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Ein neuer Ionenstrahlkühler und -pulser
für ISOLTRAP und Massenmessungen an

radioaktiven Argonisotopen

Gutachter: Prof. Dr. H.-Jürgen Kluge
Prof. Dr. Dirk Schwalm





Dissertation
submitted to the

Combined Faculties for the Natural Sciences and for Mathematics
of the Rupertus Carola University of

Heidelberg, Germany
for the degree of

Doctor of Natural Sciences

A new ion beam cooler and buncher for
ISOLTRAP and mass measurements of

radioactive argon isotopes

presented by

Diplom-Physicist Frank Herfurth
born in Altenburg (Thuringia, Germany)

Heidelberg, 03 May 2001

Referees: Prof. Dr. H.-Jürgen Kluge
Prof. Dr. Dirk Schwalm





Ein neuer Ionenstrahlkühler und -pulser für ISOLTRAP und Massenmes-
sungen an radioaktiven Argonisotopen - ISOLTRAP ist ein Penningfallenmassen-
spektrometer, das an ISOLDE/CERN installiert ist. Es dient zur Massenmessung an
kurzlebigen Nukliden mit einer hohen relativen Genauigkeit δm/m von 1·10−7. In dieser
Arbeit wurde ein Ionenstrahlkühler und -pulser auf der Basis einer linearen Hochfre-
quenzquadrupolfalle eingebaut und charakterisiert. Damit wurde die Gesamteffizienz
von ISOLTRAP um drei Größenordnungen verbessert. Das erlaubt die Messung von
Nukliden die nur in kleinen Mengen produziert werden, wie zum Beispiel 33Ar. In
dieser Arbeit wurden die Massen von 33,34,42,43Ar mit einer relativen Genauigkeit von
1 · 10−7 gemessen. 33Ar ist mit einer Halbwertszeit von nur 174 ms das kurzlebigste
Nuklid, das jemals in einer Penningfalle untersucht wurde. Die hohe Genauigkeit der
33Ar Massenmessung ermöglichte einen zwingenden Test der IMME Gleichung für die
Isospin Quartette mit A = 33, T = 3/2.

A new ion beam cooler and buncher for ISOLTRAP and mass measurements
of radioactive argon isotopes - ISOLTRAP is a Penning trap mass spectrometer
installed at ISOLDE/CERN. It is set up to measure the mass of short-lived nuclides
with a relative accuracy δm/m of typically 1 · 10−7. In this work an ion beam cooler
and buncher based on a linear radio frequency quadrupole trap has been installed
and characterized. By this the overall efficiency of the ISOLTRAP spectrometer was
increased by three orders of magnitude. This allows for measuring nuclides that are
only produced in minute quantities as for instance 33Ar. In this work the mass of
33,34,42,43Ar has been measured with a relative accuracy of about 1 · 10−7. 33Ar with
its half-live of only 174 ms is the shortest-lived nuclide ever investigated in a Penning
trap. The high accuracy of the mass measurement of 33Ar made a stringent IMME test
for the A = 33, T = 3/2 isospin quartets possible.





What is the head good for?
To shadow the body!
(Florian - Jul. 2000)
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1 Introduction

Mass measurements of short-lived nuclides have been of great interest for many years. This
is because the atomic mass is a gross property of a nuclide that embodies all the effects of
the forces that are interplaying within its nucleus. Generally, a large-scale survey of the
mass surface is needed in order to detect trends in the nuclear binding energy as well as to
fit the free parameters of nuclear models. However, there are nuclides of special interest,
spread all over the nuclear chart, the mass of which is often needed to an extraordinarily
high precision, as for example in the context of tests of the Standard Model.

One example is the search for scalar or tensor type contributions to the Standard Model
for the weak interaction. Until now the presence of this type of interaction in addition
to the main contributions, the vector and axial-vector terms, is not yet ruled out by
experimental investigations. Here, possible experiments are high-accuracy measurements
of the kinematics of the nuclear β-decay, i.e. the angular correlation between the positron
and the neutrino. Prerequisites for these experiments are the masses of the decaying
nuclei and of the daughter nuclei. For example, in the recently performed experiment
using the β-delayed proton emission of 32Ar [Ade99] the significance of the limit on scalar
contributions to the weak interaction critically depends on the accuracy of the 32Ar mass.

Other examples are the tests of the Conserved Vector Current (CVC) hypothesis as well
as the unitarity of the CKM matrix, which require a high-accuracy investigation of super-
allowed β decays. Until now nine superallowed β decays have been measured to very high
precision. Additional interesting candidates in this context are 34Ar, due to its large pre-
dicted Coulomb corrections, and 74Rb, which provides a CVC test at high Z. In addition to
the half-life and branching ratio, a very accurate Q-value of the β decay of the investigated
nuclides is needed, requiring precise mass values of mother and daughter nuclei [Har99].

A third example is the isobaric multiplet mass equation (IMME), that supplies a quadratic
correlation between the isospin projection and the mass of members of an isospin multiplet
[Bri98]. To test this equation, the masses of at least four members of an isospin multiplet
have to be known with high accuracy. Very often the mass of the most exotic and therefore
shortest-lived member of an isospin multiplet is known the least accurately. Some of these
masses are ground state masses and thus accessible by direct mass spectrometry.

Generally, precision and a very short half-life are contradictory which is especially true for
Penning trap mass spectrometry. The high accuracy achieved in mass measurements with
Penning traps [Bra99, Car99b] are based on the well defined electric and very homogeneous
magnetic fields and especially, on very long observation times (up to months) that are
needed to measure frequencies precisely. Unfortunately, in the case of short-lived nuclides,
the observation time can not exceed the half-life by too much, limiting the accuracy.

Since the very exotic nuclides are strongly disfavored in most production reactions, the
production yields are rather low compared to nuclides closer to the valley of β stability.
In some unfavorable cases this is even compounded by the time required by the reaction
products to diffuse out of the target matrix into the ion source. Therefore, a very efficient
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2 Introduction

coupling of production and measurement apparatus is a prerequisite for investigations
of very exotic and thus very short-lived nuclides. The efficient transfer from the target-
ion source unit into an ion trap is therefore the subject of world-wide efforts aiming at
a large variety of experiments with very exotic nuclides in ion traps. The ISOLTRAP
spectrometer at the radioactive beam facility ISOLDE has played a leading role in these
efforts. Both these installations are described in Chapter 2.

This work reports on mass measurements of the radioactive argon isotopes 33,34,42,43Ar.
With a half-life of T1/2 = 174 ms, 33Ar is the shortest-lived nuclide ever investigated in
a Penning trap. Since this measurement, ISOLTRAP has succeeded in measuring the
mass of 74Rb whose half-live of only 65 ms considerably breaks this record. 33Ar is a
member of an isospin quartet. The measurement accuracy allowed for a significant test of
the isobaric multiplet mass equation (IMME) for the A = 33 and T = 1/2, 3/2 and 5/2
isospin quartets.

In order to perform these measurements the existing ISOLTRAP setup was imperatively
improved by installing a linear radio-frequency ion trap as ion beam accumulator, cooler,
buncher, and emittance improver, described in Chapter 3. The implementation of this
device increased the sensitivity of the ISOLTRAP spectrometer by at least two orders
of magnitude and preserves ISOLTRAP’s capability for the measurement of all chemical
species. Additionally, a very short measurement cycle was introduced for minimizing decay
losses. This is described in Chapter 4 in the context of the argon mass measurements and
their results.



2 Overview of the ISOLTRAP experi-
ment

2.1 Introduction

ISOLTRAP is a Penning trap mass spectrometer installed at the on-line mass separator
ISOLDE/CERN [Kug92]. It was designed to measure the mass of short-lived nuclides
with very high accuracy. The masses of more than 200 nuclides have been measured so
far with a typical accuracy of δm/m = 1 · 10−7.

From the very beginning, ISOLTRAP has consisted out of three major parts (Fig. 2.1):
a beam preparation part, where the 60 keV ions delivered by ISOLDE are converted into
a low-energy beam suitable for injection into a Penning trap; a cooler Penning trap for
cooling, purification and bunching the ions; a high-precision Penning trap for the actual
mass measurement. The first mass measurements with the ISOLTRAP spectrometer were
performed in 1989 [Bol89, Sto90]. Since then not only the Penning trap used for the actual
mass measurements but also the beam preparation has undergone several modifications.

The first approach used a re-ionizer placed in a buffer gas filled Penning trap, the cooler
trap. The ISOLDE beam was first implanted into the re-ionizer and then released within
the cooler trap where an ion bunch was formed. Later the re-ionizer was moved out
of the first Penning trap to improve mass resolving power and performance of this cooler
trap. Nevertheless, the spectrometer was still only applicable to surface-ionizable elements.
This restriction was removed with the installation of a very large Paul trap to capture
the ISOLDE ion beam in flight [Sch99]. Another restriction was the efficiency of the
transformation of the ISOLDE ion beam into cooled, low-energy ion bunches. This was
improved over the years but a remarkable step forward was the installation of the linear
RFQ ion beam cooler and buncher as described in this work. This allows one to perform
mass measurements on nuclides further away from the valley of β stability for which the
production rates decrease exponentially with the increasing distance from the valley of
stability.
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Figure 2.1: Schematic of the ISOLTRAP mass spectrometer.
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Figure 2.2: Penning trap and the orbit of a charged particle in a Penning trap.

2.2 The on-line isotope separator ISOLDE/CERN

The on-line isotope separator ISOLDE [Kug00] is part of the European organization for
nuclear research (CERN) in Geneva/Switzerland. ISOLDE produces a large variety of
radioactive nuclei. Since it has been and still is the world leading facility regarding the
production yields of most radioactive nuclei, it is well suited for nuclear physics as well as
atomic physics experiments requiring radioactive nuclei.

Proton pulses, accelerated by a linac and CERN’s PS-Booster (a stack of four syn-
chrotrons) are sent to the ISOLDE target with an energy of either 1 or 1.4GeV. Every
pulse contains up to 3 ·1013 protons giving an average intensity of up to 2 µA. Radioactive
nuclides are produced from the stable target nuclei by spallation, fragmentation or fission
reactions. The reaction products diffuse out of the target into the ion source where they
are ionized either by surface ionization, by electron impact in a hot plasma or by resonant
laser ionization. The ions are extracted from the ion source, accelerated to 60 keV and
sent to one of the two magnetic mass separators. The general purpose separator (GPS)
can deliver the beam of radioactive ions to three different beam lines simultaneously with
limited resolving power (Rcalculated ≤ 2400) while the high resolution separator (HRS)
is capable of a mass resolving power of about 15 000 [Kug00]. In the experimental hall
of ISOLDE the mass separated ion beam is delivered to the various experiments via an
extensive electrostatic beam-line system.
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2.3 Principle of Penning trap mass spectrometry

2.3.1 A charged particle in a Penning trap

A Penning trap is a three dimensional confining device for charged particles combining
the effect of a homogeneous magnetic field ~B = B · ẑ with that of an electric quadrupole
field with the potential

U(ρ, z) =
U0

4d2
(2z2 − ρ2) (2.1)

where U0 is the trap voltage, ρ is the radial distance of the stored particle from the trap
center and d the characteristic trap dimension. If the quadrupole potential is produced
by placing three electrodes (one ring electrode and two endcaps) along the equipotential
surfaces of U(ρ, z) (see Fig. 2.2), then d is defined as

d2 =
1
2
(z2

0 +
ρ2
0

2
). (2.2)

The magnetic field in z-direction confines the charged particles to circular orbits perpen-
dicular to the z-axis, while the electric quadrupole field confines the motion in z-direction.
The equations of motions for a charged particle in these fields can be solved analytically
by classical [Bro86, Kre90] or quantum mechanical means [Sok65].

The motion of a charged particle in a Penning trap can be described by three decou-
pled characteristic eigenmodes. In axial direction a harmonic oscillation is found, with a
frequency

ωz =

√
qU0

md2
. (2.3)

In the radial plane the motion consists of two circular modes, the fast, reduced cyclotron
motion with frequency ω+ and the slow magnetron motion with frequency ω−. The reduced
cyclotron motion is circular. The center of this motion, the magnetron motion, is itself
a circular motion so that the trapped particle moves on an epicycle. The frequencies of
the radial motions in terms of the axial frequency ωz and the true cyclotron frequency
ωc = q/mB are

ω± =
ωc

2
± 1

2

√
ω2

c − 2ω2
z . (2.4)

In most cases the potential created by the magnetic field is much stronger than the electric
quadrupole potential and thus ω+ ≈ ωc, ω+ � ωz � ω−. With this in mind, Eq. (2.4)
can be expanded into a Taylor series in ωz yielding approximations for the magnetron
frequency and the reduced cyclotron frequency,

ω− ≈
U0

2d2B
(2.5)

and
ω+ ≈ ωc −

U0

2d2B
. (2.6)
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From these approximations it is easily seen that the magnetron motion is practically mass
and charge independent.

Furthermore Eq. (2.4) reveals that the sum of the two radial eigenfrequencies equals the
cyclotron frequency

ω− + ω+ = ωc =
q

m
·B. (2.7)

Thus, it is possible to determine the mass m of a particle with charge q in a Penning trap
by measuring its cyclotron frequency if the magnetic field B is known. B can be measured
via a determination of the cyclotron frequency of a reference particle with a well known
mass. Hence, a direct link between a well known mass and an unknown mass is obtained
by measuring the ratio of two cyclotron frequencies.

2.3.2 Excitation of the motion of the charged particle

The cyclotron frequency is measured by detecting the change in radial energy after the
excitation of the motion with a radio-frequency field. The radial energy is given by [Bro86,
Bol89]

Eρ = m
2

[
ρ2
+(ω2

+ − ω+ω−) + ρ2
−(ω2

− − ω+ω−)
]

= (Ekin
+ + Epot

+ ) + (Ekin
− + Ekin

− )
(2.8)

with the radius of the reduced cyclotron motion ρ+ and the radius of the magentron
motion ρ− (See also Fig. 2.2). Since ω+ > ω−, the magnetron motion is dominated by its
negative potential energy. An important consequence is that an increase of the radius of
the magnetron motion causes a decrease in radial energy.

The application of an azimuthal radio-frequency dipole field in the trap leaves the three
characteristic motions decoupled. If the radio frequency is equal to the frequency of one
of the radial eigenmotions, the amplitude of this motion increases with time. This can
be used to perform a mass selective cleaning procedure by exciting the reduced cyclotron
motion until the cyclotron radius is larger than the trap radius and the particles are lost.
It can also be used to place all particles regardless their mass on a defined magnetron
radius by exciting the magnetron motion for the corresponding time period.

