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A multi-reflection time-of-flight (MR-ToF) mass analyzer has been integrated into ISOLTRAP, the

precision mass spectrometer for on-line mass determinations of short-lived nuclides at ISOLDE/CERN.

The new instrument improves ISOLTRAP by providing a fast separation of isobaric contaminant species

as well as subsequent ion selection using the fast Bradbury–Nielsen gate. Suppression ratios of up to

104 and mass-resolving powers of over 105 have been reached in off-line experiments. Preliminary data

from on-line applications illustrate the benefit and performance of the device and its potential in the

context of the ISOLTRAP setup.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Penning traps have proven to be the devices of choice with
regard to high-precision mass measurements of stable and exotic
nuclei [1,2]. One of the primary conditions to minimize uncer-
tainties of such a measurement is the availability of pure ion
ensembles. In the presence of contaminations, the motion of the
ions of interest is altered via the Coulomb interaction [3–6]. In
general, the resulting deviations of the trapped-ion frequencies
prevent precision experiments. Therefore, it is of utmost impor-
tance to ensure contamination-free measurements.

The yield of nuclei produced at on-line facilities decreases far
away from the valley of stability whereas usually the ratio of the
number of ions of interest and contaminant ions becomes more and
more unfavorable. Penning-trap mass spectrometers suffer from
ll rights reserved.
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systematic effects in presence of contaminants either if the ratio is
too large or if the required resolving power is high (usually the case
for isobaric or isomeric purification). Thus, one of the most impor-
tant challenges for ISOLTRAP [7] at ISOLDE/CERN [8], as for other
comparable setups installed at on-line facilities [9–14], is the
efficient transfer of the ions of interest to the location of the
precision measurement and the elimination of all contaminating
species. Such contaminations may be delivered from the on-line
separator directly or can be created inside the apparatus as products
from nuclear decay [15] or charge exchange [16], in particular in the
case of stopping in a gas cell [17].

In addition, for nuclides with half-lives on the order of the
measurement duration or below (r1 s), the ion preparation and
purification should be as fast as possible to avoid decay losses.
Currently, this contamination removal is performed by mass-
selective resonant buffer-gas cooling in a Penning trap [18] which
requires several 100 ms. Therefore, a faster mass selection would
be a significant improvement for experiments on nuclides with
short half-life. For this purpose, a second isobar-purification
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system was developed and installed in 2010 at ISOLTRAP. It is
based on a multi-reflection time-of-flight (MR-ToF) technique
[19–25] in combination with a fast Bradbury–Nielsen gate
(BNG) [26,27] and provides a significantly faster purification
without degradation in effectiveness. The system can be used
either as
�

Fig
view

Bra
an auxiliary device for contamination removal in combination
with the existing preparation Penning trap,

�
 an exclusive mass separator for very short-lived nuclides, or

�
 a fast mass spectrometer in its own right for very short-lived

nuclides.

In the following we report on the implementation of the first
MR-ToF mass analyzer at a Penning-trap facility for exotic nuclei.
In addition to the design of the MR-ToF section and the BNG, the
results of off-line as well as of the first on-line experiments on
mass separation of short-lived nuclei are presented.
2. Principle of isobar purification with the MR-ToF/BNG device

The MR-ToF/BNG isobar-purification principle is illustrated in
Fig. 1. The setup consists of an MR-ToF section for the separation
of the different ion species with respect to their different mass-
over-charge ratios and thus different arrival times at the BNG
where the actual selection of the species of interest takes place.

