained
at any given time using the most up-to-date knowledge
of the mass of the reference ion. The primary result is
independent of any changes in that knowledge.

The more rapidly obtained reference measurement
is made before and after that of the ion of interest.

1 In the following, the cyclotron frequency νc will be denoted
by the symbol ν to simplify the notation.
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The measured cyclotron frequency determinations are
later interpolated to the time of the measurement of the
ion of interest.

A complete ISOLTRAP mass measurement thus con-
sists of three separate cyclotron frequency determinations:
that of the ion of interest, preceded and followed by that
of the reference ion. The measurand is their cyclotron fre-
quency ratio r. The combined standard uncertainty of the
final result is determined by the experimental standard de-
viations of the frequency measurements according to the
law of propagation of uncertainty as well as by the various
uncertainties due to systematic effects in the measurement
procedure.

3 Uncertainties of the measured quantities

In this section, all identified effects that contribute to the
uncertainty of the primary result, the mean cyclotron fre-
quency ratio r̄, are discussed. For the sake of consistency,
relative uncertainties are used throughout.

3.1 Cyclotron frequency of the ion of interest

3.1.1 Statistical uncertainty

For any recorded TOF resonance, the experimental stan-
dard deviation s(ν) of the cyclotron frequency ν is a func-
tion of the resolving power of the precision trap, i.e. the
RF excitation time TRF, and the total number Ntot of ions
recorded. An empirical formula for this relation has been
proposed [2]:

s(ν)
ν

=
1
ν

c√
NtotTRF

, (5)

where c is expected to be a dimensionless constant.
In a series of cyclotron frequency measurements of the

nuclide 85Rb, the functional relation proposed in equa-
tion (5) was verified and c determined. Figure 4 shows the
result of these measurements for different excitation times
TRF as a function of the number of ions Ntot recorded in a
TOF resonance. To obtain records with different numbers
of ions, long measurements were subdivided into several
parts. It is found that c is in fact independent of the ex-
citation time and the number of ions, with an average
value of

c = 0.898(8). (6)

In measurements with a very low total number of ions (less
than about 300), it has been observed that c is smaller
than the value found for standard measurements. The rea-
sons for this deviation are not yet well understood. In the
presence of contaminations, a larger total number of ions
must be accumulated to achieve a given statistical uncer-
tainty and c is therefore larger than the standard value
found above.

Fig. 4. Determination of the parameter c of equation (5) from
a series of cyclotron frequency measurements of 85Rb+. The
parameter is plotted as a function of the number of ions Ntot

recorded in a TOF resonance. The data labels represent differ-
ent RF excitation times TRF: 300 ms (empty circles), 600 ms
(filled circles), 900 ms (empty triangles), 1200 ms (filled tri-
angles), and 1500 ms (stars). The solid horizontal line is the
weighted mean of all values and the dashed lines show the 1σ
confidence interval of the mean.

3.1.2 Contaminations

The reference ions are produced in a dedicated ion source
which makes available the ions of a few surface-ionizable
elements. The mass separation between these species is
sufficient to prevent mutual contaminations from reaching
the precision trap. No contaminations stemming from the
reference ion source have until now been observed in the
precision Penning trap.

In the case of the ions of stable or radioactive nuclides
produced in the ion source of the ISOLDE target, how-
ever, the presence of contaminations has to be expected.
These can be isobaric or isomeric impurities that origi-
nate in the target or ion source itself, contaminations that
are produced in the ISOLTRAP apparatus through charge
exchange reactions with the buffer gas or with rest gas,
or decay products of short-lived radioactive ions. Dou-
bly charged ions undergo charge exchange reactions in the
RICB where their charge state is either reduced to one or
they are neutralized. Charge states higher than one have
not been observed beyond the cooler and buncher stage.