An azimuthal radio-frequency quadrupole field couples the two radial eigenmotions. If
the RF-frequency is equal to the cyclotron frequency ωc an initial motion which is pure
magnetron will periodically be converted into a pure cyclotron motion and back. This can
be used to detect the cyclotron frequency of a stored particle observing the radial energy
change that is caused by this conversion [Bol90].

2.4 ISOLTRAP - experimental setup

Figure 2.3 shows an overview of the layout of the Penning trap mass spectrometer
ISOLTRAP. It consists of three main parts: (1), a linear gas-filled radio-frequency
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Figure 2.3: Experimental setup of the ISOLTRAP Penning trap mass spectrometer.
The three main parts are: (1), a linear gas-filled radio-frequency quadrupole (RFQ)
trap for retardation, accumulation, cooling and bunched ejection at low energy, (2),
a gas-filled cylindrical Penning trap for further cooling and isobaric separation, and
(3), an ultra-high vacuum hyperboloidal Penning trap for isomeric separation and the
actual mass measurement.

quadrupole (RFQ) trap for retardation, accumulation, cooling and bunched ejection at
low energy, (2), a gas-filled cylindrical Penning trap for further cooling and isobaric sepa-
ration, and (3), an ultra-high vacuum hyperboloidal Penning trap for isomeric separation
and the actual mass measurement. The detailed function and performance of the two
Penning traps are described in [Bol96, Rai97]. The recently added linear Paul trap is
discussed in [Her00] and in Chapt. 3.2. Nevertheless, a short overview will be given here,
illustrating the principles of operations and the basic features of the setup.

The linear RFQ trap acts as an ion beam cooler and buncher for the 60-keV ion beam
delivered by ISOLDE. It transforms the quasi-continuous 60-keV ion beam into short ion
bunches at low energy. This is required in order to efficiently transfer the ions to the first
Penning trap and to capture them there.

This cylindrical Penning trap, the so called “cooler” trap (see Fig. 2.4), is filled with
helium buffer gas [Rai97]. The tasks of this trap are the purification of the ion cloud
from contaminating ions and the preparation of a cold ion bunch. This provides optimal
and reproducible starting conditions for the mass measurement performed in the precision
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Figure 2.4: The two Penning traps of ISOLTRAP. Also depicted is the potential in the
cooler trap. Note that the precision trap is enlarged with respect to the cooler trap.

trap.

The cooler trap is built of 13 electrodes that allow the formation of a nested trap (see
trap potential in Fig. 2.4). The outer box-shaped potential well serves for an efficient ion
capture. The inner part is carefully shaped to form a quadrupole potential over a large
volume. This avoids mass dependent frequency shifts in the ion motion, which finally limit
the achievable mass resolving power.

The second trap is a high-precision, compensated, hyperbolical Penning trap (see Fig. 2.4).
This trap design incorporates two sets of correction electrodes. With the inner correction
electrodes the finite dimensions of the hyperbolical electrodes is compensated. The cor-
rection electrodes just outside the entrance and exit holes minimize the perturbation of
the hyperbolical trap potential by the “missing” conducting boundary. This trap is used
for the mass measurement of the ions delivered by the first Penning trap by determining
their cyclotron frequency using a time-of-flight technique [Grä80].

A multi-channel plate detector (MCP) installed at the very top of the experimental setup
(see Fig. 2.3) is used for single ion counting. The detector consists of two multi-channel
plates in a chevron arrangement. Typical detection efficiencies for this type of detector
range from 30 to 60% [Bre95, Obe97].
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Figure 2.5: ISOLTRAP overview photograph. Visible are: 1) the high-voltage cage
housing the RFQ ion beam cooler and buncher, 2) the first floor with the vessel of
the superconducting magnet (4.7 T) of the cooler Penning trap, 3) the vessel of the
superconducting magnet (5.9 T) of the precision trap, 4) the racks containing the HV-
supplies and control electronics for the two Penning traps.
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2.5 ISOLTRAP - experimental procedure

The ions are produced either in the ISOLDE ion source (see also Sect. 2.2) or in the
ISOLTRAP test ion source used to tune the spectrometer (see App. A). The continuous
ion beam is sent to the ISOLTRAP ion beam cooler and buncher. In most cases a beam
gate allows only a fraction of the ion beam to enter the ion beam cooler and buncher to
avoid overloading the precision trap. After a certain time an ion cloud is formed in the
potential well at the end of the ion beam cooler and buncher. This ion cloud is ejected in
a bunch and sent to the cooler trap.

In the cooler trap the ion bunch is captured dynamically in flight by synchronizing the
voltage applied to the electrodes on the entrance side of the outer potential well. The
captured ions are then cooled axially to room temperature by collisions with the buffer
gas atoms. The axial cooling forces them to accumulate in the inner harmonic potential
well.

In this inner potential well also radial cooling takes place by a combination of buffer gas
collisions and RF excitation at ωc. According to Eq. 2.8 the radius of the cyclotron motion
shrinks while the magnetron radius expands with time. By applying a radio frequency
quadrupole field at the cyclotron frequency ωc of the stored particles, the two radial
motions are coupled [Bol90] and both motions are cooled [Sav91].

The fact that the coupling works only at the cyclotron frequency ωc = q/mB, can be used
for a mass selective cooling scheme. At ISOLTRAP the following procedure is used. First
an RF dipole field is applied to increase the magnetron radius of all ions regardless their
mass. This radius is larger than the exit hole of the cooler trap (diameter d = 3 mm)
which means the ions must be re-centered if they are to be extracted. This is done using
the mass selective azimuthal quadrupole excitation. This mass selective cooling scheme
allows the operation of the trap as an isobar separator with a resolving power of up to
R ≈ 105 for ions with mass number A ≈ 100 [Rai97].

The reachable resolving power depends mainly on the buffer gas pressure. The highest
resolving power is reached for low buffer gas pressure. Low buffer gas pressures, however,
result in long cooling and excitation times [Kön95]. If it is necessary to cool very fast, a
relatively high buffer gas pressure (≈ 10−4 mbar) is chosen. This restricts the reachable
resolving power to R ≈ 104.

The ions delivered by the cooler trap are dynamically captured in flight in the precision
trap by switching the voltage of its lower end cap. At the correct switching time the axial
energy of the ions is minimal after trapping since the trap center of the precision trap is
on the same potential as the trap center of the cooler trap.

The ion motion is excited in two steps. First an azimuthal radio frequency (RF) dipole field
with ωRF = ω− is applied for a certain time to prepare a defined magnetron amplitude.
Then the ion motion is excited by an azimuthal RF quadrupole field with ωRF = ωc of
the stored particle. If the RF-field has the correct amplitude and duration, the initial
magnetron motion is transferred to cyclotron motion and therefore the radial energy is
increased (see Eq. 2.8). After ejection at low axial energy, the particle drifts through the
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Figure 2.6: Cyclotron resonance curve for 36Ar. Shown is the time of flight (TOF) of
the ions from the trap to the ion detector as a function of the applied radio frequency.
The solid line is a fit of the theoretical line shape [Kön95] to the data points.

inhomogeneous part of the magnetic field. There, the orbital magnetic moment of the ion
that is proportional to its radial energy causes the ion to be accelerated corresponding to
the magnitude of the magnetic moment. Thus, if ωRF = ωc, the ejected ion will arrive at
the ion detector earlier than in the case of ωRF 6= ωc.

As an example, Fig. 2.6 shows a cyclotron resonance curve for 36Ar. Depicted is the time
of flight (TOF) of the ions from the trap to the ion detector as a function of the applied
radio frequency. The solid line is a fit of the theoretical line shape [Kön95] to the data
points. Since the formation of the time-of-flight spectrum is well understood the fitted
line reproduces the measured points perfectly.

The line width of the resonance curve is mainly determined by the period of time the
RF-field is applied for coupling the two radial motions. The characteristics of the radial-
to-axial energy conversion have an additional (small) influence on the width. Using the
time of flight detection scheme an experimental line width

∆ν(FWHM) ≈ 0.9
TRF

(2.9)

is reached with an excitation time TRF. Therefore, the mass resolution and also the pre-
cision of the determination of the cyclotron frequency depends strongly on the excitation
time.





3 A linear Paul trap as an ion beam
cooler and buncher

3.1 Introduction

The development of new techniques for the manipulation of radioactive ion beams is
actively pursued by several groups world-wide. One of the main objectives is a better
matching of the properties of the radioactive ion beams to the specific requirements of the
experiments. Here ion trap techniques have started to play an increasingly important role,
in particular for the accumulation, cooling, and bunching of these beams. Both, Penning
traps [Bol97, Ame98, Sch01] and radio-frequency multipole ion traps or guides [GR92] can
fulfill this task. In addition, Penning traps offer high-resolution mass separation and can
be used for beam purification [Rai97]. Radio-frequency multipole ion guides have been
employed in ion chemistry and molecular physics for many years [Tel74, Ger92]. Now they
have gained increasing importance in the field of nuclear physics, where they are used for
guiding charged nuclear reaction products from high-pressure gas cells into high-vacuum
regions in order to form low-energy radioactive ion beams [Kud98, Fuj97, Pen97, Sav99]
or for enabling ultra-sensitive laser experiments on radioactive ions [Bac97].

A rather new application is the use of radio-frequency multipole systems for the manipu-
lation and improvement of radioactive ion beams as they are available from on-line mass
separators. Already several years ago, a development of an ion beam accumulator based
on a Paul trap system was started. Its task was the conversion of the continuous 60-keV
ISOLDE ion beam into low-energy, low-emittance ion bunches that can be transferred with
high efficiency into the ISOLTRAP mass spectrometer. Such a system [GR92, Sch99] was
indeed realized and has been used successfully in the ISOLTRAP experiment [Sch99].
However, it was found that the acceptance of the Paul trap system was not well matched
to the ISOLDE beam emittance and that the ejection of the ions out of the system was
very critical. Therefore, a new technical approach had to be found that preserves the
advantages of the earlier Paul trap system, like element independence, but avoids the
mentioned difficulties.

As a solution, within this work, a beam accumulator, cooler, buncher, and emittance
improver based on a linear radio-frequency quadrupole (RFQ) ion trap has been realized
and used for on-line physics experiments. In the following the working principles and
characteristics of this new beam handling device will be presented.

13
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Figure 3.1: Basic scheme of a radio-frequency ion beam cooler and buncher. The upper
figure shows a schematic side view of such a system together with the potential along
the symmetry axis. The lower figure shows a transverse cut of the four rods and the
applied radio-frequency and DC voltages.

3.2 Principle of the ISOLTRAP ion beam cooler and
buncher

The principle of the ISOLTRAP ion beam cooler and buncher is illustrated in Fig. 3.1.
The 60-keV ISOLDE ion beam is electrostatically retarded to an energy of a few eV and
injected into a linear radio-frequency quadrupole ion trap, which is filled with a buffer
gas. The trap system consists of four segmented rods to which radio-frequency voltages
are applied so as to obtain a transversely focusing force. The segmentation of the rods
allows the creation of a DC electric field along the axis of the system. Ions entering the
linear trap will lose transverse and longitudinal energy due to collisions with the buffer
gas. They are finally accumulated in the potential well at the end of the system forming
an ion bunch. By switching the potential of the last rod segments, as indicated in the
figure, the ion bunch can be extracted. For a discussion of the principle of similar devices
used as an ion guide see [Lun99, Kel00].

3.2.1 Linear radio-frequency quadrupole ion traps

The confinement of an ion in a linear RFQ trap as presented here is achieved by combining
a static trapping potential VDC along the axis of the system with a radial confinement. The
latter results from the interaction of the trapped ion with a radio-frequency quadrupole
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field generated by the RF voltages applied to the rods of the system.

The radial confinement in a quadrupolar field can be described in terms of the Mathieu
equations [Daw76, Pau90], which also define the stability criteria of the motion. It is
useful to consider the resulting motion as being that of a particle in a pseudopotential well
[Deh67] of depth VRF. While the electric field configuration of the linear trap produces
motions that cannot be exactly described in terms of the Mathieu functions (due to the
strong radial and azimuthal dependence of the axial field), it is still useful to consider the
first-order solution of the motion as a linear superposition of the DC axial field potential
and the RF quadrupole pseudopotential.

The pseudopotential is generated by radio-frequency voltages with amplitudes ±URF and
angular frequency ωRF. As shown in Fig. 3.1, these voltages are applied with 180◦ phase
difference to pairwise connected opposite elements of a quadrupole rod system. The sep-
aration between the surfaces of opposite electrodes is 2r0. The resulting pseudopotential
is given by

VRF(r) =
q · URF

4r2
0

r2 (3.1)

where
q = 4

eURF

mr2
0ω

2
RF

(3.2)

is the relevant Mathieu parameter and e and m are the charge and mass of the stored
ion. The solution of the Mathieu equation shows that the motion is stable as long as
q < 0.908. However, the pseudo potential approximation is only applicable for small q
parameters, i.e. q < 0.4. In the radio-frequency field, the ion performs a micro-motion at
the frequency ωRF of the field and a macro-motion that can be understood as an oscillation
in the pseudopotential VRF. To a good approximation for q < 0.4, its oscillation frequency
is

ωm =
q√
8
ωRF . (3.3)

As an example, a singly charged ion with mass number A = 39 in a four-rod structure
with r0 = 6mm operated with ωRF = 2π · 1 MHz, URF = 80V will experience a depth of
the radial trapping potential of about 11 V in which it oscillates with ωm = 196 kHz.

As illustrated in Fig. 3.1, the axial confinement is provided by applying different DC
voltages to the rod segments in order to create a potential gradient along the trap axis.
The minimum of the potential curve can be approximated by a parabola VDC(r = 0, z) =
(UDC/z2

0) ·z2 defined by the characteristic length z0 and voltage UDC. Since 4VDC(r, z) =
0, the corresponding axisymmetric quadrupole potential is

VDC(r, z) =
UDC

z2
0

(
z2 − r2

2

)
. (3.4)

In the region where the DC potential along the trap axis has its minimum, the radial
confinement due to the radio-frequency field is counteracted by the repelling radial part
of the DC potential. The overall potential close to the trap minimum then becomes
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Figure 3.2: Overall potential of the RFQ trap for mass A = 133 and parameters
presented in Sect. 3.4.0.

V̄ (r, z) =
UDC

z2
0

z2 +
(

q

4
URF

r2
0

− UDC

2z2
0

)
r2 . (3.5)

With the parameters used above and UDC/z2
0 = 10 V/cm2, the radial trapping potential

well is reduced by about 1.8 V compared to the RF-only case. From Eq. 3.5 the condition

URF,min = r2
0 · ωRF

√
m

e

UDC

2z2
0

(3.6)

can be derived for the minimum RF voltage required for three-dimensional ion trapping.

3.2.2 Realistic potential shape

The pseudo potential and the DC potential in the trap region as given in the preceding
section have been assumed to be of pure quadrupolar shape. However, the segmentation
and the non-hyperbolical shape of the electrodes together with the voltages applied give
rise to higher order multipoles in the potential.