2.1. MR-ToF mass separator

The MR-ToF device uses two electrostatic coaxial ion mirrors
to reflect charged-particle bunches. Thus, the mirrors act as an
anti-parallel arrangement of two ToF reflectrons and create a
multiply-folded flight path [19]. The resulting trajectories can be
several hundreds or thousands of meters long all within a
compact device of 1 m length. All ion species i of mass mi and
charge state zi start on a well-defined potential U and gain the
same average kinetic energy per charge state E=zi ¼ eU, where e is
the elementary charge. Due to their different velocities
vi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Uezi=mi

p
the ions have mi=zi-specific revolution times

Tipv�1
i p

ffiffiffiffiffiffiffiffiffiffiffiffi
mi=zi

p
. Thus, the difference in ToF between two ion

species Dtijpn(Ti�Tj) increases linearly with the number of
revolutions n. When the ToF difference becomes larger than
the time width Dt of the individual ion bunches, 9Dtij94Dt,
the ions can be ejected from the MR-ToF device towards the
BNG.

To achieve the high resolving power R¼m=Dm¼ t=ð2DtÞ

necessary to separate, e.g., isobaric species, the total time of flight
(ToF) t has to be long compared to the temporal width of an ion
bunch Dt. The total ToF can be extended by increasing the number
of revolutions n of the ions in the MR-ToF, since tpnT. For an
. 1. Illustration of the isobar-separation principle. A mixture of two species (colored

). The nuclides are separated due to their different mass-over-charge ratios in mu

dbury–Nielsen gate where the contaminant species are deflected.
increase in resolving power, the signal width has to stay constant.
Ideally, the complete ToF system consisting of the flight path from
the ion source to the MR-ToF device, the trajectory inside the MR-
ToF device itself, and the flight path from the MR-ToF device to
the detector, or to a device for selection, is isochronous with
respect to the ion energy. In other words, the flight time should be
independent of the different kinetic energies of the ions, originat-
ing in particular from different starting positions in the ion
source. This can be achieved by applying optimized mirror
potentials [28] in combination with the use of a pulsed drift
electrode between the ion mirrors that also serves as an injection
and ejection device [29]. The upper limit for the time-of-flight
separation is given by the maximum time difference between
species before they start to approach each other again, DtijoTi,j/2.
2.2. Bradbury–Nielsen gate

The principle of operation of the BNG [26,31] is illustrated in
Fig. 2. It consists of two sets of parallel wires in a planar
arrangement such that neighboring wires belong to different sets.
During the passage period of unwanted species, the gate is
activated (closed), i.e. voltages of alternating sign but equal value
are applied to neighboring wires, which results in the deflection
of the charged particles. When the ions of interest arrive the gate
is deactivated (open) until they have passed. A BNG achieves
higher time resolutions than parallel-plate deflectors or similar
arrangements. The electric field of the activated wires decays
exponentially with increasing distance from its plane [31], and
thus is negligible at the distance of one wire spacing d in the
longitudinal direction, as shown in Fig. 2 (right). The achievable
time resolution tres, i.e. the ion flight time through the region of
the deflecting electric field can be approximated by the ion flight
time through twice the wire spacing [31]

tres ¼
2d

vi
¼ 2d

ffiffiffiffiffiffiffiffiffiffiffiffi
mi

2zieU

r
: ð1Þ

Thus, for singly charged ions with m¼100 u starting from a
potential of UE3 kV and passing a BNG with d¼0.5 mm, the time
resolution is tresE13 ns. For the selection of ToF-separated ion
species, the transition times of the pulsed voltages ttrans needed to
change the state of the gate from closed to open and vice versa
has to be added. Ions that penetrate the field region while the gate
potentials are being switched experience a change in kinetic
energy which thus broadens the energy distribution of the
ensemble. To deflect one species without disturbing the other,
the minimum time-of-flight difference between the end of the
first ion bunch and the beginning of the second ion bunch at a
given relative signal height should therefore not be smaller than
tresþttrans. Thus, this condition does not include the bunch width.
Gaussian-shaped ToF distributions) enters the MR-ToF mass separator (sectional

ltiple revolutions inside the MR-ToF mass separator. After ejection, they pass the



Fig. 2. Simulation (SIMION 8 [30]) of the Bradbury–Nielsen gate operation with a wire distance of d¼0.5 mm. For ion transmission (left), both wire sets are at the same

voltage, ideally the potential of the beam line. To deflect the ions (right), the wires are activated. Note the equipotential lines of 50%, 5% and 1% of the wire voltage.

