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Abstract

The Penning trap mass spectrometer SMILETRAP is designed for precision mass measurements using the merits of highly charged ions. In
this paper we describe the feature of SMILETRAP and give examples of mass measurements involving **Mg!'*, 26Mg!'!*+, 4°Ca'’* and “Ca'**
ions. These emphasize the importance of accurate masses of hydrogen-like and lithium-like ions that are required in the evaluation of g-factor
measurements of electrons bound to even—even nuclei and test of QED effects. Highly precise mass measurements can also be used for testing atomic
structure calculations and determining atomic binding energies. Relevance of such measurements throughout the periodic system is discussed.

© 2006 Elsevier B.V. All rights reserved.

Keywords: g-Factor; Penning trap; Lamor precision frequency; Isotopes; QED

1. Introduction

The mass is a fundamental property of an atom. High-
precision mass values have a wide range of applications in
modern physics, including the determination of fundamental
constants, verification of nuclear models, benchmark values in
atomic mass tables, test of the standard model, test of QED,
metrology, and other fields of fundamental physics [1].

The principle of mass measurements with Penning traps is
the determination of the cyclotron frequency v, = ge B/2mwm of
the ion, with charge ¢, trapped in the magnetic field B. Due to
the long observation time and the well understood dynamics of
the ion motion in a trap, Penning trap mass spectrometers are the
leading devices in the field of high-accuracy mass spectrometry
today. It is evident that the precision in the mass m increases
linearly with ¢, since m/Am = v/Av increases linearly with v
for a resonance width Av given by a fixed observation time At
(as Av ~ 1/At). SMILETRAP is the first Penning trap mass
spectrometer that is designed for exploiting the mass precision
increase by using highly charged ions.

SMILETRAP (Stockholm—Mainz Ion LEvitation TRAP)
was set up in collaboration with the Physics Department of the
Johannes Gutenberg University in Mainz, Germany. It is to a
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great extent a copy of ISOLTRAP, another Penning trap mass
spectrometer designed for mass measurements of radioactive
atoms [2]. Into SMILETRAP, we inject highly charged ions
for precision mass measurements. These come from an elec-
tron beam ion source, CRYSIS, which can deliver isotopically
separated highly charged ion beams. The trap device consists of
a cylindrical Penning trap, pre-trap, for retardation and prepara-
tion of the ions and a hyperbolic Penning trap, precision trap, for
the cyclotron frequency measurement using the time-of-flight
(TOF) technique [3]. This technique of injecting externally pro-
duced ions into the trap and extracting them for the resonance
detection is used at ISOLTRAP and SMILETRAP. Also used
in other experiments is the technique to measure the motional
frequencies of internally produced trapped ions by detecting the
image currents induced in the trap electrodes. This approach
has the advantage of cooling the ion resistively by coupling its
motion to the detection system. We apply a different method to
get a rather cold ion into SMILETRAP. First we select the cold-
est ions on the beam transport. Then, we evaporate the hottest
ions by boil-off, first in the pre-trap and then in the precision
trap. The advantage of our technique is that it allows for a rapid
change between the ion of interest and a reference ion. It also
makes it possible to vary the ion charge state ¢ in one set of
measurements, allowing for systematic error check, and, as we
will discuss later, for atomic binding energy determinations by
measuring different charge states of the same atom.
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So far, mass measurements involving ions of about 30 iso-
topes in the mass range 1-200 u and charges from 1+ to 52+ have
been performed at SMILETRAP [4]. Among the highlights are
the determination of the 7°Ge double B-decay Q-value [5] and
the mass measurement of '33Cs related to the determination of
a new value for the fine structure constant « [6]. The mass of the
28Si was measured which is related to a possible atomic defini-
tion of the kg-standard [7]. By measuring the mass of the '*Hg
and 2%*Hg, a problem in the atomic mass table has been solved
[8]. Very recently, by adding a new mass measurement involving
3He!" ions we improved our previous Q-value for the tritium
B-decay by a factor of 2, resulting in an uncertainty of 1.2 eV,
thus being presently the most accurate Q-value, and more im-
portantly, it is based on correct atomic masses [9]. A new mass
value for 7Li has been measured, to be used as mass calibration
at ISOLTRAP when measuring the masses of halo nuclei of He
and Li [10].