The pseudo potential created by an inhomogeneous RF field

~E(x, y, z, t) = ~E0(x, y, z) cos(ωRFt) (3.7)
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Figure 3.3: a) The potential V (r, z) plotted versus z for r = 0. The points are the
values resulting from an overall potential calculation with SIMION 3D 6.0 using the
real geometry and voltages. The line is the potential from (3.5) with UDC/z2

0 adjusted
to be 3.9 V/cm2. b) The difference of the simulated overall potential VSIM(r, z) and the
potential V̄ (r, z) from (3.5) plotted in Volt.

with amplitude ~E0(x, y, z) is for a small parameter q given by [Deh67]

VRF(x, y, z) =
e

4mω2
RF

~E2
0 . (3.8)

For the rod system of the ISOLTRAP cooler and buncher the amplitude ~E2
0 has been cal-

culated with the ion optics calculation program SIMION 3D 6.0. This program, written by
David A. Dahl, uses finite difference solution techniques for solving electrostatic boundary
value problems. For given mass number and operational parameters of the trap this allows
one to obtain a realistic picture of the pseudo-potential. This can be superimposed to the
DC-potential created by the segmented electrodes, which has also been calculated with
SIMION. Using the trap parameters as listed in Tab. 3.1 and Tab 3.2 an overall potential
VSIM is obtained as shown in Fig. 3.2 for the case of ions with mass number 133.

Two features are observed: the potential well in radial direction is rather shallow compared
to that in the axial direction. The latter is highly asymmetric with modest potential
decrease towards the potential minimum and a steep increase as one preceeds further
towards the trap exit.
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Only very close to its minimum the potential can be approximated by a harmonic potential.
Fig. 3.3 a shows the potential in this region along the axis of the system together with a
fit by a parabola. Fig. 3.3 b shows the difference between VSIM and the potential V̄ (r, z)
obtained by Eq. 3.5 using the characteristic parameter UDC/z2

0 = 3.9 V/cm2 resulting
from the fit. But due to the strong asymmetry of the potential in axial direction the
characteristic parameter symbolizing the potential gradient is drastically changing towards
the trap exit. This causes the radial trapping potential to be almost cancelled in the region
40 ≤ z ≤ 50 mm hindering the trapping of ions that are not well cooled when they arrive
at this position.

3.2.3 Buffer gas cooling

After the ions have entered the linear radio-frequency quadrupole, they interact with the
buffer gas. The ions are elastically scattered at the buffer gas atoms transferring part of
their energy to them. Thus, the motion of the ions is damped until they finally come into
thermal equilibrium with the buffer gas in the minimum of the trapping potential.

To study the overall cooling process, it is sufficient to describe the action of the gas as that
of a viscous force. However, for an understanding of ion loss mechanisms and final ion
temperatures, a microscopic modeling of the deceleration and cooling process including
the radio-frequency field is required. Various calculations of both kinds have been carried
out for the system presented here. In the following the most basic aspects of buffer gas
cooling in such a system will be discussed.

For low ion energies (less than a few eV), the damping of the ion motion is dominated
by the long-range interaction of the ion with buffer gas atoms polarized by this ion. This
interaction results in an average damping force

~F = −δ ·m · ~v , (3.9)

where m and v are the mass and the velocity of the ion. The damping coefficient

δ =
e

m

1
µ

p/pN

T/TN
(3.10)

is proportional to the gas pressure p (in fractions of the normal pressure pN) and inversely
proportional to the temperature T (in fractions of the normal temperature TN) and the
reduced ion mobility µ [McD73], which for low kinetic energies of the ions is constant for
a given ion species and type of buffer gas. For kinetic energies > 1 eV the ion mobility
decreases (see discussion in [Lun99]). For the purpose of this work it is sufficient to take
the constant low-energy values as an upper limit for the ion mobility.

Figure 3.4 illustrates the cooling and accumulation process in a linear trap with an axial
potential as shown in Fig. 3.1. The simulation has been performed for a 39K+ ion entering
the system with an initial kinetic energy of Ekin = 10 eV. The axial potential well depth
is Vz0 = 50V and the trap has a total length of L = 1 m with the potential minimum at
l0 = 0.8 m. A helium buffer gas pressure of pHe = 10−2 mbar has been used. With an ion
mobility µ(K+ −He) = 2.15 · 10−3 m2/Vs, the damping constant reaches a value of δ =
11500 s−1. As can be seen in Fig. 3.4(a) and (b), both the axial and the radial oscillation
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Figure 3.4: Simulation of the accumulation and cooling process in a linear RFQ trap:
a) the axial oscillation as a function of time, b) the radial oscillation as a function of
time, and c) the total axial energy as a function of the axial position (shown together
with the axial potential).

amplitude of the ion are damped very quickly. Even more illustrative is Fig. 3.4(c) which
shows the total energy of the ion as a function of the axial position. Already during its
first oscillation in the system the ion loses more than 50 % of its initial total energy. The
equilibrium with the buffer-gas temperature is reached within about 1ms.

The viscous damping approach presented above is valid at low velocity for ions with masses
much heavier than the mass of the buffer gas atoms. Therefore, in the case of Cs ions in
He, the viscous damping description is adequate. This changes as soon as lighter ions or
heavier buffer gas atoms are used. This is illustrated in Figure 3.5. A comparison of the ion
motion in the first (linear potential) part of the quadrupole system is shown, as calculated
under the assumption of viscous damping and in a full Monte-Carlo calculation. In this
calculation the trajectories of the ions have been investigated using realistic interaction
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Figure 3.5: Comparison of ion damping in a linear cooler as obtained by calculations
based on a viscous damping approach (visc) and a microscopic description (mic).
Shown is the radial position of the ions as a function of their axial position. The
calculations have been performed for K+ in He, Ar, and Kr at different pressures.

potentials for the collision of the ions with the buffer-gas atoms (details of this microscopic
calculation are discussed in [Sch99]).

For K ions in He a cooling effect can be observed only in time average. If Ar is used
as buffer gas only very few K ions pass through the quadrupole system (one example
trajectory is shown in Fig. 3.5) and no net cooling effect can be observed. In the case of
K+ in Kr, the motion becomes unstable very quickly and the ion is radially ejected out
of the system. The reason is that the micro-motion of an ion colliding with a heavier
atom can make a phase jump with respect to the driving radio-frequency which leads to
an increase of the kinetic energy. This process is called RF-heating. In the case of ions
having a mass equal or smaller than the buffer gas atoms it is the predominant cause of
ion loss from RFQ traps.
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Figure 3.6: Transverse and axial amplitude distribution of Cs ions in the potential
minimum of the linear ion trap. The solid curves show distributions for an ion cloud
temperature of 300 K in the total static (pseudo)-potential. The points are the result
of a microscopic calculation taking the RF field and ion-atom collisions into account.

In order to determine the properties of ion bunches extracted from the trap, one must
know the final spatial distribution of the trapped and cooled ions. As a first approach
the form of the overall potential in the trap center from Eq. 3.5 and the parameters used
above are taken assuming that the ions reach a final temperature T = 300K equal to that
of the buffer gas. Assuming Boltzmann distributions, axial and transverse distributions
as shown as solid curves in Fig. 3.6 are obtained for Cs+ ions. The points are the result
of a microscopic calculation. It can be seen that the oscillating electrical field and the
collisions with the gas have only a very small effect on the ion distribution for Cs+ in Ar
but a significant one for Cs+ in Xe. Practically no effect is seen for Cs+ in He (not shown
in Fig. 3.6).

3.2.4 Ion injection and extraction

Deceleration and injection

In order to stop an energetic ion beam in the linear ion trap by gas collisions, first the beam
has to be decelerated to low energies (in the order of 10 eV). This can be accomplished
by placing the whole ion trap on a potential slightly below the corresponding ion beam
energy. With reduction of energy the divergence of the beam increases. Therefore, the
original emittance of the ion beam will determine how far the energy of the beam can
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Figure 3.7: a): Calculated emittance diagram of the ISOLDE ion beam. Shown is
the ISOLDE beam intensity (in arbitrary units) as a function of beam displacement x
and angle α. b): Corresponding acceptance diagram of the ISOLTRAP ion cooler and
buncher for x and α. Shown is the probability of successful ion injection, obtained by
averaging over the results of the beam parameters y and β and all RF phases.

be reduced by electrostatic means. For example, an ion beam of E0 = 60 keV with an
emittance of ε = 35π mm mrad that is decelerated to E1 = 20 eV and focused to fit
through a 5-mm-diameter opening has a maximum divergence of α ≈ 45◦ and a maximum
transverse energy of about 10 eV. Whether such a beam can be injected into a linear trap
without losses depends on the acceptance of the system. The latter is determined by the
transverse dimensions and the transverse focusing force inside the trap.

For the ion beam buncher discussed here, a number of injection calculations have been
performed in order to determine the acceptance of the system. As an example, Fig. 3.7
shows a comparison of the transverse acceptance of the ISOLTRAP ion beam buncher
and the transverse emittance of the ISOLDE ion beam, both at beam energies of 30 keV.
The diagrams are calculated at a position 140 mm upstream from the 6-mm hole of the
retardation electrode (see Sect. 3.3.1).

The emittance diagram in Fig. 3.7 a was obtained from beam transport calculations
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Figure 3.8: Principle of creating variable energy ion pulses by employing a pulsed cavity

(GIOSP [Wol87]) of the ISOLDE beam from the ion source to the apparatus. For the
acceptance diagram, a Monte-Carlo simulation for the ion injection into the buncher was
performed modeling the interaction of the ions with the buffer gas atoms by hard ball col-
lisions (for the RFQ parameters see Table 3.2). The hard ball collision model for 133Cs+

ions cooled in helium is in excellent agreement with the more realistic interaction po-
tentials described in [Sch99]. An ion was considered to be confined when it passed the
first 200 mm of the quadrupole rod system without hitting an electrode. The calculation
was repeated for various phases of the radio-frequency field. For each x and α value an
average of the result was taken including the beam dimensions y and β. The result is
the acceptance diagram shown in Fig. 3.7 b. From this acceptance and the ISOLDE beam
emittance a value of εcalc ≈ 35 % is obtained for the theoretical capture efficiency.

Extraction and acceleration

When the ions have been accumulated in the trap potential minimum, they can be ex-
tracted by switching the potential as indicated in Fig. 3.1. With appropriate voltages
applied to the electrodes, ion pulses not longer than a few microseconds can be generated.
The beam properties of the extracted ion pulses depend on the temperature and spatial
distribution of the ion cloud. The time structure depends in addition on the shape of the
potential used to extract the ions. If no further measures are taken, the ion pulse leaving
the trap at the potential of the HV platform will be accelerated towards ground potential
and once again reach the energy of the injected ion beam minus a few ten electron volts
that they lost in the buffer gas. For the transfer into the ISOLTRAP Penning traps,
low-energy (≈ 2.5 keV) ion pulses are required.

An elegant way to modify the potential energy of an ion pulse is to have the ions enter a
pulsed cavity. The principle is illustrated in Fig. 3.8. After having left the linear ion trap
at a potential UHV the ion pulse is accelerated towards a cavity at a potential Ucavity to
gain a kinetic energy Ekin = e · (UHV − Ucavity). When the ion pulse reaches the field-free
region inside the cavity, the latter is switched to ground potential and the ions leave it
without any further change of their kinetic energy since they will feel no field gradient
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when they exit the cavity.

3.3 The experimental setup

Figure 3.9 shows the setup of the ISOLTRAP ion beam cooler and buncher. On one side
the system is connected to the ISOLDE beam line and on the other side to the ion beam
transport system of ISOLTRAP. A 60-keV test ion source and a beam switchyard (not
shown in the figure - see App.A.3) are installed upstream in order to allow test measure-
ments without the ISOLDE ion beam. Beam intensities and profiles can be measured with
a needle beam scanner and a Faraday cup in front of the ion beam buncher. Most of the
relevant parts of the cooler and buncher, including the electronics and the gas inlet system,
are placed on a 60-kV high-voltage platform in a high-voltage cage. Ceramic insulators
separate the vacuum system on the HV platform from the beam lines on ground potential.
Efficient pumping is achieved by turbo-molecular pumps at ground potential placed close
to the insulators.

The ion-optical elements of the cooler and buncher can be grouped into three functional
sections. In the first section the deceleration of the ISOLDE ion beam takes place, the
second section is the linear ion trap, and in the third section the extracted ion bunches are
accelerated to the desired transport energy. All electrodes are made of stainless steel. Alu-
mina or glass ceramic (Macorr) are used for insulating parts. The electrical connections to
the ion-optical elements are made via UHV multi-pin feedthroughs and Kaptonr-insulated
wires. Table 3.1 summarizes some important mechanical parameters of the system which
will be discussed below in more detail.

Table 3.1: Dimensions of the ISOLTRAP ion beam buncher

Element Dimension [mm]
diameter of injection hole 6
diameter of extraction hole 6
distance between opposite rods (2 · r0) 12
diameter of rod segments 18
total length of quadrupole rods 881.5
length of rod segments
# 1, 2 20.5
# 3 – 19 41.5
# 20 20.5
# 21 41.5
# 22 – 25 10.0
# 26 20.5
length of pulsed cavity 380
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Figure 3.9: Experimental setup of the ISOLTRAP ion beam cooler and buncher. The
main components are: (1) turbo-molecular pump, (2) insulator, (3) insulating support,
(4) HV platform, (5) grounded cage, (6) DC and RF supplies, (a) beam scanner and
Faraday cup, (b) deceleration section, (c) linear ion trap, (d) extraction section, (e)
pulsed cavity, (f) MCP detector.
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Figure 3.10: Photograph of the experimental setup of the ISOLTRAP ion beam cooler
and buncher. Visible are: 1) the ISOLDE beam line with beam scanner; 2) a turbo-
molecular pump; 3) a Ceramic insulator; 4) the inner cage housing the electronics and
vacuum parts that reside on the HV; 5) the Outer cage that is grounded.
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Figure 3.11: Ion optical elements for the deceleration of the 60 keV ion beam and first
part of the linear ion trap.

3.3.1 The deceleration and injection section

Figure 3.11 shows the design of the deceleration electrode system and its connection to
the linear ion trap system discussed below. This deceleration electrode system is the
copy of a prototype described in more detail in [Kel00]. The ISOLDE ion beam enters
through the ground electrode which is equipped with an insulated diaphragm for current
measurements. The shape of the deceleration electrode is designed to focus the beam
through the 6-mm opening at its end. An additional electrode and the first segments
of the four-rod structure are used to obtain the final retardation and to focus the beam
towards the axis of the system.