The effect of the presence of a contaminant ion in
the precision Penning trap has been extensively stud-
ied [24,25]. For a low number of ions in the precision trap,
it expresses itself by the appearance of two separate reso-
nance curves (assuming sufficient resolving power), one
of which can be outside of the scanning range of the
quadrupolar-excitation frequency. As the ion number in
the trap increases, these two resonance peaks successively
approach each other. At the same time, the centroids are
shifted to lower frequencies.

In order to correct for this contamination shift, ν is
determined for different count rate classes, i.e. for different
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Fig. 5. (a) Count rate dependence of the observed cyclotron
frequency. The measurement was made with 36Ar+ ions from
ISOLDE, the contamination is probably due to 36Cl+ ions. The
count rate classes are indicated by the bins. The straight line
is a linear least-squares fit to the data points, the dashed lines
are the 1-sigma confidence bands of the fit. (b) Detail for the
extrapolation into the count rate class region between 0 and 1.
The two vertical lines enclose the estimated micro-channel-
plate detector efficiency of ε = 0.25(10). The labeled points
represent the upper and lower bounds of the extrapolated cy-
clotron frequency.

numbers of ions that were present in the precision trap.
The centroid frequencies are plotted as a function of the
center of gravity of the count rate distribution in that
class. An example of such a plot for 36Ar+ is shown in
Figure 5a. A linear least-squares fit is then applied to the
data points, shown as the solid straight line in the figure.
The dashed lines represent the 1σ confidence interval of
the fit, which in this case is of the order of 10−8 in relative
uncertainty.

If the detection efficiency ε of the MCP detector of
the precision Penning trap were unity, a linear extrapola-
tion of these data points to ion number unity would then
yield the corrected centroid frequency. In reality, the de-
tection efficiency of an MCP detector at an ion energy of
about 1 keV is estimated to be only ε = 0.25(10) [26]. This

means that when a single ion is observed in the trap, about
four ions were actually present on average. Therefore, the
linear fit must be extrapolated beyond unity.

Figure 5b shows how the extrapolated cyclotron fre-
quency and its uncertainty are obtained from the fit. The
open points represent the upper and lower bounds νmax

and νmin of the extrapolated cyclotron frequency. The
corrected frequency and its uncertainty are then calcu-
lated from

ν =
νmax + νmin

2
(7)

and

s(ν) =
νmax − νmin

2
, (8)

which for the example of Figure 5 results in a relative
uncertainty of s(ν)/ν = 1.5 × 10−8.

3.2 Cyclotron frequency of the reference ion

The magnitude of the magnetic field in the precision
Penning trap varies with time. The following mechanisms
for a change in the magnetic-field magnitude of a super-
conducting magnet have been identified:

1. the current in the superconducting coils of the mag-
net decreases steadily due to a phenomenon called flux
creep [27,28]. It occurs when flux lines, which are pinn-
ed to inhomogeneities of the superconducting material,
jump from one pinning site to another. The decrease of
the field due to the viscous drag force that results from
this phenomenon follows a logarithmic decay of the
form [1 − d ln(t/τ0)], where d and τ0 are phenomeno-
logical parameters [29]. Over short time intervals (up
to years), this logarithmic decay can be approximated
by a linear decrease;

2. when objects containing ferromagnetic or paramag-
netic materials are brought within a short distance of
a few meters or less of the magnet, they are magne-
tized. This magnetization distorts the field of the mag-
net. For large metallic objects such as the crane in the
ISOLDE hall, the resulting field jumps can be of the
order of 10−7. This effect is easily avoided during mea-
surements by locking the crane in a remote location of
the hall and otherwise avoiding to handle ferromag-
netic or paramagnetic objects near the magnets;

3. the pressure on the recovery line for evaporated gase-
ous helium is subject to fluctuations. This directly de-
termines the boiling point of the liquid helium and thus
influences its temperature and that of all materials in
direct contact with it, including insulator material in
the high-magnetic-field region. The temperature de-
pendence of the magnetic permeability of these mate-
rials then causes fluctuations in the magnitude of the
magnetic field inside the trap [30];