In the following we show examples of accurate ionic mass
measurements of highly charged ions for determining the g-
factor of the bound electron. We shall also discuss the possibility
of using these measurements for testing QED effects of strongly
bound electrons and how precise ionic mass measurements can
be used to determine electron binding energies and weigh QED
effects directly.

2. Experimental procedure of mass measurements with
SMILETRAP

The SMILETRAP facility has been described in detail in Ref.
[4], thus only a brief description will be given here.

In order to have access to a wide variety of highly charged ions
an electron beam ion source (CRYSIS), in combination with an
external ion injector is used [11]. In order to produce an isotopi-
cally clean beam of highly charged ions, singly charged ions are
created in the external ion source from gas, by evaporation from
an oven or by sputtering. The extracted singly charged ions are
mass separated and injected into CRYSIS for charge breeding.
The low abundances of certain elements can be compensated
for by producing intense beams of 1+ ions and by increasing
the injection time. The confinement time, i.e., the time the ions
are exposed to the electron impact ionization inside the source,
and the electron beam energy can be varied to optimize the de-
sired charge state. The extracted ion pulse is transported to the
double Penning trap system by use of conventional electrostatic
ion beam optics. Before entering the cylindrical retardation trap
(pre-trap) the ions are charge state selected in a 90° double-
focusing magnet. The pre-trap is used to retard the ions from the
transportation energy of typically 3.4g keV to ground potential
within 30 ms. The ions are accelerated again by —1kV and are
transported to the hyperboloidal precision Penning trap where
they are finally retarded to ground potential and captured. An
aperture with 1 mm diameter prevents ions with too large radii to
enter the precision trap. The trapped ions are subject to an evap-
oration process by lowering the trap voltage from 5 to 0.1V
leaving only the coldest ions in the trap. In average not more
than 1-2 ions are left in the precision trap after this procedure.
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Fig. 1. A typical cyclotron frequency resonance in the time-of-flight of Hg>>*+

ions measured with SMILETRAP.

The precision Penning trap is located in the homogeneous
magnetic field of a superconducting solenoid (B =4.7T). It
consists of a ring electrode and two end-cap electrodes all
with hyperboloidal geometry which create an electrostatic
quadrupole field. In this combined magnetic and electric field
the ion motion can be described by three well defined eigen-
motions [12]; an axial motion with frequency v;, the so-called
magnetron motion with frequency v_ and the reduced cyclotron
motion with frequency v4.. The two radial frequencies obey the
relation vo = v_ + vy.

The mass measurement is carried out via the determination
of the cyclotron frequency v, = gB/27wm of the ion stored in
the Penning trap. The cyclotron frequency is probed by exciting
the ion motion by a quadrupolar radio frequency signal (rf) and
a subsequent measurement of the time-of-flight to the micro-
channel-plate detector placed on top of the magnet [13,4]. Re-
peating this procedure for different rf frequencies around the
true cyclotron frequency v, and measuring the time-of-flight as a
function of the 1f frequency, yields a characteristic time-of-flight
cyclotron frequency resonance curve [13]. In order to obtain the
ionic mass from the measured frequency, the magnetic field has
to be calibrated. This is done by the measurement of the cy-
clotron frequency vgef of a reference ion with well-known mass.
The two measurements are performed almost simultaneously in
order to minimize effects from B-field variations.