For the presented cooler and buncher ion optical simulations were performed so as to
determine the optimal position of the ground electrode with respect to the deceleration
electrode and to get a set of voltages that give the best injection efficiency into the trap
system. These voltages were used as start values for the experimental optimization. A set
of typical voltages for the deceleration section are listed in Tab. 3.2 below together with
parameters for the other sections.

3.3.2 The linear ion trap

Figure 3.12 shows a photograph of the assembled electrode system of the linear ion trap
with the deceleration electrode mounted. Figure 3.13 shows a detailed view of a part of
a rod and how the cylindrical electrode segments are mounted together. The quadrupole
rods have a total length of 881.5 mm. Each rod consists of 26 segments. All electrodes have
a diameter of 18 mm. They are aligned by four inner support rods with ceramic insulators
in-between, separating the electrodes by 0.5mm axially. The quadrupole rods themselves
are mounted via ceramic supports to four mounting disks as shown in the right part of
the Fig. 3.13. The inner distance between opposite quadrupole rods is 2r0 = 12 mm. The
holding disks are kept at fixed distances by the four outer support rods. Additional ceramic
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Figure 3.12: Photograph of the assembled four-rod electrode system of the ISOLTRAP
ion beam cooler and buncher and the mounted deceleration electrode.
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Figure 3.13: Detail of the rod structure. The segments are insulated from each other
by ceramic spacers. The four rods are mounted to disks as shown in the right part.
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Figure 3.14: Exit side of the linear trap with extraction lens, x-y steerers and a pulsed
cavity

rods are provided to “seal” the system. This is to maximize the gas pressure inside the
trap while minimizing the pumping requirements of the whole system. Electrode segments
of various lengths are used (see Tab. 3.1). The shorter segments at the entrance of the trap
allow to set up an axial potential gradient for retardation and focusing of the incoming
ions as discussed above. In the part of the trap where the potential decreases slowly and
linearly, longer segments are sufficient. A high segmentation is again required in the region
where the ions are finally accumulated and ejected.

3.3.3 The extraction section and the pulsed cavity

Figure 3.14 shows the extraction optics of the buncher and the pulsed cavity. The extrac-
tion hole has a diameter of 6 mm. The extraction optics consists of an einzel lens formed
by a cylindrical electrode between two diaphragms and a set of x-y steerers. The purpose
of this arrangement is to adapt the divergence of the extracted ion bunch to the ion optics
downstream and to allow adjustments of the ion-flight direction.

At a distance of 90mm downstream from the extraction optics, the ions enter the pulsed
cavity, which is only partly shown in the figure. The cavity is designed to shield the
ion pulse from external fields and has a total length of 380 mm. This is larger than the
expected length of a pulse of ions with mass number A > 20 that is injected into the
cavity with an kinetic energy of 2 to 3 keV. In Fig. 3.9 it can be seen that the pulsed cavity
is fixed to a support directly mounted on an insulated flange perpendicular to the beam
axis.

3.3.4 Vacuum system and gas supply

Figure 3.15 gives a schematic overview of the vacuum and gas inlet system. The vacuum
system that houses the ion-optical parts discussed above consists of several vacuum cham-
bers mostly of CF 150 size. Two magnetic-bearing turbo-molecular pumps (Pfeiffer TMU
1000MC) with a pumping speed of 870 l/s for helium are connected on both sides of the
system. These pumps are backed by one 40 m3/h roughing pump. Differential pumping is
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Figure 3.15: Schematic of the vacuum system of the ISOLTRAP ion beam cooler and
buncher. Gas flow value (valve controller reading), pumping speeds (for He), and
measured pressures values (He-corrected) are shown.

accomplished by diaphragms at the entrance and exit side in order to reduce the gas flow
out of the trapping region. The trap is mainly pumped via the entrance and exit holes
for the ions. The buffer-gas inlet is via a needle valve connected to a pressure controller
(Balzers EVR 116 + RVC200). Inside the vacuum chamber, a thin stainless steel tube
guides the gas into the central region of the RFQ structure. A full-range pressure gauge
(Balzers PKR 250) is connected to the vacuum chamber on the HV platform. Its reading
is used as the input for the pressure controller. The pressure value measured with the
gauge is of course lower than the pressure inside the structure. From gas flow simulations,
it is expected that the gauge gives a reading which is about a factor of 10 lower than the
actual pressure inside the center of the structure1.

A reasonable working pressure inside the RF-structure is pHe ≈ 10−2 mbar. With the
resulting gas load, care has to be taken about possible discharge processes in the system. A
critical point is the region where the ground injection electrode is close to the deceleration
electrode (Fig. 3.11) with a gap of 5 mm and a potential difference of up to 60 kV. One has
to make sure that at this gap a pressure regime is reached where the discharge probability
is minimized. The Paschen curve [Mee53] for helium gives a maximum pressure of the
order of 10−5 mbar. Gas flow calculations have confirmed that such values can be reached
with the applied pumping speed, the entrance and exit openings of the linear trap, the
desired inside pressure, and the required gas flow. The experimentally measured pressures
are given in Fig. 3.15.

Another point of concern are gas impurities in the system which can give rise to charge
exchange and loss of ions. Such effects have been seen in the start-up of the system when
ions like argon were injected into the ion beam cooler and buncher. Meanwhile, this has
been cured by baking the whole system. Furthermore, pellets of non-evaporable getter
material (SAES St 172 type) have been installed in the gas inlet line of the buncher for
gas purification.

1In this work, the values given for the measured pressure are the vacuum gauge readings corrected for
the gas-specific factor.
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Figure 3.16: Line power and HV supply for the high-voltage platform. Also shown are
the safety interlocks that cut the high voltage in the event of too high pressure and
allow safe access to the cage.

3.3.5 Electronics and control system

The high-voltage system

Figure 3.16 shows schematically the high-voltage and the line power supply for the high-
voltage platform. An oil-free 2-kW isolation transformer is used to provide line power to
the platform. The platform potential is provided by a remote-controllable power supply
(FUG HCN 140M-65000) with a maximum voltage of 65 kV and a short- and long-term
voltage stability of 10−5. This power supply is connected to the secondary windings of the
transformer via a 5.6-kΩ current-limiting resistor. Varistors across the secondary winding
of the isolation transformer protect the electronic equipment on the high-voltage platform
from high-voltage transients caused by occasional sparkovers.

Figure 3.17 shows the circuit used for the switching of the potential of the cavity. A
fast high-voltage transistor switch (Behlke HTS650) discharges the cavity with a fall-time
tf = 220 ns. After a constant on-time of 60 µs the switch opens again, allowing the cavity
to be charged again to high voltage with a rise-time tr = 22ms.

Radio-frequency and DC supplies for the buncher

The RF voltage for the radial pseudopotential has to be applied to all segments of the
system but with a phase shift of 180◦ between segments of neighboring rods. The DC
potentials are applied in two different modes, depending on whether the element is used
for a static potential or whether the potential is dynamically switched within less than
one microsecond.
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Figure 3.17: Circuit used for the fast switching of the pulsed cavity from a potential
of ≤60 kV to ground potential (a). Measured voltage for a switching from ≈30 keV to
ground as a function of time (b). HV: high-voltage power supply; HTS: high-voltage
transistor switch; R: current limiting resistor (Imax = 30A). The times tf (fall-time)
and tr (rise-time) are the times needed for the signal to change between 10 and 90% of
its maximum strength.

Two different types of circuits are used. The circuit shown in Fig. 3.18 a is used for all
elements where a static DC voltage is required. The RF voltage URF,in is provided by
a function generator (Stanford Research DS 345) after amplification by a 200-W radio-
frequency amplifier (ENI 240L) and fed into a transformer. The secondary winding has a
grounded center tap in order to generate two symmetrical radio-frequency signals URF± of
opposite sign. These RF voltages are added via capacitors C = 10nF to the DC voltages
UDC,i (i = 1 . . . k) in order to obtain a combined RF/DC signal which is applied to the
different pairs of electrodes Si± (i = 1 . . . k). Two inductances Lb = 3.9 mH protect each
DC feeding point from the two RF signals. The DC voltages are provided by 0 to 500-V
power supply modules (Brandenburg). The voltage series required for the generation of the
linear potential slope (see Fig. 3.1) is obtained via a resistive voltage divider chain fed by
two of the DC power supply modules. The most critical electrodes closest to the injection
side of the buncher and those in the trapping region have separate voltage supplies. The
inductance of the transformer and the capacitances have been matched to the capacitance
of the electrodes in order to obtain a maximum RF voltage at a frequency of ν ≈1 MHz.
An amplitude URF ≈ 125 V is reached with about 40 W RF power.

For the extraction of the ions from the buncher it is necessary to switch the potential of
the last segments of the linear trap very quickly. Therefore, the relevant segments are
supplied with a circuit as shown in Fig. 3.18 b. The DC voltage from the DC modules is
sent to the center tap of the transformer via a fast transistor switch. With this system, a
fall-time of 0.5 µs is obtained.
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Figure 3.18: Principle of the electronic circuits used to provide the different segments
Sk± of the four rods with DC (UDC,k) and RF (URF±) voltages. a) circuit for those
electrodes which require RF and static DC voltages; b) circuit for those electrodes
which require RF and switched DC voltages.

A number of additional power supplies is used for the voltages of the deceleration and
focusing electrode (see Fig. 3.11) and the extraction optics (see Fig. 3.14). The high voltage
Ucavity for the pulsed cavity (see Fig. 3.17) is also provided from the HV platform.

The control system

Figure 3.19 shows the layout of those parts of the control system relevant for the operation
of the cooler and buncher. Since most of the electronics is installed on the HV platform,
remote control of the system is mandatory. Three different optical links provide the
communication between the VME-based computer system of the ISOLTRAP spectrometer
and the electronics on the HV-platform. A GPIB link (National Instruments GPIB-140)
is used to control the function generator for the radio-frequency signal and to read out a
pico-amperemeter. A field bus system (Profibus) equipped with DACs and ADCs is used
for analog programming and monitoring a total of 28 voltage supplies. It also serves for
programming the pressure regulation system. A fast TTL link (Harting) is used to provide
the trigger for the fast voltage switching required for the ion extraction from the buncher.
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Figure 3.19: Layout of the control system of the ISOLTRAP buncher. The electronics
on the HV platform is controlled via three optical links.

3.3.6 Diagnostics

Several tools are available for the optimization and diagnosis of the performance of the
ion beam cooler and buncher. The ISOLDE beam scanner and movable Faraday-cup in
front of the buncher allow the measurement of profile and current of beams from both
ISOLDE and the test ion source. In order to optimize the injection of the 60-keV ion
beam into the buncher, it is important to perform a beam current measurement on the
high-voltage platform. For this purpose a picoamperemeter (Keithley 485) is installed on
the platform which can be connected to any of the buncher electrodes. On the ejection
side another Faraday cup and a micro-channel plate (MCP) detector are available. This
detector consists of 2 MCP’s with 18 mm active area mounted in a Chevron arrangement.
No electron repelling grid is used (see discussion in 3.4.2). This MCP detector has been
used for most of the test measurements reported. It has been used in single ion detection
mode, i.e. the signal created by a single ion is transformed to a standard electronic signal
and fed into a multi channel scaler. This detection scheme limits the number of ions that
can be reliable detected to about 10 ions per micro second, determined by the response
function of the multi-channel plate detector and the following electronics to a single ion.
More MCP detectors are available further downstream for the tuning of the ion beam
transport to the Penning trap system. In addition, a beam viewing system is available
which can be installed behind the 90◦ vertical deflector (see fig. 2.3) to obtain the spatial
distribution of the ion beam. This system (Colutron BVS-2), which is mounted on a flange
with a viewport, consists of an MCP with a phosphor screen behind it. The fluorescent
light from the phosphor screen originated by the secondary electrons of the MCP after ion
impact, can be viewed through this window with a CCD camera. When this detector is
used the deflector electrode system is removed from its vacuum chamber in order to allow
the ions to pass through.
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3.4 Performance of the ISOLTRAP cooler and buncher

A number of systematic investigations have been performed with the buncher in order
to characterize its performance and to compare the results with simulations. For these
measurements, ions both from ISOLDE and from the test ion source have been used.

3.4.0 Operation

Table 3.2 gives a typical set of operating parameters for ions with mass number close
to A = 39 and A = 133. The ions enter the linear trap with an energy of 20 eV after
retardation. The value given for the buffer gas pressure value is the (helium-corrected)
vacuum gauge reading. As discussed above the pressure inside the linear trap is estimated
to be a factor of 10 higher. Depending on the delivered ion beam current, the ions are
accumulated for a period Taccu = 0.01 . . . 1000 ms. In order to avoid saturation effects in
the read-out electronics of the MCP detector the time was chosen such that the ejected
pulses did not contain more than 20 ions during all test measurements performed on the
first MCP detector after the ion beam cooler and buncher. For mass measurements this
number was increased by two to three orders of magnitude. The ions are allowed to
complete their cooling into the trap potential minimum for an additional period Tcool =
2 ms before they are ejected. The timing of the switching of the cavity is adapted to the
mass-dependent time of flight of the ions. For a 2.65-keV extraction and an A = 40 ion,
tswitch = 12 µs. The system has been tested with repetition rates up to 5 Hz. In general,
repetition rates of about 1 Hz are used for the mass measurements.

3.4.1 Injection, capture, and ejection

Ion energy

A critical parameter for the injection and capture of the ions into the buncher is the energy
of the ions when they enter the system. This energy is determined by the potential of
the linear trap on the HV platform with respect to the initial ion beam energy. If the
potential is too high, then the ions are not able to enter the system. If it is too low, then
the energy loss in the gas is not sufficient to prevent the ions from leaving the system on
the exit side or to be stopped before the extraction diaphragm.

In order to optimize the injection and the platform potential, two kinds of measurements
are performed. In the first case, all electrodes of the extraction system (see Fig. 3.14) are
connected together for a direct current measurement. Radio-frequency and DC potentials
are applied to the segmented rods as given in Tab. 3.2 for the ejection mode. No buffer
gas is used.

In Fig. 3.20 (top) the result of such a measurement is shown for a 30-keV 132Xe+-ion
beam as a function of the potential of the HV platform. At the ion beam energy of
30 keV maximum transmission is observed. Increasing the potential from 30 000V to
30 030V gives a sharp drop in transmission. At a potential larger than 30 030 V no ions
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Table 3.2: Typical operating parameters of the cooler and buncher for ions in the mass
ranges A ≈ 39 and A ≈ 133.