4. the temperature in the warm bore of the supercon-
ducting magnet fluctuates with the temperature of the
experimental hall. The magnetic permeability of all
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Fig. 6. Relative change of the magnetic-field magnitude in
the precision trap over a time of more than 60 hours. Both the
steady decrease and the superimposed random fluctuations can
be observed. The measured slope of the slow decay given by
equation (9) is indicated by the dashed line.

materials surrounding the Penning trap, such as the
stainless-steel vacuum chamber, varies with tempera-
ture as well, and this also has an effect on the magnetic-
field magnitude.

An effort to stabilize both the temperature in the warm
bore and the pressure in the helium Dewar vessel of the
SMILETRAP setup has proven successful in reducing the
short-term magnetic-field fluctuations [31]. In the case of
the magnet of ISOLTRAP’s precision trap, the total rela-
tive field decay has been measured over a period of about
40 days to be

δB

δt

1
B

= −2.30(3)× 10−8/h . (9)

Figure 6 shows the relative change in the magnetic-field
magnitude in the precision trap over an interval of more
than 60 hours. The data were obtained by a continu-
ous measurement of the cyclotron frequency of one single
species of ions, in this case 85Rb+. Both the long-term
trend and the short-term fluctuations can be observed. It
can be seen that the random fluctuations are of the same
order of magnitude as the steady decay. In this run as well
as in some others, there appears to be a 24-hour periodic-
ity in the short-term fluctuations which can be explained
by day–night temperature changes in the ISOLDE hall.
This effect is, however, not regular enough to allow it to
be corrected for. It must be taken into account by the
addition of an uncertainty.

Because of the time dependence of the magnetic field,
the cyclotron frequencies of the two ions should be mea-
sured in as short an interval as possible. Therefore, one ref-
erence measurement is carried out just before and one just
after the actual measurement. The cyclotron frequency of
the reference ion is then interpolated to the time of the
actual measurement. The linear interpolation represents a

Fig. 7. Relative standard deviation of the magnetic-field mag-
nitude B about the interpolated value Bint for different time in-
tervals ∆T between the two reference measurements, obtained
via cyclotron frequency measurements of 85Rb+. Since the data
points represent the standard deviation of a measured quantity,
they cannot be assigned an uncertainty (error bar).

weighted mean that gives a stronger weight to the refer-
ence that is closer to the measurement of the ion of inter-
est. On average, it also takes into account the slow decay
of the magnetic field. The reliability of this interpolation
obviously decreases with the time that elapses between the
two reference measurements. This additional uncertainty,
which must be added to the confidence interval of the in-
terpolation, corresponds to the erratic component of the
magnetic-field change.

In order to determine the deviation of the magnetic
field from the linear decrease, we have conducted a se-
ries of long-term measurements such as the one shown in
Figure 6. In these tests, care was taken to accumulate a
maximum of statistics by using a fairly high number of
ions in the trap at a time (≈ 20 counts). For the analy-
sis, the data files were later subdivided into segments that
simulate complete measurements consisting of two refer-
ences and one simulated measurement of the ion of inter-
est. The deviation of the measured cyclotron frequency
from the expected value obtained from the linear interpo-
lation of the two simulated reference measurements is then
a measure for the non-linearity of the magnetic-field drift.