The mass of the reference ion m(H,™) = 2.01510149703
(27) u has a relative uncertainty of 0.14 ppb [4]. It is produced
in the preparation trap by bombarding the rest gas with 3.4 keV
electrons. The measurements are performed by using a contin-
uous excitation time ;¢ of 1s. A time-of-flight cyclotron fre-
quency resonance measured with Hg>>* ions is shown in Fig.
1, showing that the time-of-flight method works well for highly
charged ions.

The expected sidebands of the resonance [13] are indicated
in the measured distribution. They are not included in the fit be-
cause they are often suppressed. This is mainly due to an initial
spread of magnetron/cyclotron radii, an incomplete conversion
of magnetron into reduced cyclotron motion during excitation
and a fast oscillation of the magnetic field due to our field sta-
bilization.

The time-of-flight resonance curve, of both the ion of interest
and the reference ion, is measured typically with 21 equidistant
frequency steps around the center of the resonance frequency.
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Fig. 2. The mass of the 2*Mg and 2)Mg atoms measured with SMILETRAP Penning trap mass spectrometer compared to the previous best mass values.

One scan, involving 21 frequency steps, takes about 40s and
is repeated twice. After two complete scans the settings are
switched between the two ion species; the reference ion Hy ™
and the ion of interest. To switch between ion species takes only
about 1 s, thus the total cycle time is shorter than 3 min. In this
way any change in the magnetic field between the measurement
of the ion of interest and the reference ion is reduced.

The mass of the ion is obtained from the observed cyclotron
frequency ratio of the two ion species:

my ==y, (1)
V1 g2

where the subscript 1 denotes the main ion and subscript 2 the

reference ion.

Since the two frequency measurements are performed in sim-
ilar ways, certain systematic uncertainties in the frequency ratio
cancel out to a large extent. This is in particular the case for ions
which have the same g/ A value. For a detailed discussion of the
systematic errors see Ref. [4].

3. Results and discussions
3.1. Mass measurements related to g-factor experiments

The ionic mass is an essential ingredient when evaluating the
g-factor experiments of the bound electron in hydrogen-like and
lithium-like ions [14] which aim to make benchmark tests of
QED calculations [15]. Investigations of high Z hydrogen-like
systems are strongly restricted by an uncertainty due to nuclear
size effects. In the case of the bound electron g-factor the role
of the nuclear effects is not so crucial as in the case of the hy-
perfine structure splitting. Furthermore, in a certain combina-
tion involving differences of the g-factor of the hydrogen-like
and lithium-like ions this can be significantly reduced [16]. The
value of g can be obtained from

g=2—2-%, @)

where wr, is the Lamor precession frequency (see, e.g., Ref.
[14]), m. is the mass of the electron and M is the mass of the ion
under investigation. Both ey, and w, can be accurately measured
in the g-factor experiment.

So far the hydrogen-like '2C°* and 'O’ are the heaviest
ions used in the g-factor experiment. In both cases the ionic mass
was accurately known and the dominant part of the uncertainty

in g was due to the uncertainty in the electron mass. Therefore,
from the '2C>* experiment a new value for the electron mass
with four times smaller uncertainty was derived. This could be
done since the C atom is the mass standard and the theoretical
g-factor value is trusted with that accuracy. The present relative
standard uncertainty in the electron mass is 0.44 ppb [17]. The
proposed new g-factor experiments, involving medium heavy
ions like “°Ca [14], therefore require ion masses with similar
uncertainties as in the electron mass.

The masses of 2*Mg!!* and 2Mg!!* measured at SMILE-
TRAP for planned g-factor experiments have been reported in
reference [18]. Recently, also the masses of the hydrogen-like
and lithium-like *°Ca ions were measured at SMILETRAP [19].
As a by-product new atomic mass values of 2*Mg!!+ 26Mg!1+,
and “°Ca were obtained as shown in Figs. 2 and 3.