Parameter Value
helium pressure (at gauge position) pHe 6 · 10−3 mbar
RF frequency νRF = ωRF/2π 970 kHz
RF amplitude URF for A ≈ 133 135 V

for A ≈ 39 97 V
cooling time Tcool for A ≈ 133 10 ms

for A ≈ 39 2 ms

cage voltage UHV 30 000 60 000 V

electrode voltages Uelec relative to the cage voltage UHV:

deceleration electrode –1 350 –3 000 V
focusing electrode –230 –180 V

quadrupole rod segment # 1 –60 V
# 2 –40 V
# 3 –25 V
# 4 to #22 –10 to –20 V
# 23 (accumulation) –24 V
# 23 (ejection) +2 V
# 24, # 25 –29 V
# 26 (accumulation) 0 V
# 26 (ejection) –55 V

plates of the extraction system –420 V
einzel lens –55 V
pulsed cavity –2 650 V

are transmitted. For potentials lower than 30 kV and correspondingly higher ion beam
energy in the system, the transmission decreases gradually. This can be understood since
the focusing of the ion optics in the injection part was optimized for a beam entering the
cooler and buncher at about 20 eV kinetic energy.

This transmission mode of operation is particularly useful for a fast tuning of the beam
injection into the cooler and buncher. The platform potential is set to the value giving
maximum transmission and then the current at the end of the structure is monitored as a
function of focusing and steering voltages applied to ion optical elements in the ISOLDE
beam line.

For fine tuning of the injection (in particular the platform potential), the full accumulation-
ejection cycle has to be employed. The result of such a measurement (performed with a
buffer gas pressure of pHe = 1 · 10−2 mbar) is shown in the bottom part of Fig. 3.20.
Plotted as a function of the platform voltage are the average number of 132Xe+ ions per
cycle extracted from the buncher and detected by the MCP detector. It should be noted
that the optimum value for the platform potential has shifted by about 25 eV, which means
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Figure 3.20: Current of 132Xe+ ions guided through the RFQ (top) and number of
accumulated and ejected ions per bunch in bunching mode (bottom) as a function of
the voltage UHV of the HV platform.

that a maximum capture efficiency requires an injection of the ions at an energy slightly
lower than that for best transmission.

Similiar test have been performed for a cage voltage UHV around 60 kV. As expected, the
results are comparable to the measurements described here.

Radio-frequency parameters

Both, the amplitude and the frequency of the RF potential should have an effect on the
ion transmission through the linear trap and on the storage of the ions. Due to techni-
cal reasons, the frequency of the RF circuit used in this work was fixed to νRF ≈1 MHz.
Therefore, only measurements on the effect of a change of the RF amplitude were per-
formed. The result of such a measurement is shown in Fig. 3.21. The upper part shows
an injection and transmission measurement similar to those described above. The ion
current at the end of the structure is plotted as a function of the amplitude URF of the
applied radio-frequency. As expected, the transmission steadily increases with increasing
amplitude (and deeper radial pseudopotential). Above URF ≈ 120 V, the transmitted cur-
rent saturates. The lower figure shows the result of a measurement where the Xe ions are



38 CHAPTER 3. A LINEAR PAUL TRAP . . .

� � � � � � �
�

� 	 � 
 � � 
 	 �

�


 �

� �

� �


�
��
�
�
��
��
�
�

�

	


 �

� 	 � 
 � � 
 	 �


�
�
�
��
��
�
�

�

Figure 3.21: Transmission of 132Xe+ through the cooler and buncher (top) and number
of accumulated and ejected ions (bottom) as a function of the radio-frequency amplitude
URF. The lines shown serve to guide the eye.

accumulated, cooled (pHe = 1 · 10−2 mbar) and ejected. Shown is the number of detected
ions as a function of URF. It can be seen that a certain threshold amplitude of URF ≈ 75 V
is required in order to obtain ions from the trap. The reason is that for too low RF am-
plitudes, the defocusing radial part of the DC potential at the axial potential minimum of
the trap is stronger than the generated pseudopotential, as explained in section 3.1. The
ions are transmitted to the “trapping” region where they are finally lost radially. Using
(3.6) and the actual trap parameters, one obtains a threshold amplitude of URF,min ≈ 60 V
which is in good agreement with the experimentally observed value.

Buffer gas pressure

The accumulation of the ions in the linear ion trap requires sufficient energy dissipation
in the buffer gas (see Fig. 3.4) and hence a high enough pressure. If the pressure is too
low, then most of the ions will hit the exit electrode of the linear ion trap and are lost.
Figure 3.22 shows the number of ions ejected from the trap for constant injection conditions
as a function of the gas pressure. It can be seen that a He pressure of a few 10−3 mbar
is required in order to observe any ions. Above pHe ≈ 10−2 mbar the number that can be
extracted starts to saturate.
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Figure 3.22: Number of accumulated and ejected 208Pb+ ions as a function of the buffer
gas pressure pHe. The value is the (He-corrected) reading of the gauge at the vacuum
chamber containing the linear ion trap. The line shown serves to guide the eye.

3.4.2 Efficiency

After finding good parameters for the operation of the cooler and buncher the efficiency of
the system was determined. From a current measurement as shown in Fig. 3.20 (top) and a
comparison with the beam current measured with the Faraday cup in front of the system,
its injection and guiding efficiency εtrans was determined. Such measurements have been
carried out with ISOLDE beams from various ion sources. Values for the transmission
εexp
trans between 20% and 40% were found. This is in good agreement with the theoretical

value of εtheo
trans ≈ 35 % (see chapter 3.2.4).

Most interesting is the total efficiency εtotal of the cooler and buncher which is defined as
the ratio of the number of ions injected into the system and the number of ions finally
counted in the extracted ion pulse. The measurements are performed in the following way:
a weak ISOLDE beam, but still intense enough to perform a reliable current measurement
(typically a few pA), is transported to the apparatus. For the injection into the buncher,
a very short opening time for the ISOLDE beam gate is used in order to inject a well
defined small number of ions Nion into the buncher. These ions are accumulated, cooled,
ejected, and finally detected with the multi-channel plate detector. As mentioned above,
this detector, which is normally only used for simple monitoring purposes, is not equipped
with an electron repelling grid. Therefore, according to [Bre95], only about half of the
maximum possible efficiency of ≈ 50 % is achieved in the case of moderately heavy ions
with 2.5 keV energy. With the number of counted events being NMCP and an efficiency
εMCP ≈ 30 %, the overall efficiency is given by εtotal = (NMCP/εMCP)/Nion.

Total efficiency measurements have been performed for various Xe isotopes and values
of εtotal ≈ 12 . . . 15 % were achieved. This value allows to study ions from the weakest
radioactive beams available at ISOLDE with the ISOLTRAP spectrometer. However,
compared to the efficiency εtrans for injection and transmission, the total efficiency εtotal is
lower by a factor of two to three. Storage time measurements for alkali ions have shown
lifetimes of up to several 100 ms. For Xe ions as used for the efficiency measurement,
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no significant charge exchange with gas impurities has been observed, which could have
caused ion loss. A possible explanation is that the MCP efficiency is lower than assumed.
It is also likely that an optimal match of ISOLDE beam emittance and buncher acceptance
has not yet been achieved.

Another possible explanation is connected with the highly asymmetric potential in the
region of the linear ion trap (see Fig. 3.2). Even if the storage condition (3.6) is fulfilled
in the close proximity of the trap center it can be broken in the region of the steep
potential gradient towards the exit of the cooler and buncher. The potential gradient
UDC/z2

0 determines the radial strength of the DC potential that counteracts the radially
confining RF potential. Therefore, ions that arrive in this region with too high kinetic
energy will not be trapped. The ion energy at injection into the cooler and buncher has
to be chosen to meet this criterion regardless whether this thwarts the optimal injection
into the rod system itself. This could explain why the optimum value for the platform
potential is about 25 eV higher for the trapping mode than for the transmission mode.
This will be investigated in forthcoming test measurements accompanied by further beam
injection simulations.

3.4.3 Cooling and beam emittance

Damping of ion motion and cooling

In order to illustrate the damping of the axial ion motion in the cooler and buncher for
different ions and types of buffer gas, very short ion pulses have been injected. The DC
potential of the cooler was permanently set to the extraction mode, which means that
the ions were directly accelerated to the MCP detector after a single passage through the
system.

The result of such a measurement for various ion species and gases is shown in Fig. 3.23.
With buffer gas of higher mass, the ion pulses arrive considerably later and are broadened.
This can be understood by looking at the microscopic beam simulations shown in Fig. 3.5.
There the trajectories of for instance K ions in Ar show a significant scattering that
delays the transport through the system. In the experiment the transmission of 39K+ ions
through 84Kr was also tried, but, as expected no ion was able to reach the detector.

An illustration of the transverse cooling process as a function of time is given in Fig. 3.24.
In the experiment, 133Cs+ ions were injected into the linear trap for a short period Taccu =
2µs. The figure shows the number of ions ejected out of the trap as a function of the cooling
time Tcool after injection. This measurement was performed for helium and argon as buffer
gases at about the same pressure. For short cooling times, the number of ions that can be
extracted is small and only above Tcool > 300µs is the maximum number reached. This is
because at the pressure of pHe ≈ 3 · 10−3 mbar used here several oscillations are required
inside the trap before the radial extent of the ion cloud is smaller than the radius of the
extraction hole. The figure also illustrates that stronger damping and, as a consequence,
faster cooling are provided by the heavier buffer gas.

Figure 3.25 illustrates once more the axial cooling process. In the top figure the temporal
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Figure 3.23: Time structure of pulses of different ions after passage through the RFQ
system for different buffer gases. Here, the ion trap was operated as an ion guide.
Plotted is the number of detected ions per bin, each bin being 2.56 µs wide.

width of the ejected ion pulse is shown as a function of the cooling time for the case of
39K+ ions and pHe = 2.5 ·10−3 mbar. As can be seen in the figure, an exponential decrease
of the pulse width with time is observed. The pulse width decreases with decreasing
ion temperature and smaller axial distribution of the ions in the trap. The width is
therefore a good indicator of the ion temperature. The time constant τcool of the curve
can to first order be regarded as a measure of the cooling time constant. The value of
τcool = 0.5 ms obtained in the measurement shown in Fig. 3.25 is comparable to a value
of 0.3 ms calculated from ion mobility data and an estimate of the pressure inside the
buncher close to the trapping region of p ≈ 10−2 mbar. Figure 3.25 also shows that the
cooling time of the ions in the trap should be several times τcool in order to extract ion
pulses with minimum temperature out of the trap. The bottom part of Fig. 3.25 shows
the measured time constants τcool for Cs and K ions as a function of the pressure. For the
highest pressures, time constants down to a few hundred microseconds are observed.
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Figure 3.24: Normalized number of 133Cs+ ions extracted from the trap as a function
of the storage time inside the trap. The measurements were performed with helium
and argon as buffer gas.
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Figure 3.25: Top: temporal width of ejected 39K ion pulses as a function of the storage
time inside the trap. An exponential is fitted to the data. Bottom: time constants
obtained as shown in the top figure as a function of the helium buffer gas pressure for
K and Cs ions.
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Figure 3.26: Top: temporally resolved 30-keV ion pulse (squares) of 133Cs+ ions com-
pared to theoretical ion pulse shapes corresponding to initial ion temperatures of 300 K,
500 K and 800 K. The theoretical curves are normalized to the same number of ions.
Bottom: calculated energy spectrum of the ion pulse corresponding to the 300-K pulse
shape shown in the top figure.

Cooling limit and emittance

For a determination of the final ion temperature both in the axial and radial direction,
two kind of measurements have been carried out. In both cases, ions were accumulated
and cooled for Tcool = 20ms to reach their equilibrium temperature.

For the determination of the axial temperature, the number of ions in a pulse has been
measured temporally resolved with the MCP detector. The measured shape of the ion
pulse can be compared to calculated shapes based on ion distributions at different tem-
peratures. Such pulse shapes are shown in the top part of Fig. 3.26 for 133Cs ions extracted
from the linear trap and accelerated to 30 keV. The data are plotted with respect to the
time of ejection from the trap. The points correspond to the experimental data and the
curves to calculated shapes for ion distributions with temperatures of 300 K, 500 K, and
800 K. A good agreement is achieved for a temperature of 300K giving evidence that the
ions reach the temperature of the buffer gas. This is in accordance with the predictions
of Fig. 3.6. The bottom part of Fig. 3.26 shows the calculated energy distribution of the
ejected ions. For the calculation, the confirmed 300 K ion distribution was taken together
with the electric fields for the extraction as used in the experiment. From the time and
energy spread of the ion pulses shown in the Fig. 3.26, an upper limit for the longitudinal
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emittance εlong ≈ 10 eV ·µs of the ion pulse ejected from the buncher is obtained.

The transverse temperature of the ions can be extracted from a beam emittance mea-
surement. Such a measurement has been performed in the following way. The beam
observation system was mounted at the 90◦ deflector chamber (Fig. 2.3 with the deflector
removed). Ion pulses with an energy of 2.5 keV were created by using the pulsed cavity.
With an einzel lens in front of the deflector chamber, the beam was focused onto the
detector and the beam profile was observed with a CCD camera. The profile was found
to be Gaussian shaped with 90% of the beam within a radius of about 1.8 mm. A beam
scraper mounted on a linear feed-through at a distance of 500 mm in front of the beam
viewing system was used to determine the size of the beam at this position. There, a
beam radius of 2.5 mm (corresponding to > 90 % beam intensity) was observed. From
this a beam divergence of 5 mrad is derived. Combining both measurements gives a rough
upper limit for the transverse beam emittance of εtrans ≈ 10 π mm mrad.

If the extracted pulse was accelerated to 60 keV instead of 2.5 keV, it would have an
emittance of about 2 π mm mrad, which corresponds to a more than tenfold improvement
with respect to the original ISOLDE beam. This shows that gas filled radio-frequency ion
guides and traps can very effectively be used to improve the emittance of ion beams.



4 Mass measurements of argon isotopes

4.1 Motivation

4.1.1 The isobaric multiplet mass equation (IMME)

Since the strong, or hadronic interaction is nearly charge independent, the isospin formal-
ism is one of the basic tools in nuclear as well as particle physics. The neutron and the
proton have isospin T = 1/2 with T neutron

Z = +1/2 and T proton
Z = −1/2. Every state of a

nucleus has an isospin T and belongs to a 2T + 1 multiplet formed by “analog” levels in
different isobaric nuclei. The charge of each member is measured by TZ = (N − Z)/2.

In light nuclei the isobaric analog states have nearly identical wave functions. The charge
dependent energy difference of these states in different isobars can be calculated in first-
order perturbation theory under the assumption of only two-body Coulomb forces. This
leads to the simple equation, noted first by Wigner [Wig57],

M(TZ) = a + bTZ + cT 2
Z (4.1)

which gives the mass M of a member of an isospin multiplet as a function of the projection
TZ of the isospin T . This quadratic relation is called the isobaric multiplet mass equation
(IMME). It was thoroughly studied in the 70’s and reviewed by Benenson and Kashy in
1979 [Ben79]. Looking at the quartets it was found that the IMME worked very well for
21 out of 22 cases. The only exception was the most accurately known quartet: A = 9,
T = 3/2. Due to its success and due to the lack of experimental data, the IMME is widely
used to determine masses and level energies, especially of the members with the lowest
TZ.