The relative standard deviation s(B − Bint)/B of
the magnetic-field magnitude B about the interpolated
value Bint as a function of the time ∆T elapsed between
the two reference measurements2 is shown in Figure 7. For
reasons of simplicity, the duration of each of the reference
measurements was always chosen to be about 15 minutes,
which is the typical duration of reference measurements
in on-line experiments. The data points agree well with a
fitted straight line that by definition has to go through the

2 ∆T is understood to mean the time difference between the
centers of the two measurements. The definition is chosen in
this way in order to allow the linear fit of the data to be con-
strained to pass through the origin.
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origin. The fit yields the slope of the linear time depen-
dence of the standard deviation. Because of the propor-
tionality of B and ν for an ion with given mass and charge
that follows from equation (1), this same time dependence
also governs the standard uncertainty uB(νref)/νref of the
cyclotron frequency of the reference ion due to magnetic-
field fluctuations:

uB(νref)
νref

= 6.35(45)× 10−11/min × ∆T. (10)

This result bears as a consequence for high-precision mass
measurements that the total duration of the measurement
must be kept as short as possible. In experiments using
radionuclides whose production rates are very low, the
time required for collecting sufficient statistics for a cy-
clotron frequency determination can in some cases be as
long as several hours. In those instances, a comparatively
large uncertainty contribution due to magnetic-field fluc-
tuations can be avoided by interrupting the on-line mea-
surement and quickly obtaining a reference.

3.3 Cyclotron frequency ratio

3.3.1 Cross-reference measurements

Over a time of about three months, more than one hun-
dred cross-reference measurements with carbon clusters
were conducted with ISOLTRAP. In three series of mea-
surements, the singly charged ions of C10, C12, and C20

were in turn used as reference ions. All singly charged car-
bon clusters 12C+

n with 6 ≤ n ≤ 20 were used as simulated
ions of interest. The ion-optical elements along the path
of the carbon cluster ions were optimized to a mass of
about 100 u at the beginning of this study. This, together
with low production rates (as seen in Fig. 2), caused the
count rates of clusters with n < 6 and n > 20 to be too
low for cyclotron frequency determinations within a rea-
sonable amount of time. This is not a principal limitation
of the apparatus, however, and can be adjusted in future
experiments.

For each individual TOF resonance, about 3 000 counts
were recorded. The duration of the quadrupolar excita-
tion was varied between 900 ms and 3 s, corresponding
to resolving powers between 6 × 105 and 3 × 106; the rel-
ative statistical uncertainty s(ν)/ν in the determination
of the cyclotron frequency was a few 10−8 for each sin-
gle measurement. Depending on the production rates and
the excitation times, each resonance took between 15 min
and 3 h. A count rate dependence of the cyclotron fre-
quency determination was not observed with carbon clus-
ters. This indicates that all isobaric contaminant ions as
well as clusters containing the second most abundant iso-
tope 13C were successfully removed in the cooling trap.

The molecular binding energies of the carbon clusters,
which are of the order of |Vb|/(mc2) ≈ 10−9, cannot be en-
tirely neglected in a high-precision study. However, theo-
retical calculations suggest a smooth behavior of the bind-
ing energies with magnitudes between 5.6 and 7 eV per

atom for the clusters Cn with 6 ≤ n ≤ 20 [32,33]. There-
fore, under the assumption that the molecular binding en-
ergy per atom is approximately constant, its contribution
to the cluster ion mass cancels out in the calculation of a
cyclotron frequency ratio.

For each individual measurement, the standard uncer-
tainty u(r) of the measured cyclotron frequency ratio, in-
cluding the uncertainty due to magnetic-field fluctuations
according to equation (10), and its deviation ε(r) = r−rth

from the true value were determined. Figure 8 shows the
result of the 114 measurements in the form of ideograms.
An ideogram is obtained by associating with each individ-
ual measurement a Gaussian distribution whose width σ
is equal to the relative standard uncertainty uc(r) of
the measurement [34]. The area assigned to each indi-
vidual measurement was chosen as proportional to the
weight 1/u2

c(r). The ideogram for one cluster is then the
sum of the Gaussian distributions for that cluster. Several
different symbols in the ideogram of one carbon cluster
represent measurements with different reference ions; the
vertical dashed line is the weighted mean of all measure-
ments for a given cluster.