Fig. 3. Layout of the horizontal ISOLTRAP beam line after implementation of the MR-ToF mass separator between the RFQ buncher and the carbon-cluster ion source in

front of the bender that directs the ion bunches towards the vertical Penning traps (not shown). For details see text.
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3. Overview of the ISOLTRAP setup and beam purification in a
Penning trap

The layout of the horizontal ISOLTRAP beam line including the
MR-ToF mass separator and the BNG is illustrated in Fig. 3.
ISOLTRAP consists of a radiofrequency-quadrupole (RFQ) ion-
beam cooler and buncher [32], the new MR-ToF/BNG section,
and in the vertical part – not shown in the figure – two Penning
traps for the preparation [33] and precision [34] measurement
steps mentioned above as well as a tape-station [35] for trap-
assisted nuclear-decay studies. Two off-line ion sources (alkali ion
source and carbon-cluster ion source [36]), one in front of the RFQ
buncher and one in front of the preparation Penning trap deliver
the stable reference nuclides for the mass measurements. The
status of the setup before the implementation of the MR-ToF mass
separator has been described in detail in [7]. Only a short review
of the parts needed for this work will be given in the following.

The low-energy part of the ISOLDE facility delivers a quasi-
continuous ion beam with an ion energy of up to 60 keV, in most
cases consisting of a mixture of isobaric short-lived and stable
nuclides as the separation resolving power of the sector-field
magnets is limited to about 7000 without higher-order correc-
tions [8]. For mass measurements, the ions are decelerated
electrostatically in front of the ISOLTRAP RFQ buncher located
on a high-voltage platform floatable up to 60 kV. To accumulate
ions and to reduce the beam emittance, the RFQ buncher is filled
with high-purity helium buffer gas of 10�2 mbar. After an
accumulation and cooling period, thermalized ion pulses are
reaccelerated to 3.1 keV by injection into a switchable drift
electrode which transfers the ions to ground potential of the
beam line. In the adjacent MR-ToF mass separator, a mass-over-
charge separation of the different species can be performed,
which are then ejected onto the BNG for selection of the species
of interest. After the ions have passed the BNG they are deflected
by 901 to the vertical direction and are injected into the first
Penning trap for further purification and cooling as a preparation
step for the actual precision mass measurement in the second
Penning trap.

The standard method to purify the ion ensemble from con-
taminating species is the mass-selective resonant buffer-gas
centering (so-called ‘‘quadrupolar cooling’’) in a preparation
Penning trap: By use of an azimuthal dipolar radiofrequency
(RF) excitation the magnetron radius of all ions is simultaneously
increased to a value higher than the radius of an aperture used for
ejection (in the case of ISOLTRAP, r¼ 1:5 mm) in the endcap
electrode of the trap. To re-center only the species of interest
mass-selectively, the slow magnetron motion is converted into
the fast cyclotron motion by applying an azimuthal quadrupolar
RF excitation at the cyclotron frequency nc¼qB/(2pm), with
mass m, charge q, and magnetic field strength B. Due to the
damping by buffer-gas collisions, the fast cyclotron motion is
effectively cooled, leading to a decrease of the cyclotron
radius. When the ions are ejected axially, e.g., towards the
measurement Penning trap, only the centered ones pass through
the aperture, whereas the others collide with this electrode and
are lost. Mass-resolving powers of up to 300,000 have been
reached with ISOLTRAP’s preparation Penning trap [37]. However,
such high resolving powers are achieved at very low helium-gas
pressures only, where this essential preparation step takes several
hundreds of milliseconds. In contrast, if the ensemble is already
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contamination-free and mass separation is not needed, the cool-
ing period can be reduced to only a few milliseconds (at increased
helium pressure).