A more recent compilation of completely measured multiplets having T ≥ 3/2, which serve
to test the quadratic relationship given in Eq. 4.1, can be found in reference [Bri98]. The
lowest lying A = 9, T = 3/2 quartet is still the only significant exception for quartets.
Here, a cubic term dT 3

Z with d = 5.5± 1.7 keV is required in order to describe the experi-
mental data. Now, there are also six quintets with known masses. Only one of them, the
A = 8, T = 2 quintet, does not agree with the quadratic form of the IMME. Here at least
one higher-order term has to be added to Eq. 4.1, either dT 3

Z or eT 4
Z , or both.

To verify the predictions of the IMME it is necessary to determine accurately the masses
of all members of a multiplet with T ≥ 3/2. For so called “ground state multiplets” the
two states with the highest and lowest TZ are the ground states of the concerned nuclides.
These states are accessible to direct mass spectrometry as performed with the ISOLTRAP
mass spectrometer.

45
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4.2 The experiment

4.2.1 Production of radioactive argon

The experiment was performed at ISOLDE/CERN [Kug00] in November 1999 using the
CaO target number 123 having a target thickness of 5 g/cm2. The target was equipped with
a water cooled copper transfer line between the target container and the ion source. Due
to the cooled transfer line, less volatile elements are strongly suppressed before reaching
the ion source .

The heated CaO target (about 1000 ◦C) was bombarded with bunches of 1.4 GeV protons
delivered by the CERN PS-Booster accelerator. The pulses were each 2.4 µs long and
arrived with a minimum distance of 1.2 s between two pulses. Per pulse about 3 · 1013

protons were delivered. In the actual experiment between six and ten proton pulses per
super-cycle (16 proton pulses within 19.2 s) were sent to the ISOLDE target. The radionu-
clides are produced by spallation of Ca and ionized in a plasma ion source filled with a
xenon-argon gas mixture. After acceleration to 30 keV the ions were mass separated by
the ISOLDE general purpose mass separator (GPS).

Due to the short proton pulses and the low repetition rate, the produced ion beam had a
time structure determined by the diffusion time of the radionuclide from the target matrix
to the ion source and its half-life [Let97]. The pulse shape, the so called release curve, is
characterized by a sharp rise followed by a steep fall and a long tail determined by the
half-life and diffusion time.

In the experiment described here the rise time was approximately the same for all argon
isotopes. About 100 ms after the proton impact on the target the maximum argon intensity
in the ISOLDE ion beam was reached. In the case of the short-lived 33Ar, the maximum
intensity was reached after about 100 ms.

The argon yields were determined by β-activity measurements [Gil99] and measurements
of β-delayed protons [Fyn99]. The yields determined from the β-decay data are up to a
factor of ten higher than those from the β-delayed protons measurements. The reason
is that the β-decay measurements are not element selective and measure therefore all β
activity present at mass A = 33. Evaluating both methods and taking the yield decrease
during the run into account [Gil99] the integrated yield for 33Ar could be estimated to be
a few thousand ions per proton pulse. The yields for 34,42,43Ar were between 10 and 100
times higher.

4.2.2 The measurement sequence

A mass measurement requires a time of flight measurement as a function of excitation
frequencies. Since the time of flight measurement is destructive, a new ion pulse has to be
produced, prepared and finally investigated in the high-precision trap for each excitation
frequency. This sequence is in the following called a measurement cycle.

Important from the point of efficiency is that the decay losses during one measurement
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cycle are kept as low as possible. Therefore, the measurement cycle duration must not
greatly exceed the half-life of the nuclide.

In most cases it is necessary to ensure a sufficient resolving power in the cooler Penning
trap to clean isobaric contaminations delivered by ISOLDE. The resolving power depends
mainly on the buffer gas pressure. Lower pressures result in higher resolving powers but
also in longer periods of time for cooling the ion bunch. Furthermore, the line width of the
cyclotron resonance is determined by the time the radio frequency is applied (see Sect. 2.4).
This line width should be as narrow as possible to increase the precision of the mass
determination. Therefore, a measurement cycle for very short-lived nuclei (T1/2 < 1 s)
will always be a compromise between the needed resolving power in the cooler trap, the
line width of the cyclotron resonance in the precision trap and the decay losses due to the
half-life.

In Fig. 4.1 the measurement cycle is illustrated as used during the argon mass measure-
ments for both, the reference nuclide and the investigated nuclides. The cycle was started
by the proton pulse impinging on the target. After this, a 70 ms delay was introduced
before the beam gate was opened for a period of about 30ms during the time of maximum
argon release.

When the beam gate was opened, the ions of the ISOLDE ion beam were continuously
injected into the ISOLTRAP ion beam cooler and buncher. Within 2ms after the beam
gate closure, the ions formed a cloud in the potential well at the end of the cooler and
buncher before they were extracted in a short pulse (FWHM ≈ 1 µs) at 2.5 keV kinetic
energy. The energy adaption between the about 30 keV potential of the linear ion trap
and the beam transfer line at ground potential is done by timely switching the first pulsed
cavity (see Sect. 3.2.4).

The low-energy Ar ion pulses were then electrostatically retarded and captured in flight
in the first Penning trap. Since the potential in the trap center is -10 V there is a second
energy adaptation necessary, done in a second pulsed cavity. Shortly after this cavity was
switched, the potential of the lower end-cap of the cooler trap was lowered to let the ions
enter the trap and raised back before they could escape.

A cooling time of 8 ms served for reducing the axial amplitude of the ion bunch until
the ions relaxed into the smaller harmonic potential well that makes the mass selective
cooling scheme possible (see Fig. 2.4). By applying a radio frequency dipole field for 30 ms
the magnetron radius of all ions, regardless their mass, was increased until they could
not be ejected through the small exit hole of the cooler trap. By exciting the ions with
an azimuthal RF quadrupole field for 30 ms the argon ions under investigations were re-
centered in the trap (see also Sect. 2.5). After an additional cooling time of the excited
cyclotron motion (5 ms), the Ar ion bunch was ejected. The ions spent a total of 73 ms in
the first Penning trap. A mass resolving power of R = 7000 was achieved.

After this cleaning procedure, the Ar ions were transferred to the second Penning trap
where they were captured in-flight. First an ion motion with a defined magnetron radius of
R ≈ 1 mm was prepared by an RF dipole field applied for 10 ms. Then the ions cyclotron
motion was excited with an azimuthal RF quadrupole field for TRF = 60ms yielding a line
width for the cyclotron resonance of about 15 Hz. This resulted in a resolving power of
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Figure 4.1: Measurement sequence for very short-lived nuclides, as for instance 33Ar.
The boxed area indicates an expanded time scale. This sequence is executed for each
frequency step of which 41 were used to obtain a resonance.

R = νc/δνc(FWHM) = 130000.

In total, each cycle of the measurement of the cyclotron frequency took about 175 ms.
This was comparable to the half-life of 33Ar (T1/2 = 174.1 ms [Bor87]) and kept the decay
losses minimal.

One example of the resulting spectra for 33Ar is shown in Fig. 4.2. Plotted is the time
of flight from the trap to the MCP detector versus the frequency of the azimuthal RF
quadrupole field. For each point the measurement cycle was repeated about 250 times.
The total number of detected ions in this cyclotron resonance is about 2000. If only
measurement cycles with not more than two ions detected are taken into account, about
1500 ions are left for the evaluation. Fitting the theoretical line shape [Kön95] results in
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Figure 4.2: Cyclotron resonance curve for 33Ar. Shown is the time of flight (TOF) of
the ions from the trap to the ion detector as a function of the applied radio frequency.
The solid line is a fit of the theoretical line shape [Kön95] to the data points.

χ2
reduced = 0.74.

4.2.3 Efficiency

The overall detection efficiency of the ISOLTRAP mass spectrometer is given by the
product of three types of losses or efficiencies that can be distinguished: decay losses,
efficiency of the MCP detector and transfer efficiencies.

Due to a measurement cycle duration comparable to the half-life, about 50% of the 33Ar
ions decay before they reach the detector, i.e. εdecay = 0.5. The detection efficiency for
singly charged Ar ions that impinge at about 2.2 keV kinetic energy on a multi channel
plate detector is between 40 and 60% [Bre95, Obe97]. Since the MCP detector used for the
time of flight detection at ISOLTRAP is not equipped with an electron repelling grid, the
detection efficiency is reduced by a factor of two [Bre95]. In total the detection efficiency
for singly charged argon ions does not exceed εdetect = 0.3 for the present setup and is
likely even smaller.

The losses during the transfer of the ions from the focal plane of the ISOLDE GPS mass
separator to the time of flight detection can be divided into three different contributions.
About 80% of the ions starting at the focal plane of the GPS magnet arrive at the entrance
of the ion beam cooler and buncher, i.e. εbeamline = 0.8. The efficiency of the beam cooler
and buncher has been measured to be 12 . . . 15% for xenon ions (Chap. 3.4.2). Under
on-line conditions for argon the efficiency was εbuncher ≈ 0.05, where the main additional
loss was due to charge exchange reactions with gas impurities. The main transfer losses
occur during the transfer of the ion bunch into the first Penning trap where the ion optics
in between the ion beam cooler and buncher and the cooler Penning trap have still to
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be improved. The transfer efficiency between the first and the second Penning trap is
believed to be almost 100%. The total transfer efficiency from the ion beam cooler and
buncher into the precision trap is therefore εtransfer.

Multiplying all efficiencies, the overall efficiency is

εtot = εdecay·εdetect·εbeamline·εbuncher·εtransfer

= 0.5 · 0.3 · 0.8 · 0.05 · 0.02
= 1.2 · 10−4.

(4.2)

This overall efficiency εtot can be compared to the efficiency of ISOLTRAP determined by
the ratio of the number of 33Ar ions detected by the MCP and those delivered by ISOLDE
at the focal plane of the GPS separator. On the average, 0.2 33Ar ions were detected
for each measurement cycle by the MCP detector compared to a few thousand 33Ar ions
per pulse at the focal plane (see Sect. 4.2.1). This results in a total efficiency of about
10−4 during the argon mass measurements and is consistent with the estimated overall
efficiency given by (4.2).

4.2.4 Contaminations

Penning trap mass spectrometry relies on the knowledge of the magnetic field. It is
measured by measuring the cyclotron frequency of a nuclide having a well known mass.
During the argon mass measurements the argon isotope 36Ar, delivered by the ISOLDE
ion source-target combination, was used as reference mass. The mass of 36Ar is known
with a relative accuracy of δm/m = 8 · 10−10 [Car99a].

Apart from the unobserved magnetic field changes a source of systematic errors is a con-
tamination by ions of another mass than the investigated nuclide present also in the pre-
cision trap. These so called contaminant ions cause a change of the cyclotron resonance
line shape and/or a shift of the cyclotron frequency. While a distorted line shape is easily
seen, it is much harder to uncover a frequency shift caused by contaminations.

It has been shown experimentally [Bol92], that the size of the shift increases with the total
number of stored ions. Furthermore, it was found that the sign of the shift depends on the
magnitude of the difference in the cyclotron frequencies of the two species compared to the
half width of the resonances. When the mass difference is large enough for the unperturbed
resonances to be separated by more than their widths, the measured resonances are both
shifted to lower frequencies.

During the evaluation of the data a contamination of 36Ar, the nuclide used to monitor
the magnetic field strength, was uncovered by observing that the cyclotron frequency was
changing with the number of detected ions. One example is shown in Fig. 4.3a, where the
cyclotron frequency shifts are plotted versus the number of detected ions per cycle. A
line was fitted and the slope evaluated. In Fig. 4.3b the slopes of these lines are compiled
for all reference measurements. Averaging all cyclotron resonance measurements for 36Ar
the slope turned out to be nonzero, S = 0.013± 0.001 Hz/(counts/cycle). The decreasing
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Figure 4.3: a) Plot of the cyclotron frequency for 36Ar versus the number of detected
ions per measurement cycle with a fitted line. b) Slopes of similar linear fits for all
reference measurements. The dotted line gives the average slope used for correction
(see text).

cyclotron frequency with the increasing number of detected ions per cycle indicates a
contamination [Bol92], probably caused by 36Cl. This contamination could not be removed
in the cooler trap due to the to small mass difference to 36Ar of only 700 keV. To clean
this contamination in the cooler trap a resolving power of about 50 000 would have been
necessary. Figure 4.3b and a Birge ratio of 1.3 for the uncertainty of the mean slope
confirm that this contamination was present throughout the argon run.

To correct for this contamination, i.e. to find the true cyclotron frequency of 36Ar, a
straight line with the slope S = 0.013±0.001 Hz/(counts/cycle) was fitted to the cyclotron
frequency shifts plotted as a function of the number of detected ions per cycle for all
reference measurements. The offset of the straight line corresponds to the true cyclotron
frequency of 36Ar that one expects to get with a clean sample.

After the argon beam time, the cyclotron frequency for 39K was measured. The mass
determined for 39K, using again 36Ar from ISOLDE as reference, agrees well within the
error bars (δm/m = 1.1 · 10−7) with the value in [Aud95], if the cyclotron frequency of
36Ar is corrected for the effect of the contamination.

In the case of the measured radioactive argon isotopes, the resolving power R = 7000 (see
Sect. 4.2.2) of the cooler trap was sufficient to separate them from their isobars Cl and
S delivered by ISOLDE. To exclude contaminations that were not removed in the cooler
trap, the measured cyclotron frequencies were investigated as a function of the number of
detected ions. No dependencies are observed. Therefore, contaminations with a cyclotron
frequency outside the cyclotron resonance line width can be excluded for all measured
argon isotopes. Contaminations within the line width can also be excluded, because there
where no ions (neither ionized atoms nor molecules) with a mass close enough to the
measured isotope and produced and ionized at ISOLDE. Furthermore, no increase in the
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Figure 4.4: Magnetic field variations versus time monitored via the cyclotron frequency
of 36Ar. Shown are also the interpolations (dotted lines) of the magnetic field as present
during the time the radioactive argon isotopes were investigated. The times ar indicated
when the argon isotopes have been measured.

number of detected ions was found, if the opened beam gate duration was prolonged.
Thus, nuclides with a slow or constant release can also be excluded as contaminants.

4.2.5 Magnetic field drift and frequency ratios

With a frequent measurement of the cyclotron frequency νref
c of a reference nuclide the

magnetic field strength is determined. In Fig. 4.4 the resulting magnetic field drift over
the measurement time is plotted. The figure was made using the corrected cyclotron
frequencies for the reference nuclide 36Ar and the mass from [Car99a].