These ideograms show that in all cases in which a suf-
ficient number of measurements was performed, the distri-
bution of the individual measurements is nearly Gaussian.
The only exception is that of C6 with only four data
points. Furthermore, Figure 8 graphically shows that the
distribution of the individual measurements for a given
cluster and the deviations of the weighted means from the
true values are all at the level of a few parts in 10−8, as
would be expected from the uncertainties, shown as error
bars in the figure.

3.3.2 Mass-dependent systematic effect

Another way of representing the entire set of the cross-
reference measurements is depicted in Figure 9. Here, the
data points represent the weighted means of all individual
measurements as a function of the mass difference m−mref

between the two carbon clusters involved. The error bars
are the uncertainties of the weighted means. As would
be expected considering the enormous mass region that
is spanned by these data, the figure shows the presence
of a mass-dependent systematic effect. By use of a linear
fit to the data, which by definition was constrained to
pass through the origin, the magnitude of the effect was
determined to be

εm(r)
r

= −1.6(4)× 10−10/u × (m − mref) . (11)

A mass-dependent frequency ratio shift can be due to im-
perfections of the electric-quadrupole field or a misalign-
ment of the precision trap’s electrostatic trapping fields
with respect to the magnetic-field axis [4,22]. The up-
per bound of the magnitude of these effects has previ-
ously been estimated [35] to be |εm(r)|/r = 2 × 10−9/u×
(m − mref).

Since the factors contributing to the mass-dependent
effect are not completely controllable, it is believed that
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Fig. 8. Ideograms of all 114 cluster cross-reference measure-
ments. The different symbols represent measurements with dif-
ferent reference ions: C+

10 (empty circles), C+
12 (filled circles),

and C+
20 (empty triangles).

its magnitude may change in future measurements due to
small changes in electrostatic potentials or other trapping
parameters. However, the magnitude of the effect did not
appear to vary greatly, if at all, during the approximately
three months which this study lasted. It was nevertheless
decided not to correct for it in evaluating actual measure-
ments, but instead to add a relative standard uncertainty
which has the same magnitude:

um(r)
r

= 1.6 × 10−10/u × (m − mref) . (12)

Fig. 9. Deviation of the weighted mean frequency ratios of
all carbon cluster cross-reference measurements as a function
of the mass difference m − mref between reference ion and ion
of interest. The straight line is a linear least-squares fit to the
data. The carbon cluster ions C+

10, C+
12, and C+

20 were used as
reference ions.

This equation shows the importance of choosing a refer-
ence ion whose mass is as close as possible to the mass
of the ion of interest. In most past measurements, it was
possible to keep m − mref below 20 u and thus the total
relative effect below 5 × 10−9.

3.3.3 Residual systematic uncertainty

At the time of the carbon cluster cross-reference measure-
ments, the mass-dependent effect was clearly identified
and its magnitude determined. The effect can therefore
be corrected for, albeit only for this particular series of
measurements. The result of this correction is shown in
Figure 10. In this figure, the weighted means of all individ-
ual cross-reference measurements are shown as a function
of the mass of the simulated ion of interest. The error bars
represent the experimental uncertainties of the weighted
means. Clearly, these results agree rather well with the
true values, represented by the solid horizontal line.

The χ2 of the experimental distribution of the cy-
clotron frequency ratios for each carbon cluster were then
calculated according to the following formula:

χ2 =
∑

i

[
ε(ri)
uc(ri)

]2

, (13)

where ε(ri) = ri − rth is the deviation of the measured
frequency ratio from its known true value rth and uc(ri)
is the combined standard uncertainty of the individual
frequency ratio.