After the preparation, the ions are transferred to the precision
Penning trap for the determination of their cyclotron frequency nc

in a homogenous magnetic field. To this end, a quadrupolar
excitation is performed at several frequencies around the
expected cyclotron frequency. In resonance, i.e. at the cyclotron
frequency, the magnetron motion is converted to cyclotron
motion [38]. This ion-motional response is probed by axial
ejection of the ions and a subsequent measurement of their drift
time to a micro-channel plate (MCP) detector outside of the
strong magnetic field. In the axial magnetic-field gradient the
radial (cyclotron) motion is converted to axial kinetic energy, i.e.
the conversion becomes visible as a reduction in the time of flight.
For short-lived nuclides, a statistical uncertainty in the order of
dvc/vcE10�9

y10�8 can be reached by use of this time-of-flight
ion-cyclotron resonance (ToF-ICR) technique [38–40] and the
Ramsey excitation scheme [41]. The magnetic-field strength is
deduced from the cyclotron frequency measured for a reference
ion with a well-known mass.

If necessary, the measurement trap itself can also be used for
contaminant reduction, in particular for ions with very close-lying
masses: Dipolar RF excitation at the reduced cyclotron frequency
can be applied to resolve and remove ions of different isomeric
nuclear states [42,43] with a mass-resolving power that is
roughly proportional to ncTrf where Trf is the excitation time. As
an example, mass-resolving powers of 107 have been reached at
ISOLTRAP for excitation durations of Trf¼12 s for AE85 at
ncE1 MHz. This technique is an important feature also for trap-
assisted nuclear spectroscopy with the recently installed tape-
station setup as it allows beta and gamma spectroscopy of pure
isomeric ion ensembles.
4. Experimental setup

Fig. 4 shows an overview of the ISOLTRAP MR-ToF purification
system which consists of the MR-ToF mass analyzer, injection
and ejection ion optics, the BNG and an ion detector. In the
following, the technical details of the different parts will be
described.

4.1. Vacuum system

The MR-ToF device is installed in a CF100/200 cross of 800 mm
length while the adjacent parts are installed in CF100 double-cross
chambers. The background pressure determines the mean free
path of the ions traveling in the MR-ToF device and thus the
transmission on long flight paths. Therefore, an ultrahigh vacuum
has to be achieved to avoid ion losses. The injection side is
evacuated with a 350-l/s turbo-molecular pump (TMP 1) while
at the ejection side a 150-l/s pump (TMP 4) is used. In the MR-ToF
central section, a 1500-l/s pump (TMP 2) is used in series with a
50-l/s pump (TMP 3) to achieve a low pressure at high gas loads.
Fig. 4. Time-of-flight isobar-separation section of ISOLTRAP incl
Two 250-l/min oil-free scroll pumps maintain a prevacuum of
about 1�10�3 mbar. With closed valves to the neighboring
sections, the background pressure of the system is 2�10�10 mbar
measured at the center of the MR-ToF device, 6�10�9 mbar at the
injection side and 1�10�8 mbar at the ejection side. Under
normal operation conditions with helium-gas flow from the RFQ
buncher (E1�10�2 mbar(He)) and the preparation Penning trap
(E5�10�4 mbar(He)), the pressure at the central MR-ToF section
is 5�10�9 mbar, and 3�10�7 mbar as well as 1�10�7 mbar at
the injection and ejection crosses, respectively. In order to block
the helium gas entering into the MR-ToF section from both sides,
two adjustable iris apertures are installed at the injection side and
another on the ejection side. A reduction of a factor of six in
pressure at the MR-ToF section could be observed by closing the
irises to their minimal permissible diameter (E3 mm) without a
decrease in the ion transmission.

4.2. Injection and ejection ion optics, MCP detector

To control the radial position and diameter of the injected ion
bunches, two sets of x–y steerers and an einzel lens are installed
in front of the MR-ToF device (see Fig. 4). Small deflection
potentials in the range of a few volts are sufficient to maximize
the transmission efficiency of the MR-ToF. These voltages depend
on the mass-over-charge ratio of the injected ions. They correct
the trajectory variations due to different ejection conditions of the
RFQ buncher as well as the mass-dependent transfer due to the
residual magnetic stray field of the 4.7 T-magnet of the prepara-
tion Penning trap. The einzel lens is used to focus the beam into
the activated ion mirror near the reflection point.