To determine the experimental result, the frequency ratio νref
c /νc, the magnetic field or

the cyclotron frequency of the reference isotope needs to be known at the time the cy-
clotron frequency of the investigated nuclide νc is measured. This is achieved by linear
interpolation between the reference measurements before and after the measurement of
νc. The lines in Fig. 4.4 indicate the interpolations done to determine the frequency ratio
for the measured argon isotopes.

4.3 Experimental results

The experimental result of ISOLTRAP measurements is the frequency ratio νref
c /νc. In

Tab. 4.1 the experimental results are summarized for the nuclides investigated. The sec-
ond column gives the frequency ratios ν

(36Ar)
c /νc with their errors. The error contains
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Table 4.1: Frequency ratios of argon isotopes relative to 36Ar and mass excess values (ME)
as determined in this work. The last column gives literature values from [Aud95].

Nuclide T1/2 νref/νc (σstat)(σtot) ME∗exp [keV] MElit [keV]
33Ar 174 ms 0.917212520(087)(126) −9381.9(4.2) −9380(30)
34Ar 844 ms 0.944747261(046)(105) −18378.4(3.5) −18378(3)
42Ar 33 a 1.166694503(128)(173) −34422.7(5.8) −34420(40)
43Ar 5.37 m 1.194569791(105)(159) −32009.8(5.3) −31980(70)

∗using ME(36Ar) = −32454.927(29)µu [Car99a]
and 1 u = 931.494013 MeV/c2 [Moh00].

two components that are added quadratically. The first contribution is the statistical un-
certainty. It is given by the accuracy of the cyclotron frequency determinations for the
reference as well as for the nuclide under investigation and the statistical uncertainty due
to the interpolation of the magnetic field to the time of the frequency measurement for
the measured nuclide. The second contribution is the systematic uncertainty mainly due
to uncertainties in the calibration of the magnetic field.

The magnetic field is decaying with an average rate of about 5·10−8 per day. The standard
deviation σ = 0.9 ·10−7 of the measured points (Fig. 4.4) from this averaged decrease gives
a worst case estimate for the uncertainty in the magnetic field calibration. Therefore, a
conservative estimate for the relative systematic uncertainty, that contains also frequency
shifts due to trap imperfections, is 1 · 10−7 of the frequency ratio [Bec97].

The frequency ratio νref
c /νc can be converted into an atomic mass value for the measured

nuclide by
m = (νref

c /νc) · (mref −me) + me (4.3)

involving the electron mass me and the atomic mass of the reference nuclide mref . The
electronic binding energy, which is in the order of a few electron volt, can be neglected at
this level of accuracy. The mass excess values calculated this way are presented in column
four of Tab. 4.1. For comparison, the values found in the latest atomic mass evaluation
[Aud95] are given in column five.

The former measurement of the 33Ar mass was performed using the 36Ar(3He,6He)33Ar
reaction [Nan74]. The present ISOLTRAP measurement decreases the mass uncertainty
by a factor of seven. A similar improvement in accuracy is obtained for 42,43Ar. The value
for 42Ar was mainly determined by the investigation of the 40Ar(τ ,p)42Ar reaction [Jar61]
and the mass of 43Ar was measured using the 48Ca(α,9Be)43Ar reaction [Jel74].

In the latest atomic mass evaluation [Aud95], the mass value for 34Ar is dominated by the
result of the 36Ar(p,τ)34Ar reaction study [Har74]. The new ISOLTRAP datum agrees
very well with the value from this reaction study, which is slightly more accurate than the
ISOLTRAP value, thus demonstrating again the reliability of ISOLTRAP mass measure-
ments.
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Figure 4.5: Energy levels for the A = 33, T = 3/2 isospin quartet members. The dotted
line shows the curve given by the quadratic IMME for the lowest lying quartet.

4.4 Discussion of the experimental results

4.4.1 33Ar and the IMME for A = 33, T = 3/2

The isobaric multiplets for A = 33 are quartets formed by isobaric analog states, i.e.
states with the same isospin T = 3/2 and the same nuclear spin and parity Jπ, in 33Ar,
33Cl, 33S and 33P. In Fig. 4.5 the energy levels for the known A = 33, T = 3/2 isospin
quartet members are plotted. Also shown is the curve defined by the IMME (Eq. 4.1) for
the quartet with Jπ = 1

2

+, i.e. for the ”ground state quartet“ .

The mass of 33P has been measured by two groups by determining the β−-decay end-
point and was evaluated in [Aud95]. The excited levels with Jπ = 3/2+ and 5/2+ have
been measured in 30Si(α,pγ)33P and 31P(τ ,pγ)33P reactions consistently by three different
groups [End78].

The excitation energy for the Jπ = 1/2+ state in 33S has been measured in a number of
reactions compiled in [End78, End90]. The most precise values result from the 32S(n,γ)33S
reaction performed by two different groups [Ram85, Ken85]. The excitation energies are
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Figure 4.6: Quadratic fit to the mass excesses of the A = 33, T = 3/2, Jπ = 1/2+

isospin quartet members (a) and residuals (b).

Ex = 5480.1(4) keV [Ram85] and Ex = 5479.7(1) keV [Ken85]. The value used here is the
adopted value from [End90], Ex = 5480.1(4) keV (from [Ram85]). In [End90] is no reason
given why the value from [Ken85] is not used.

The Jπ = 3/2+ and 5/2+ states in 33S were measured consistently using 34S(p,d)33S and
32S(d,p)33S reactions [End78].

The Jπ = 1/2+, 3/2+, 5/2+ states in 33Cl have been measured by investigating the reso-
nances in the 32S(p,p’)32S reaction [Abb70, Abb73, Wam80]. By evaluating the references
[Abb70, Abb73] a difference was found by recalculating the transformation of the proton
energy from the laboratory frame to the center of mass frame (for details of this calculation
see App.B). The recalculation changed the mass excesses of these states by about 1 keV
compared to the values found using [Aud95, End90]. For the Jπ = 1/2+ state the mass
excess changed from −15459.5± 1.1 keV to −15460.1± 1.0 keV. In [End90] the excitation
energy from [Wam80] instead of the formerly used value from [Abb73] was assigned to the
T = 3/2, Jπ = 5/2+ state. The main argument for this is the width of the resonance
found in [Wam80] (Γ = 0.05 keV) that is much smaller than the one found in [Abb73]
(Γ = 10 keV).

Including the ISOLTRAP data, all members of the A = 33, T = 3/2 quartets are now
very well known (see Tab. 4.2). This allows a more stringent test of the quadratic IMME
than before done by a least-square fit of Eq. 4.1 to the masses. Until now the test of the
quadratic IMME showed consistency for the “ground state quartet” but was limited by
the 30 keV [Nan74] error of the mass value of the 33Ar ground state.
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The result of the fit is shown in Fig. 4.6 and Tab. 4.2. The fit of a quadratic function to
the data results in χ2 = 10.6. The probability that this χ2 value occurs is only 0.1% if
the data was described by a quadratic function. Using the data as given in Tab. 4.2 and
allowing for a cubic term dTZ one obtains a d-coefficient of d(33Ar) = −2.95 ± 0.90 keV
that is not consistent with zero.

If the excitation energy for the Jπ = 1/2+ state in 33S is taken from ref. [Ken85] instead
of the adopted value in [End90], the quadratic fit results in χ2 = 9.7. The fit with a cubic
term gives d = −2.75±0.88 keV. That means, there is no major change in the result if the
excitation energy for the T = 3/2, Jπ = 1/2+ state in 33S is taken from the source that
was not accepted for the compilation in [End90] even though the two values from [Ken85]
and [Ram85] do not agree.

Investigating the excited quartets for A = 33 one finds improved accuracy for the mass of
the excited states of 33Ar due to the improved accuracy for the ground state mass. Using
the new ground state value together with the excitation energies from [Nan74] yields d-
coefficients of 18.9 ± 4.0 keV and 2.6 ± 4.0 keV for the Jπ = 3/2+ and 5/2+ quartets,
respectively. The already previously noted deviation from zero of the d-coefficient of the
Jπ = 3/2+ quartet [Bri98] is now the most significant deviation in all completely measured
isospin quartets. However, it is very probable that the level assignment in 33Cl is wrong
for the T = 3/2, Jπ = 3/2+ state. By comparing the level widths of the Jπ = 1/2+

(Γ = 0.1 keV), Jπ = 3/2+ (Γ = 10 keV) and the Jπ = 5/2+ (Γ = 0.05 keV) states [End90],
it seems that the Jπ = 3/2+ state is not the isobaric analog state with T = 3/2. A hint
in this direction is also given in [Wam80], where the value for the Jπ = 5/2+ level was
measured basically on top of the much wider resonance measured in [Abb73] that was
formerly assigned to the isobaric analog state. Consequently, we can not consider, the
isobaric analog state in 33Cl with T = 3/2 and Jπ = 3/2+ to be measured.

In Fig. 4.7 the d-coefficients for all completely measured quartets are plotted together with
the significance of their deviations from zero. All together there are now five quartets
with a d-coefficient deviating by two or more standard deviations from zero and thus, in
significant disagreement with the quadratic IMME. Statistics allows only 0.8 cases.

There has been great effort to explain a nonzero d-coefficient, triggered by the A = 9
ground state quartet. The significant result for the A = 9 quartet has partly been explained
by isospin mixing effects in the TZ = −1/2 and +1/2 members [Hen69, Jän69a], by the
expansion of the least bound proton orbit in 9C, as well as by charge-dependent nuclear
forces [Ber70]. However, the situation rests unclear.

In the case of the A = 33, T = 3/2 quartets, the Thomas-Ehrman shift has to be considered
for the proton unbound states in 33Cl. However, in Ref. [Jän69b] it is shown, that this is
practically fully absorbed in the a, b, and c-coefficients of Eq. 4.1 and that the contribution
to a d-coefficient remains very small.

In conclusion, even though it is not clear which effect causes the breakdown of the IMME
for the described A = 33, T = 3/2 quartets, it is necessary to be very careful if one derives
high accuracy masses of proton-rich configurations from the IMME.

In general a three sigma deviation does not seem to be too drastic. But what if important
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Figure 4.7: a) d-coefficients of all completely measured quartets and, b) the significance
of their deviation from zero S = |d|/σd. The circles label the ground state quartets
and the crosses the higher lying quartets. The data for the A = 33 quartets are from
Tab. 4.2, the other data are from Ref. [Bri98].

experimental results are based on a value that might be inaccurate by so much? One
prominent example is the recently performed experiment by Adelberger et al. [Ade99].
With this experiment the constrains on scalar weak interactions were improved investi-
gating with high precision the positron-neutrino angular correlation in the 32Ar β decay.
The positron-neutrino angular correlation is inferred from the recoil momentum of the
daughter nucleus 32Cl. Since the daughter nucleus is proton unstable its momentum can
be determined from the momentum of the emitted proton provided that the kinematics
of the decay is known with sufficient precision. The uncertainty in the kinematics is dom-
inated by the uncertainty of the mass difference ∆ between the parent and the daughter
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states of the β decay.

The experimental result is the asymmetry parameter ã = 0.9989 ± 0.0052(stat) ±
0.0039(syst). The effect of the uncertainty of ∆ or equivalently of a change of the mass of
32Ar on ã is discussed in [Ade99] resulting δa/δ∆ = −1.2 · 10−3 keV−1. Since the uncer-
tainty δm = 50 keV of the experimental mass value for 32Ar was the largest uncertainty in
the evaluation of ã, the group decided to use the IMME to obtain a more precise estimate
for the mass difference ∆ between 32Ar and the daughter state in 32Cl. The calculation
using the IMME yielded an uncertainty of only 2.2 keV for the mass difference ∆.

Since the origin of deviations of the IMME from its quadratic form in the cases of the
A = 8, 9 and 33 multiplets have only partly been explained, a deviation in the case of
A = 32 can not be excluded either. A correspondingly large d-coefficient would shift the
mass of 32Ar by 20 keV and result in a change of the ã-parameter by three sigma assuming
an error of less than 3 keV on ∆. The present result of Adelberger et al. is consistent
with the Standard Model without the need of scalar currents. A breakdown of the IMME
in the case of 32Ar as large as observed in the other out-standing cases would correspond
to a three sigma evidence for scalar currents. This indicates that caution is mandatory if
IMME is to be used in such critical cases.





5 Summary and outlook

The work presented here demonstrates for the first time the accumulation, bunching, cool-
ing and emittance improvement of radioactive ion beams from an on-line mass separator
by means of a linear radio-frequency ion trap. The efficiency of the system and the prop-
erties of the ion bunches are in agreement with theoretical expectations. This RFQ ion
beam cooler and buncher has been installed at the ISOLTRAP experiment. Compared to
earlier versions of the ISOLTRAP experiment the efficiency has been increased by three
orders of magnitude. This enables ISOLTRAP to be applied to very exotic nuclides with
low production rates as for instance 33Ar delivered by ISOLDE with an intensity of only
a few thousand atoms per second.

In the scope of this work mass measurements were performed on radioactive argon isotopes.
With the investigated isotopes 33,34,42,43Ar, the ISOLTRAP spectrometer was for the first
time applied to relatively light nuclides. Furthermore, 33Ar with its half-live of only 174 ms
is the shortest-lived nuclide ever investigated in a Penning trap. Hence, the present work
demonstrates that the Penning trap technique is also applicable to nuclides with an half-life
well below one second.

Using the ISOLTRAP Penning trap mass spectrometer, it has already been shown that
for half-lives greater than one second the accuracy obtained is independent of the half-live
of the measured nuclide. In this work it has been proven that it is possible to obtain an
accuracy of δm/m ≈ 1 · 10−7 even for nuclides with half-lives as short as a few hundred
milliseconds. This has been the case for 33Ar having a half-live of only 174ms.

The high accuracy measurement of 33Ar has permitted a stringent test of the isobaric
multiplet mass equation (IMME). It provides evidence that an additional cubic term is
required for the A = 33, T = 3/2 and Jπ = 1/2+ quartet. Consequently, the generally
accepted quadratic form of IMME is not able to reproduce the experimental data.

Regardless the immense progress achieved, there are certain points that have to be im-
proved in the future in order to extend the applicability of the ISOLTRAP spectrometer
to even weaker beams delivered by ISOLDE. Already by the application of higher RF-
amplitudes in the ion beam cooler and buncher, the efficiency for at least the heavier
nuclides could be improved. The transfer optics between the ion beam cooler and buncher
and the first Penning trap is presently under investigation and will be improved by using
further beam diagnostics. Additionally, the single ion detection at the top of the setup is
going to be improved by post-acceleration of the ions and by adding an electron repelling
grid. The next step is a novel detection system, based on secondary electron emission
from a metallic foil that is able to detect 100% of the incident ions.