By considering the ratio of g-factors of hydrogen-like ions
of different isotopes of the same element, the dependence on
the electron mass can be eliminated. An isotope effect in the g-
factor, Ag = g2/g1 — 1, can thus be introduced to characterize
this effect. It was shown in Ref. [18] that an isotope effect in the
g-factor would be measurable already between *Mg!!+ and
26Mg!!* thanks to the high precision mass values measured
with SMILETRAP for both isotopes. The size of the isotope
effectin the g-factor is more pronounced if the relative difference
in the mass is larger, e.g., between “°Ca'®* and *3Ca'%* or
between °Ar!’+ and “°Ar!7*. In the theoretical calculation of
the g-factor of the bound electron in hydrogen-like ions the mass
has the largest impact on the so-called recoil term grecoil. The
magnitudes of this term and the isotope effects are calculated to
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Fig. 3. The mass of *°Ca derived from measurements of hydrogen-like and
lithium-like “°Ca ions compared to the previous best values.
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Table 1
The grecoil term calculated to first order and the resulting isotope effect Ag in
the g-factor for two selected isotope pairs (see text)

Isotope 8recoil Ag
Mg+ 1.75 x 1077

2oMg!+ 1.62 x 1077 6.7 x 107
40Cq19+ 2.92 x 1077

48Cal9t 2.43 x 1077 2.4 %1078

first order for two hydrogen-like ion pairs using Refs. [18,20,21],
and are given in Table 1.

3.2. Atomic binding energies from mass measurements

In order to get the atomic mass from the resonance frequency
ratio of the probed ion to the reference ion, the mass of the miss-
ing electrons have to be added. This is a critical issue, especially
when highly charged ions are used and a large number of bound
electrons have to be added. The atomic mass m 4 of atom A is
then the ionic mass, corrected for the masses gm. of the missing
electrons and their total binding energy (Ep):
my = Eq—]mz + gme — Ep(ATT), 3)

V1 q2

For the binding energies of electrons in highly charged ions,
so far, only calculated values exist. In Fig. 4, the binding ener-
gies of the last ionized electron for PbY™" are plotted. The values
were taken from Ref. [22] (open circles), and from Ref. [23] (full
circles). It is interesting to notice that the two calculations agree
rather well, except in the interval between ¢ = 14 and 36. The
discrepancy between the calculations should be far outside their
accuracy limits. Accuracy limits for binding energies over such a
broad range of charges are difficult to estimate. They should def-
initely be lower than 100 eV over the whole charge range and for
some charge states at shell closure near to 10 eV. To calculate the
atomic mass, these binding energies of all individual electrons
have to be added up. Systematic uncertainties in the individual
binding energies are adding up as well. One gets a rather large
difference in the total binding energy between Refs. [22] and
[23] for charge states of Pb around 30 (see inset in Fig. 4). It is
also evident from Fig. 4 that an ion with an atomic-shell closure
has advantages. The contribution from the binding energy makes
a large step when opening a new shell, whereas the relative ac-
curacy in the frequency determination changes marginally. The
binding-energy calculations also get more accurate (see below)
for an ion with a closed shell.

The calculated binding energies are experimentally tested for
low degrees of ionization. Otherwise the atomic structure calcu-
lations are rather well tested by experimental transition energies
over the whole periodic system and charge spectrum. In Ref.
[24] calculations for highly charged ions were tested with dif-
ferent methods in their consistency. From there the error limit
is derived. These calculations [24] were for closed shell sys-
tems on a level of accuracy of 10eV for medium Z ions. The
uncertainty comes mostly from correlation effects (which are
typically around 50-60 eV for Ar-like ions) and from QED ef-
fects (in particular the many-body QED contributions). It should
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Fig. 4. The binding energies of the last ionized electron for Pb¥" are plotted.
The values were taken from Ref. [22] (open circles), and from Ref. [23] (full
circles). The inset, with the scale on the right side, shows the difference between
the two calculations over g.

be noticed that QED contributions get large when coming to
alkali-like ions where s-shell electrons are added. In first order,
the QED contributions get negligible when one comes to p-shell
electrons. The typical contributions to the atomic masses from
the total binding energies are (in some examples): H,™ Ep =
—15.4eV = 8.3 ppb, 28Pb>*+ Ep = —50.372keV = 260 ppb,
208pp72+ Fp = —172.177keV = 889 ppb.