In analogy, an einzel lens at the ejection side collimates the ion
bunches for further transfer to the MCP detector or to the BNG.
The latter devices are both installed on a movable feedthrough
(denoted by the arrow in Fig. 4) to allow choosing between either
ion monitoring or selection.

4.3. MR-ToF setup

The mechanical construction of the MR-ToF device has already
been described in detail in [28] and will only be summarized here.
It consists of two ion mirrors of six electrodes each, which are
separated by a drift section (with length of 460 mm with an inner
diameter of 26 mm), which is used as an in-trap lift [29] for ion
injection, ejection and time-of-flight focusing. A sketch of the MR-
ToF and a typical potential configuration is shown in Fig. 5. The
voltages applied to the mirror electrodes are supplied by high-
precision modules (ISEG DPS-series) controlled via a 16-bit
digital-to-analog converter (DAC, National Instruments NI-
6703). All other voltages, for the injection/ejection ion optics
and the in-trap lift electrode, are generated by further modules
(Applied Kilovolts HP-series) and controlled via the same DAC.

The performance of the MR-ToF separator depends critically
on the potentials applied. In particular, a given optimized mirror-
potential distribution has to stay as constant as possible over the
whole measurement period. For a discussion on how the different
uding injection and ejection ion optics and vacuum system.
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spectral components of voltage fluctuations lower the perfor-
mance, see [29]. The controls of the setup are fully integrated in
the experimental control system used at ISOLTRAP (ISOLTRAP CS
[44,45]). The timing signals for switching the electrode voltages
are generated by an FPGA card (National Instruments NI-7811R)
programmed as a pulse-pattern generator [46]. This controls
among others the activation and deactivation of the in-trap lift
electrode via a solid-state MOSFET switch (Behlke HTS 61-03-
GSM).

4.4. Bradbury–Nielsen gate

The BNG construction and weaving mechanism is similar to
the one presented in [31]. The gate is constructed by weaving
10 mm diameter gold-plated tungsten wire on a frame of poly-
ether ether ketone (PEEK) as shown in Fig. 6. Small groves are
milled on the top side of the frame for parallel guiding of the
wires at a defined spacing of d¼0.5 mm. On the front side, a comb
structure is machined to enhance the distance for the electrically
separate contacting. It guides the odd-numbered wires onto the
bottom while the even-numbered wires stay on top for some
more distance. To fix the wires, strips of PEEK and copper are
glued onto the substrate with non-conductive and conductive
vacuum-compatible adhesives, respectively. Finally, the wires on
the bottom are removed. The gate is placed between two drift
Fig. 5. Axial potential distribution in the MR-ToF device. The first two mirror

electrodes (M1 and M2) form a negative electrostatic lens to create stable

trajectories. The last four (M3–M6) are on positive voltage to reflect the ions

and compensate their energy-dependent ToF. The in-trap lift is on ground

potential while the ions are stored and will only be switched for in- or ejection.

Fig. 6. Construction and mounting mechanism of the BNG. Left: Exploded view of the B

and contacting. Middle: guiding grooves (magnified) and comb structure. Right: final B

shielding of the insulating parts.
tube electrodes to prevent ions from hitting non-conductive
surfaces, thus charging them. After curing the adhesives and
baking the gate at temperatures around 100 3C, no vacuum
degradation could be observed. The present gates have an active
diameter of 20 mm. Their transmission is about 95% in the ‘‘open’’
state, which is close to the calculated open area of 98%. The
advantage of this method of production is that the PEEK frames
for wire spacings down to 0.5 mm can be produced with standard
milling techniques and are therefore easily replaceable.