After correction for the mass-dependent effect by use
of equation (11), the reduced χ2 of the distribution of the
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Fig. 10. Deviations of the weighted means of the cyclotron
frequency ratios for all carbon cluster cross-reference mea-
surements from their true value after correction for the mass-
dependent effect by use of equation (11). The dashed lines in-
dicate the residual systematic uncertainty that must be added
to the uncertainties of the mean values in order to obtain a
reduced χ2 that obeys the condition χ2/N ≤ 1.

individual frequency ratios about their true values3 for
all 114 cross-reference measurements shown in Figure 8
is χ2/N = 0.96. This indicates that the relative standard
uncertainty uB(νref)/νref due to the magnetic-field fluctu-
ations was correctly determined and taken into account.

If for the individual data contributing to the mass
value of one cluster size the weighted means are calcu-
lated as plotted in Figure 10, it becomes obvious that an
additional systematic effect is still present. The reduced
χ2 of the distribution of the mean frequency ratios for
all eleven carbon cluster species was therefore calculated
and found to be χ2/N = 2.02. The fact that the reduced
χ2 is considerably greater than 1 confirms the presence of
a residual systematic effect. Its magnitude can be deter-
mined from the condition χ2/N ≤ 1 to be

ures(r)
r

= 8 × 10−9 . (14)

This uncertainty also constitutes the limit of mass accu-
racy of the ISOLTRAP experiment because all other un-
certainties, being statistical in nature, can be reduced by
an increased number of repeated measurements. This new
limit is more than an order of magnitude smaller than
the systematic uncertainty previously added to the final
results.

4 Conclusions and outlook

A detailed study of the various contributions to the un-
certainty of a measurement with the ISOLTRAP mass

3 For the calculation of the reduced χ2, the relation χ2/N
was used since in equation (13) no degree of freedom was lost
in the calculation of a mean value.

spectrometer was conducted. Several distinct effects were
identified and their magnitudes measured where possible.

A technique was developed that allows an estimate of
the uncertainty of a cyclotron frequency determination in
the presence of contaminant ions in the precision trap. The
contributions of random magnetic-field fluctuations to the
uncertainty of a cyclotron frequency measurement were
determined. These fluctuations were found to contribute
a relative uncertainty which is directly proportional to the
total measurement time for one cyclotron frequency ratio.

Carbon clusters 12Cn (6 ≤ n ≤ 20) were used to quan-
tify systematic effects in the mass measurement procedure
with the ISOLTRAP apparatus. A mass-dependent sys-
tematic shift was identified and its magnitude found to
be −1.6(4)× 10−10/u× (m − mref). The residual system-
atic uncertainty after correction for the mass-dependent
effect was determined to be ures(r)/r = 8 × 10−9, which
also represents the present limit of mass accuracy of the
ISOLTRAP system.

Based on the results of these measurements, modifi-
cations to the measurement procedure as well as a new
evaluation procedure, which is described in detail in the
Appendix, were defined. After these procedural changes,
the limit of mass accuracy in ISOLTRAP measurements is
more than a factor of 10 smaller than the systematic un-
certainty previously added to the final results and about a
factor of 4 smaller than the former best-case estimate [35].
In recent measurements, overall mass uncertainties of close
to 10−8 have been reached for the first time in the case
of the radioactive nuclide 74Kr [36,37]. In the mass region
below that covered by the carbon cluster cross-reference
data, our recent mass measurements of the stable argon
isotopes 36Ar and 38Ar [36] are in excellent agreement with
other experimental data [31,38], indicating that the con-
clusions from the carbon cluster results can be extended
to lower masses.

Investigations of the efficiency of cluster ion produc-
tion with the matrix-assisted laser desorption and ioniza-
tion time-of-flight (MALDI-TOF) apparatus at Mainz in-
dicate that the commercial material Sigradur r© may be
better suited for the production of carbon clusters Cn,
n ≤ 20 [39]. Sigradur r© is a material with ceramic proper-
ties that consists of pure carbon. It is obtained by thermal
decomposition of a synthetic resin. Using this material,
the present study could easily be extended to the lighter
clusters Cn, n ≤ 5.