One can turn this around and by measuring the mass of the
same isotope using different ion charges, the binding energy of
a number of electrons in the atom can be obtained as a mass dif-
ference. This is especially the case when the precision reaches
~ 2-10¢eV or better, so that the influence from correlation, rel-
ativistic, Breit, and QED corrections can be directly measured.
Some simple Z-scaling rules help to reveal the relative impor-
tance of the different contributions over a wide range of ¢, Z, and
A. Correlation is, for a fixed number of electrons, rather inde-
pendent of Z and increases linearly with the electron number by
roughly 2 eV/e ™. In first order, the binding energy scales with Z?
and QED with Z* and n 3. The absolute precision decreases lin-
early with the ion mass. Correlation effects are, relative to QED,
most dominant in lighter ions (A ~ 50) and medium charges.
There a precision of 10710 results in 5eV which gets sensitive
to correlation effects. For measuring QED effects, heavy ions in
the highest charge states are required. On top of that a precision
of better than 1019 for A ~ 200 is needed. This has not been
demonstrated yet but seems achievable in the near future. In par-
ticular when measuring charge state sequences such a precision
should be achievable in a relative comparison between the ion
masses in different charge states.

For the example shown in Fig. 4, one has in the mass differ-
ence from Cu-like to Ni-like Pb a QED effect in the order of
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Table 2
The mass of a few selected hydrogen-like and lithium-like ions measured with
SMILETRAP relevant for the g-factor experiment

Ton Mass (u) Rel. unc. (ppb)
Mg+ 23.979011054 (17) 0.6
26oMg!l+ 25.976562347 (32) 13
40Ca19+ 39.952181819 (29) 0.7
A0¢ca!7+ 39.953272223 (24) 0.6

2eV [25], corresponding to around 10~!! of the ion mass dif-
ference. For the Li-like to He-like Pb mass difference the QED
contribution is around 30 eV [26], and already 1.5 x 10719, For
H-like Pb one calculates [27] around 245 eV for the QED effect
in the 1s state, which makes a mass contribution of 1ppb. If
the 203pb31+ o 208pp82+ or 208pp30+ mags difference could be
measured to 10!, one would have the same accuracy in deter-
mining the QED contribution as present day X-ray spectroscopic
measurements.

4. Conclusion and outlook

SMILETRAP is in fact so far the only facility where highly
charged ions (with ¢ > 8+) have been used for mass measure-
ments. It has proven to reach high accuracy in the 10~!° range
for ions all over the periodic table.

For the g-factor experiments on hydrogen-like and lithium-
like ions, the ionic mass is required (see Eq. (3)) with an un-
certainty comparable to the uncertainty in the electron mass
(0.44 ppb) or better. Since, in our experiment, the mass of
the hydrogen-like or Li-like ion is directly obtained one gets
rid of the critical binding energy correction otherwise neces-
sary for mass determinations based on singly charged ions.
As seen from Table 2, our best ionic heavy-mass uncer-
tainty (for Ca) is 0.6 ppb. About 0.3 ppb comes from limited
statistics. By using Ramsey excitation, carbon ions of suit-
able charge state as mass reference (to allow for g/A doublet
measurements) and better statistics we hope to get close to
0.1 ppb.

We plan to move SMILETRAP to a new electron beam ion
trap (EBIT) located at AlbaNova to have access to higher charge
states. At present this source can produce up to neon-like ions
of any element. Later an upgrade of the source is planned to a
250 keV electron beam with which fully stripped ions up to U%>*
can be produced. With that configuration we aim at measuring
masses for the g-factor of bound electron in ions such as 238U%1+
and weighing directly the QED contribution in the masses of
heavy highly charged ions.
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