As described above, the time resolution of a BNG depends on
the wire spacing and the voltage transition time on the wires
between the states ‘‘closed’’ and ‘‘open’’ and vice versa. Fast push-
pull MOSFET switches (model AMX-500-3, CGC Instruments) with
voltage transition times of ttransE20 ns are used to switch
voltages in the range of UBNG¼7250 V.
5. Off-line operation and performance

To reach the full operation capability of the MR-ToF/BNG combi-
nation, the RFQ buncher had to be modified to provide bunches with
a shorter time structure. By decreasing the length of the axial RFQ
trapping region from 20 mm to 10 mm and by increasing the
extraction field strength from E3 V/mm to E20 V/mm, the time
structure of the bunches measured in front of the MR-ToF (MCP1h,
Fig. 3) was reduced from about 1 ms to 60 ns (FWHM) at a cooling
and bunching efficiency of 10–20%, i.e. the same as reported for the
earlier buncher parameters. An initial short time width is necessary
to achieve a fast separation in the MR-ToF section. The energy
distribution of the ion bunches was determined by use of a repelling-
grid arrangement in front of MCP2h (see Fig. 3, with the MR-ToF
separator deactivated). The measured energy distribution of about
DEBuncher

90% � 60 eV is within the energy acceptance of about 100 eV of
the preparation Penning trap.

5.1. MR-ToF performance

The mean kinetic energy of the ions in the transfer beam line
and in the MR-ToF separator is Etransf er ¼ 3:1 keV and E¼ 2:1 keV,
respectively, where the reduction is due to the in-trap lift method
[29]. Mass-resolving powers of up to RFWHM ¼m=Dm� 2� 105 at
storage times of tE30 ms (about 1000 revolutions for 133Cs or
2000 revolutions for 39K ions, respectively) have been achieved.
As an example, Fig. 7 shows the corresponding time-of-flight
NG showing the PEEK frame, the woven and cut wires and the four plates for fixing

NG assembly and partly sectional view of the BNG metal frame for mounting and



Fig. 8. Mass-resolving power (top) and signal intensity (bottom) of 133Cs with

respect to the time of flight (number of revolutions) in the MR-ToF mass separator.

The solid lines are fits to the data points. See text for details.
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spectrum for 39K. It was acquired with a multi-channel analyzer
adding 200 single-shot spectra of MCP2h. The repetition rate was
approximately 1.5 Hz. Thus, the recording time of E120 s in this
example is short compared to the typical duration of mass
measurements with the precision Penning trap which can take
several hours if very low statistical uncertainties are to be
obtained. Therefore, long-term voltage drifts on the MR-ToF
electrodes have to be considered as well (see next paragraph).
Fig. 8 (top) shows the mass-resolving power as a function of the
time of flight for 133Cs ions. Eq. (8) from [29]

R¼
m

Dm
¼

t

2Dt
¼

tsþnT0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dt2

thþ Dts�nT0 @dT=@dE

� �
DdE

� �2
q ð2Þ

was used to fit the mass-resolving power for the fixed experi-
mental parameters, i.e. the revolution time T0E27.7 ms and the
ToF difference between the ion source’s time-focus plane and the
detector, tsE30 ms. The resulting free fit parameters are: the
turn-around time DtthE58 ns in the ejection section of the RFQ
buncher when ejecting (which is the lower limit of the time
width), the additional time-spread due to MR-ToF-external flight
time DtsE105 ns, and the ToF–dispersion relation with respect to
energy @dT=@dE

� �
DdE � 5� 10�6 (see [29] for further details).