To speed up the measurement cycle, argon buffer gas in the cooler trap could be used.
Furthermore, one could profit from the fact that the ion beam cooler and buncher delivers
already a cold ion bunch. Adapting the shape of the trapping potential to this fact could
save time used for axial cooling.
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The already substantial sensitivity of the ISOLTRAP spectrometer together with further
improvements especially in efficiency opens the door to a highly interesting mass measure-
ment program. There are three main areas of interest.

Further IMME tests: Possible candidates are isospin quartets or quintets where all mem-
bers but one are well known. Often the trouble spot is the ground state mass of the
most exotic member - A quantity that can now easily be measured with the ISOLTRAP
spectrometer. Nuclides of this kind produced by ISOLDE in sufficient amounts (presently
more than 1000 ions per second) are for instance 17Ne, 17N and 35K. The present uncer-
tainties on their mass values range from 15 to 50 keV. ISOLTRAP measurements could
reduce them by at least one order of magnitude.

Mass measurements of nuclides interesting for fundamental tests: Already, first measure-
ments on the very short-lived nuclide 74Rb (T1/2 = 65 ms) have recently been performed
using ISOLTRAP. A mass uncertainty of about 30 keV has been reached. The accuracy
will be improved in future measurements aiming for an ultimate mass uncertainty of only
1 keV in order to perform a high accuracy CVC-test. The nuclide 34Ar has been remea-
sured very recently and the data are under evaluation. During this measurement particular
attention was paid to control the systematic errors introduced by unobserved magnetic
field changes. Hence, the uncertainty of the mass value for 34Ar is expected to be below
1 keV. Along with a repeated measurement of 33Ar aiming for an even higher accuracy,
the mass of 32Ar will be measured in the near future.

Astrophysically interesting nuclides: The masses of 76,77Sr and 129,130,132Sn have been
measured while this thesis was written. Further measurements will be performed to com-
plete the map of masses in these regions. The special interest arises from the fact that
the paths of the rp- and the r-process run through these nuclides or close by. These phe-
nomena of stellar nucleosynthesis are thought to be responsible for producing the bulk on
heavy elements in cataclysmic, explosive scenarios.



A Ion optics

A.1 Transfer of the ISOLDE ion beam to the ISOLTRAP
cooler and buncher

The new dimensions of the ion beam cooler and buncher compared to the formerly installed
very large Paul trap [Sch99] required a change of the ISOLDE beam line just in front of the
ISOLTRAP setup. Two quadrupole doublets were replaced by a quadrupole triplet. The
beam scanner and Faraday cup had to be moved slightly upstream. The last quadrupole
is a steering quadrupole, i.e.the quadrupole field can be made slightly asymmetric and
thus redirect the ion beam. In Fig. A.1 the rearranged beam line is displayed from the last
ISOLDE beam switchyard up to the entrance of the ion beam cooler and buncher.

The new beam line required a recalculation of the ion beam optics to make sure that
the quadrupole triplet could deliver a beam well matched to the acceptance of the ion
beam cooler and buncher. In fact, the focus in the plane of the scanner CC0.SC80, just
in front of the last switchyard, had to be converted into a beam focus in the region of
the deceleration electrode of the ion beam cooler and buncher. These calculation were
done with GIOSP [Wol87]. The result of these calculations are summarized in a beam
emittance diagram just in front of the deceleration electrode (see Fig. 3.7). Together with
the acceptance diagram it can be seen that the quadrupole triplet is sufficient to focus the
beam, even though the focal plane is quite far away (≈ 2 m). The beam transfer upstream
from the switchyard was not changed. For a detailed discussion see [Sch99].

To tune the beam for injection into the ion beam cooler and buncher the first step is
to create a well focussed beam in the plane of the scanner CD0.SC80. Then the isolated
plate just in front of the injection electrode (see Fig. 3.11) is read using a picoamperemeter.
Doing this, the deceleration electrode should be close to its final voltage (see Tab. 3.2).
The beam is now tuned for maximum transmission trough this electrode, i.e. for minimal
beam current on this electrode. As a consequence the focus will shift away from the plane
of the beam scanner towards the ion beam cooler and buncher. Now the tuning procedure
continues as described in Sect. 3.4.1.

A.2 Transfer of the ion bunch to the first Penning trap

In the bottom of Fig.A.1 and in Fig. A.2 the ion optics for the transfer from the ion beam
cooler and buncher to the first Penning trap, the cooler trap, is outlined. The optics involve
two pulsed cavities for energy adaptation, a number of einzel lenses and an achromatic
bender.

After the ion bunch leaves the ion beam cooler and buncher extraction system (see
Sect. 3.3.3) it passes a first einzel lens before it is sent through an ISOLDE type quadrupole
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Figure A.1: Beamline in front of and behind the ion beam cooler and buncher (top
view).
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Figure A.2: Beam transfer line to the first Penning trap (side view).
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doublet. The electrodes of the first quadrupole are supplied like steerer electrodes would
be, opposite electrodes carry opposite polarities, thus there is no focussing effect. This
quadrupole is used to steer the beam while the second one is not used and grounded.
Before the ions enter the achromatic bender they pass another einzel lens used to focus
the beam.

The bender consists of a quadrupole doublet followed by a cylindrical 45◦-bender, a
quadrupole, another cylindrical 45◦-bender and a final quadrupole doublet (see Fig.A.2).
This setup provides achromaticity if operated correctly. The difficulty here is to find opti-
mal settings for the further transfer and especially for the injection into the first Penning
trap. Until now this effort is thwarted by insufficient beam diagnostic tools. Presently
it is impossible with the existing multi channel plate detectors to judge the transversal
symmetry of the ion beam that is crucial for the injection into the cooler trap. To con-
trol the direction of the ions two small diaphragms (ca. 4 mm diameter) can be inserted.
The optimal transmission to the available channel plates in front of the cooler trap re-
sults in a beam that is as straight as possible. Two sets of x-y-steerers, on either side
of the 5 electrodes that constitute the “bob optic”, are used to counterbalance possible
misalignments.

The “bob optic” consists of 5 cylindrical electrodes. The central electrode is a pulsed
cavity, that is used to adjust the potential energy of the ions such that they can be
decelerated into the cooler trap close to ground potential. The first two and the last two
electrodes are used to focus the beam into the magnetic field with the least possible radial
energy pickup, i.e. as parallel as possible to the magnetic field lines. Then the ions enter
the retardation section and are decelerated until they come to rest in the cooler trap.

These optics have been designed and setup in the thesis work A. Kohl [Koh99]. Calcu-
lations described in the thesis and also calculations performed subsequently and using a
more realistic description of the bender show that an ion beam as delivered by the beam
cooler and buncher should be trapped with at least 40% efficiency. Unfortunately the
efficiency reached experimentally is much lower. The reason is still unkown and under
investigation. It is either a serious problem with the beam shape that prevents efficient
injection into the magnetic field or a problem related to the optics behind the cooler trap
responsible for the transfer from the cooler to the precision trap. A beam viewing system
based on a channel plate setup having a phosphorous screen as anode will be set up in
the near future to distinguish between these two possibilities. With this system the beam
shape can be controlled at the positions of the two vertical channel plates before injecting
into the cooler trap.
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Figure A.3: New ion optics for the test ion source. It allows using the ISOLDE or test
ion beam by switching the potential of the kicker tube.

A.3 A new injection optics for the test ion source

Since the newly installed ion beam cooler and buncher has to be prepared and tested with
an ion beam comparable to the ISOLDE ion beam at least in energy, a 60 keV ion source
is needed. An ion source with the necessary characteristics has initially been built to test
the very large Paul trap [Sch99, GD96]. It delivers an ion beam with up to 60 keV ion
energy. It is based on surface ionization and delivers cesium, rubidium and potassium
ions.

Until recently this test ion source had to be inserted in place of a beam tube in the
ISOLDE beam line. To overcome this disadvantage and to operate the test ion source
also during the beam times with radioactive beam from ISOLDE, a new ion optics had to
be developed and designed. This optics should allow one to switch quickly between the
ISOLDE and the test ion beam.

For this purpose a bender-kicker system was designed with the aim of a maximum free
space to let the relatively large ISOLDE beams pass. The system consists of a small
quadrupole followed by a cylindrical bender and a slotted tube used as a kicker (see
Fig.A.3). The quadrupole is used for vertical steering and to correct for the asymmetry
a cylindrical bender introduces into the beam. The bender deflects the ion beam by 69◦

followed by another 21◦ bending performed by the kicker tube. By the following einzel
lens (see Fig. A.1) the beam is focussed into the deceleration electrode of the ion beam
cooler and buncher. The ISOLDE beam can pass just by switching off the voltages at the
kicker tube electrodes and at the einzel lens.

To control the ion beam intensity, one of the bender electrodes is used as a beam gate.
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Table A.1: Typical voltages used at the new ion source injection optics for a 60 keV ion
beam.

element exp. [V] sim. [V]
mini quadrupole top −437 ±1 600

bottom −810
left +410

right +831
69◦-bender outer electrode +5 060 ±4 950

inner electrode −4 680
kicker tube outer electrode +4 460 ±4 780

inner electrode −4 460
einzel lens +15 000 +22 000

A fast transistor switch1 is used for changing rapidly (within less than one microsecond)
between the nominal voltage and ground potential. The period of time the nominal voltage
is supplied to the electrode defines the fraction of the ion beam which is directed to the
ion beam cooler and buncher.

In Tab.A.1 typical parameters are summarized for operation with a 60 keV ion beam.
The values calculated with SIMION 3D 6.0 2 are given along with the values obtained
experimentally.

While the experimental values for the kicker and bender electrodes are in very good agree-
ment with the simulations, the voltages at the focussing elements, the quadrupole and
the einzel lens, are found experimentally considerably lower than in the simulations. One
possible reason might be that the beam was focussed into the plane of the 6 mm hole in
the deceleration electrode within the simulations. In practice it could be better to avoid
a strong focus at this point and to try to keep the divergence as low as possible at the
expense of the spatial extend of the ion beam.

1Behlke Elektronik
2An ion optics simulation program by David A. Dahl



B Relativistic kinematics

B.1 Basic equations

A particle with total energy E and 3-momentum p has the 4-momentum vector p = (E, p).
Let the rest mass of the particle be m and its velocity be v. Then

β = v
c and γ = 1√

1−β2 (B.1)

holds, with c beeing the speed of light in vacuum. If we adopt units where c = 1 (natural
units), then

E = m + T = γm (B.2)

p = βE = βγm =
√

E2 −m2 , (B.3)

where T is the kinetic energy of the particle.

B.2 Lorentz transformation

Consider a particle with the 4-momentum p = (E, p) viewed from a second frame moving
at the velocity β∗ relative to the original frame and

γ∗ =
1√

1− (β∗)2
. (B.4)

The components of p in the second frame are denoted by p∗ = (E∗, p∗). In the special
case that the second frame moves along the z-direction one obtains

E∗ = γ∗E − β∗γ∗βE . (B.5)

For a particle with 4-momentum p1 impinging on a target particle with its 4-momentum
p2, the first frame could be the laboratory frame, where the target particle is at rest,
while the second frame could then be the center of mass frame. In this case the Lorentz
transformations give the transformation from the laboratory frame to the center of mass
frame with

β∗ = βcm =
p1

E1 + m2
(B.6)

and

γ∗ = γcm =
E1 + m2

(E1 + m2)2 − (p1)2
=

1√
1− (βcm)2

. (B.7)
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B.3 Calculation of the center of mass energy for the
32S(p,p′)32S reaction

The reaction 32S(p,p′)32S shows a resonance at the energy Elab
p = 3370 ± 1 keV of the

incident proton [Abb70]. This resonance corresponds to the T = 3/2, Jπ = 1/2+ state in
33Cl.

Knowing the proton energy in the laboratory frame Elab
p and its mass mp it is possible

(see Tab. B.2) to calculate

γ = 1 +
Elab

p

mp
= 1.003592(1) (B.8)

β =
√

1− 1
γ2

= 0.08453(1) . (B.9)

using the equations (B.2) and (B.1). For the center of mass system one finds by using the
equations (B.3), (B.2) and (B.6)

βcm =
mpγβ

mpγ + m32S
. (B.10)

Using (B.7) and (B.5) gives the kinetic energies of the proton and of the sulfur atom in
the center of mass frame

T cm
p = γcm(γmp + βcmβγmp)−mp (B.11)

T cm
32S = (γcm − 1)m32S (B.12)

with
m32S = ME(32S) + u · 32 · 106 . (B.13)

The total energy available for the reaction (apart from the rest masses of the projectile
and the target) yields

T cm = T cm
p + T cm

32S = 3266.9± 1.0keV , (B.14)

which differs by 0.9 keV from 3267.8 keV quoted in [Abb70]. This difference is not due
to the change in the 32S mass by only ≈3 keV found by comparing the mass tables from
1965 [Mat65] and 1995 [Aud95]. Additionally, neither the values for the proton mass,
the mass excess for the hydrogen atom nor the energy equivalent for the atomic mass
unit u have changed enough to explain the difference found for the kinetic energy in the
center of mass frame. Using (B.14) the excitation energy Ex = 5543.4 ± 1.1 keV of the
T = 3/2, Jπ = 1/2+ state in 33Cl differs by 0.6 keV from the value quoted in [End90].

Using T cm from (B.14) the mass excess of the T = 3/2, Jπ = 1/2+ state in 33Cl can be
calculated by

ME(32S) + ME(1H) + T cm = −15460.1± 1.0 keV. (B.15)

The other states of 33Cl that are member of an A = 33 isospin quartet are listed in
Tab. B.1. In Tab. 4.2 the mass excesses of all states are summarized which are relevant to
the A = 33 isospin quartet.
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Table B.1: This table gives the proton energies in the laboratory frame Elab
p and the

center of mass frame Ecm
p , the excitation energies Ex and the mass excesses ME of all

states of 33Cl relevant to the A = 33 isospin quartet. (B.14) and (B.15) were used for the
calculation.

Jπ Elab
p [keV] ref. Ecm

p [keV] Ex [keV] ME [keV]
1
2+ 3370(1) [Abb70] 3266.9(1.0) 5543.4(1.1) -15460.1(1.0)
3
2+ 4855(3) [Abb73] 4706.3(3.0) 6982.9(3.0) -14020.7(3.0)
5
2+ 5284(3) [Abb73] 5122.2(3.0) 7398.7(3.0) -13604.8(3.0)

Table B.2: Constants used for the transformation.
constant value [keV] reference
u 0.931494013(37) [Moh00]
mp 938271.998(38) [Moh00]
ME(32S) -26015.98(11) [Aud95]
ME(1H) 7288.969(1) [Aud95]
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