In the future, it will be possible to perform absolute
mass measurements of radioactive nuclides using carbon
clusters as reference ions. As an added benefit, the masses
of these clusters are evenly spaced at intervals of 12 u
throughout the entire chart of the nuclides such that the
maximal mass difference m−mref will be 6 u. As a conse-
quence, the relative mass-dependent shift will be smaller
than 1×10−9 in future high-precision mass measurements.

This study has also made apparent some weaknesses
in the experimental setup and measurement procedure.
An improved vacuum in the precision trap may reduce
the amount of contamination created by charge exchange
reactions and would allow even longer observation times,
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such as are needed to resolve contaminations by isomers
with excitation energies smaller than 100 keV. A stabiliza-
tion of the gaseous-helium pressure in the magnet cryostat
and of the temperature in the warm bore of the mag-
net hold the prospect of greatly reducing the observed
magnetic-field fluctuations. Finally, a modified measure-
ment cycle in which reference ion and ion of interest are
observed alternatingly in quick succession will effectively
eliminate the effect of any remaining such fluctuations.
Improvements of the setup that address these issues are
currently being studied.
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Research (BMBF) are gratefully acknowledged.

Appendix A: Evaluation procedure

A.1 Individual cyclotron frequencies of the ion
of interest

For all TOF resonances recorded with ions that are po-
tentially subject to contamination, i.e. all ions delivered
by ISOLDE, the cyclotron frequencies are determined us-
ing a count rate class analysis. The cyclotron frequencies
νi of the individual measurements and their uncertainties
u(νi) are determined according to the procedure described
in Section 3.1.2.

A.2 Individual cyclotron frequencies
of the reference ion

For each TOF resonance of the ion of interest recorded at
time t1, the cyclotron frequency of the reference ion is de-
termined from the two references just before and just after
it (times t0 and t2). All times are understood to mean the
center of the interval between the beginning and the end
of a TOF resonance measurement. Using the least-squares
method, the cyclotron frequency of the two measurements
are interpolated to t1, yielding the cyclotron frequency νref

of the reference ion.
The combined relative standard uncertainty of the cy-

clotron frequency of the reference ion at time t1 is found
by quadratically adding the experimental relative stan-
dard deviation found in this way and the relative stan-
dard uncertainty due to the fluctuation of the magnetic
field uB(νi

ref)/νi
ref which is calculated according to equa-

tion (10):

uc(νi
ref)

νi
ref

=

√[
s(νi

ref)
νi
ref

]2

+
[
uB(νi

ref)
νi
ref

]2

· (15)

A.3 Cyclotron frequency ratios

For all individual measurements of a given ion species, the
cyclotron frequency ratios ri and their combined relative
uncertainties uc(ri)/ri are calculated according to

ri =
νi
ref

νi
(16)

and

uc(ri)
ri

=

√[
s(νi)
νi

]2

+
[
uc(νi

ref)
νi
ref

]2

. (17)

In the case that two or more measurements of one species
of ions were made during the same on-line experiment, the
weighted mean r̄ of the frequency ratio and its relative
standard uncertainty u(r̄)/r̄ are calculated:

r̄ =

∑
i

ri

u2
c(ri)∑

i
1

u2
c(ri)

(18)

and

u(r̄)
r̄

=
1
r̄

1√∑
i

1
u2
c(r

i)

· (19)

Finally, the combined relative standard uncertainty of the
mean frequency ratio is found by adding to the relative
standard uncertainty calculated by use of equation (19)
the relative uncertainty due to the mass-dependent sys-
tematic effect um(r̄)/r̄ and the residual relative uncer-
tainty ures(r̄/r̄):

uc(r̄)
r̄

=

√[
u(r̄)

r̄

]2

+
[
um(r̄)

r̄

]2

+
[
ures(r̄)

r̄

]2

, (20)

where um(r̄)/r̄ is calculated according to equation (12)
and ures(r̄)/r̄ is given by equation (14).
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