The dependence of the average time of flight on the mirror
voltages is shown in Fig. 9. Variations of mirror electrode 5 (M5)
have the largest influence, namely ðdt=tÞ=ðDV=V9M5Þ ¼ 0:5 because
it is closest to the reflection point and therefore defines the
penetration depth. For example, a fluctuation of DV=V9M5 ¼ 5�
10�6 in the spectrum shown in Fig. 7 would result in a ToF center
shift of dt/t¼2.5�10�6, i.e. dtE75 ns for a flight time of
tE30 ms. Thus, the signal width would be doubled and hence
the mass-resolving power reduced by a factor of 2. As mentioned
above the Penning-trap mass measurements can last several
hours, and thus the possible shift of the time of flight of the ions
of interest in the MR-ToF has to be taken into account. The major
contribution to the long-term instability is given by the tempera-
ture variation in the laboratory of E1 K between day and
night and a temperature coefficient of the voltage sources of
DV/V¼5�10�5/K.

The transmission of the MR-ToF is mostly affected by the
injection focusing and steering of the pulses delivered by the RFQ
buncher. Small changes in the focus position and angle with
respect to the optical axis can increase the losses in the first few
Fig. 7. Ion counts (dots) and Gaussian fit (line) of 39K ions from the reference ion

source at a total flight time of about tE30 ms (corresponding to 2000 revolutions

at mass A¼39 in the MR-ToF separator). The mass-resolving power is

RFWHME2�105 and R10%E1�105.

Fig. 9. Time-of-flight deviation from the nominal value as a function of the

mirror-electrode voltages (mirror electrodes 1–6¼M1–M6) for a given kinetic ion

energy. For the electrode numbering, see Fig. 5. The simulations agree with

measured data points (of 133Cs) for the electrode M5.
milliseconds of trapping as shown in Fig. 8 (bottom). The solid
line shows an exponential fit to the data with two constants,
t1E1.5 ms and t2E130 ms. The fast losses are most likely a
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result of a mismatch of the pulse emittance and the capture
acceptance of the MR-ToF separator. Furthermore, residual stray
magnetic fields in the order of 1 mT due to the superconducting
magnet of the preparation Penning trap and due to the steel
girders of the surrounding support structures of ISOLTRAP
influence the injection and trapping efficiency mass dependently.
A transmission of about 50% can be maintained even for storage
times up to a few tens of milliseconds. Losses due to collisions
with residual gas have a minor influence on the transmission
due to the pressure of o10�8 mbar, resulting in the high time
constant t2.

The overall efficiency of the ISOLTRAP setup for low ion yields
is on the order of 0.5–2%, deduced from the ratio of the beam
current in the ISOLDE beam line in front of the RFQ buncher and
the ion events counted on the MCP detector used for the mass
measurement. The transmission loss in the MR-TOF mass separa-
tor of 50% is thus small compared to other section of ISOLTRAP.
5.2. BNG performance

The suppression factor of ions as a function of the wire-voltage
difference of the BNG is shown in Fig. 10. 85Rb ions from the alkali
reference ion source were ejected towards the BNG while it was
either ‘‘open’’ or ‘‘closed’’. The transmitted ions were captured in
the preparation Penning trap and ejected towards an MCP
detector after the cooling procedure as explained above. Below
DUBNG¼440 V, corresponding to UBNG¼7220 V on the wire sets,
the suppression is low since the deflection angle is too small to
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Fig. 10. BNG suppression (ratio of 85Rb ions transmitted for BNG open vs. BNG

closed) as a function of the wire voltage difference, solid line to guide the eye. For

the determination of the deflection efficiency the dark-count rate has been

subtracted.

Fig. 11. Left: MR-ToF spectra of 80Rb and 80Zn after 400 revolutions recorded with the M

s. Right: Time-of-flight matrix of the 80Zn ToF-ICR spectrum showing that the specie

number of counts recorded in the respective time-of-flight bin.
prevent the ions from being transported by the subsequent ion
optics into the preparation Penning trap. Above deflection vol-
tages of DUBNG¼480 V the ratio between ions that passed the
‘‘closed’’ and the ‘‘open’’ gate decreases by orders of magnitudes,
i.e. the deflection angle is sufficient. A reduction of four orders of
magnitude has been achieved at DUBNG¼500 V, which was the
maximum voltage used to avoid damaging the BNG. However,
this is no general limit for the suppression ratio.
6. On-line application

In the following, the potential of the new sections at ISOLTRAP
is illustrated by first on-line data. Fig. 11 (left) shows a time-of-
flight spectrum of short-lived A¼80 zinc and rubidium ions (with
half-lives of 540 ms and 33.4 s, respectively).

After the ions had been transferred through the ISOLDE HRS
sector-field mass separator and captured at the ISOLTRAP RFQ
buncher they performed 400 revolutions in the MR-ToF, corre-
sponding to a flight time of tE8.6 ms. Thus, the ion species were
separated by Dt80Zn,80RbE1.2 ms while their bunch width was
DtE70 ns. This corresponds to a mass-resolving power of over
60,000, fully sufficient to separate both species by multiple signal
widths. After the separation the 80Zn ions were selectively
transmitted through the BNG to the preparation Penning trap.
There, they were cooled for only 15 ms at a high helium buffer-
gas pressure, i.e. a second mass-separation step was not neces-
sary, before they were forwarded to the precision Penning trap.
Thus, the distribution of isobar separation and ion-sample pre-
paration into two separate steps and on two devices reduced the
overall processing time by a factor of ten to o25 ms. Fig. 11
(right) shows a ToF-ICR spectrum of 80Zn ions including the
detailed ToF ion distributions within the individual time-of-flight
spectra [47]. Obviously, there is no 80Rb contamination, as these
ions would show up at flight times of about 400 ms at the center
of the 80Zn resonance. This proves that the MR-ToF and BNG
system were used effectively to purify the ensemble.

The fast ion separation in the MR-ToF device will allow high-
precision mass measurements of nuclides with half-lives as low
as a few milliseconds. The feasibility of this approach is demon-
strated in Fig. 12 which shows an MR-ToF time-of-flight spectrum
of the A¼137 nuclides barium, praseodymium, neodymium,
promethium and samarium for a MR-ToF storage time of
E22.5 ms. Such spectra allow the determination of the mass of
one ion species from the known masses of the others, which act as
internal mass references. This implies the advantage that they are
exposed to the same fluctuations and drifts of the system, which
CP2h (see Fig. 3), with Gaussian fit curves. The ISOLDE yield of 80Zn was about 103/

s of interest was cleaned from 80Rb contaminations. The shading represents the



Fig. 12. MR-ToF time-of-flight spectrum of exotic nuclides at mass number

A¼137 after 800 revolutions in the MR-ToF.

R.N. Wolf et al. / Nuclear Instruments and Methods in Physics Research A 686 (2012) 82–90 89
reduces the systematic uncertainty significantly. This proof-of-
principle data has been taken in a region of the nuclides which
has already been explored by Penning-trap measurements [48]. In
these previous experiments, the necessary mass resolving power
of 50,000 was reached by excitation durations of several 100 ms
while the MR-ToF mass separator storage time for comparable
mass-resolving power was just E22.5 ms. The relative deviation
to the literature value of e.g. 137Nd, by using 137Ba and 137Sm as
calibrants, derived from this data is Dm=m� 1� 10�6 which is in
good agreement taking the 1-sigma width of the ToF signals
(41�10�6). A more detailed investigation of the uncertainties
will be performed in the upcoming measurement periods.
7. Summary and outlook

The implementation of an MR-ToF mass separator in the on-
line Penning-trap mass spectrometer ISOLTRAP has been
described in detail and its performance has been characterized
with respect to systematic measurements during both off-line
and on-line experiments. The results confirm that the MR-ToF
mass separator is a valuable addition to the ISOLTRAP setup.
While it adds further complexity as it is the fourth ion-storage
device besides the RFQ buncher and two Penning traps, it has
significantly improved the purification speed and facilitates
measurements of nuclides with shorter half-lives, of capital
importance for advancing nuclear physics. These data are under
evaluation and will be published soon.

To evaluate the effect of ion–ion interaction [49–51] on the
performance of the MR-ToF device, numerical and experimental
investigations are under way.
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