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ARTICLE INFO ABSTRACT

Article history: At radioactive ion beam facilities like ISOLDE at CERN, a high purity of the element of interest in the ion
Received 6 September 2014 beam is essential for most experiments on exotic nuclei. Due to its unique combination of high ionization
Received in revised form 15 November 2014 efficiency and ultimate elemental selectivity, the Resonance Ionization Laser Ion Source, RILIS, has
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Available online 27 December 2014 become the most frequently used ion source at ISOLDE and at the majority of similar facilities worldwide.

However, isobaric contamination predominantly stemming from unspecific surface ionization may still
introduce severe limitations. By applying the highly selective resonance ionization technique inside a

f:i’:roizﬁ:source radio-frequency quadrupole ion guide structure, the novel approach of the Laser Ion Source and Trap,
LIST LIST, suppresses surface ionized isobaric contaminants by an electrostatic repelling potential. Following
On-line mass separator extensive feasibility studies and off-line tests, the LIST device has been adapted and refined to match the
Resonance lonization Laser lon Source stringent operational constraints and to survive the hostile environment of the ISOLDE front-end region
RILIS enclosing the highly radioactive nuclear reaction target. The LIST operation was successfully demon-

strated for the first time on-line at ISOLDE during two experiments, attesting its suitability for radioactive
isotope production under routine conditions. Data of these on-line characterization measurements con-
firm a suppression of surface-ionized isobars by more than a factor of 1000 in accordance to off-line stud-
ies that were carried out for the preparation of the on-line experiments. During the first on-line test, the
suppression was associated with an efficiency loss of not more than a factor of about 50 with respect to
normal RILIS operation. These losses could be further reduced to only about 20 during the second run.
Results of the off-line studies in comparison to the first on-line characterization data are discussed here.
© 2015 CERN for the benefit of the Authors. Published by Elsevier B.V. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction ena in various fields of fundamental as well as applied physics. To
mention a few, the development of nuclear masses and ground

The artificial production of short-lived exotic nuclei far off sta- state properties along the nuclear chart [1] are of fundamental rel-
bility enables unique possibilities for the investigation of phenom- evance for astrophysics [2], and in particular nucleosynthesis [3],

while nuclear decay properties map the stability of nuclear matter
and pave the way to new physics beyond the standard model [4];
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radioactive ion beam (RIB) facilities like the Isotope Separator On-
Line DEvice, ISOLDE, at CERN [7-9]. In any case, fast transport from
the location of production and highest ionization efficiencies are
mandatory for experiments on these species. At the ISOLDE on-line
facility, radionuclei are produced by nuclear reactions in a thick
target induced by bombardment with pulses of 1.4 GeV protons
from the CERN PS booster. The target container is heated for fast
release of the reaction products from the target material by diffu-
sion and for rapid transport into the attached hot cavity ion source.
Here the radionuclei are ionized and accelerated by high voltage
for subsequent mass separation and transfer to a variety of exper-
iments installed at the different ISOLDE beam-lines.

To produce a useful ion beam, even of the most exotic isotopes
that have a low production rate, the ionization mechanism applied
must be both, highly efficient and highly selective with respect to
the isobaric composition of the initial reaction products. Various
ion sources have been developed for this purpose to be used at ISO-
LDE. Their adequacy for production of a suitable ion beam of a par-
ticular radioisotope depends on the chemical properties of the
element of interest with respect to those of the isobaric species
that may be present [10,11]. The ion source that most closely
meets these often contradictory requirements is the Resonance
Ionization Laser Ion Source, RILIS. It has been in operation at ISO-
LDE for more than two decades providing an unrivaled combina-
tion of high efficiency and selectivity for a broad variety of
elements of the periodic table [12-14]. A high-repetition rate, high
power laser system provides tunable laser radiation of typically
two or three wavelengths. These are precisely tuned to atomic
transitions of the desired element for step-wise excitation of a
valence electron and final ionization by a resonant or non resonant
photo-ionization step. Excitation and ionization schemes are
unique to each element and thereby ensure the high elemental
selectivity of the process. Presently, ionization schemes for more
than 30 elements are available at ISOLDE, while this number is
steadily increasing by ongoing RILIS development work [14].
Recent applications of the RILIS include mass measurements of
exotic calcium isotopes with the ISOLTRAP setup [15], the discov-
ery of a new type of asymmetric fission in proton-rich nuclei
[16], and the determination of the ionization energy of astatine
[17].

The laser radiation interacts with the atoms inside a cylindrical
hot cavity which is connected to the nuclear reaction target via a
heated transfer line and serves as the atomizer for the diffusing
reaction products. Due to the effusion from the target, a continuous
flow of atoms into the hot cavity is provided and due to the radial
confinement in the tube, laser ionization efficiencies of 5% to 20%
are typically reached, depending on the element of choice. The
atomizer cavity must be heated to about 2000 °C to prevent losses
by wall sticking of the atoms, while a plasma potential, generated
by thermionic electron emission from the cavity walls, provides
transverse confinement of generated photo ions [18,19]. This
reduces the chance of reneutrailizing wall collisions and enhances
the transport and survival of the generated ions. These are pulled
towards the extraction hole by the longitudinal electric field along
the resistively heated cavity and by the field leakage of the extrac-
tor potential into the cavity [13].

On the other hand, the hot cavity unavoidably acts as a surface
ion source for elements with low ionization energies. Thus, during
RILIS operation, the ion beams produced may be significantly con-
taminated with surface ionized isobars. In certain cases the inten-
sity of these surface ionized contaminants, most often stemming
from alkaline or earth alkaline elements with lowest ionization
energies, may exceed the intensity of the isotope of interest by sev-
eral orders of magnitude and even beams of isotopes close in mass,
which are not fully suppressed by the mass separator, might
severely affect or even prevent experiments. One approach to

reduce the ionization rate of unwanted isobaric contaminants is
the use of low-work-function materials such as BaOSrO and GdBg
for the hot cavity [20]. The drawback of this solution is the fragility
of these cavities or the corresponding coatings, due to the lower
operation temperatures associated with long surface sticking times
and the corresponding slower response for some elements. In addi-
tion the occurrence of surface ions from other metallic structures
within the target unit may appear and similarly interfere.

An alternative approach aims at spatially separating the laser
ionization region from the surface ionizing environment. This is
the principle of the Laser Ion Source and Trap (LIST), which has
been developed by Mainz University in close collaboration with
ISOLDE/CERN and the Max Planck-Institute for Nuclear Physics
(MPIK) at Heidelberg [21-24].

The ISOLDE thick-target LIST is constructed as an add-on unit
for the ISOLDE RILIS, incorporating a repeller electrode and a
radio-frequency quadrupole (RFQ) ion guide structure as shown
in the illustration of the experimental setup in Fig. 1 and in more
detail in the drawing of the LIST shown in Fig. 2.

Positive ions from the hot cavity as well as from the target con-
tainer and the transfer tube are completely repelled by a positive
repeller potential applied to the repeller electrode and only neutral
atoms are able to enter the RFQ ion guide, where the atoms of
interest are selectively ionized by the RILIS lasers. The generated
laser ions are confined on the axis of the LIST by a transverse
RFQ potential and drift towards the extraction hole, until they
experience the penetrating field of the high voltage extraction elec-
trode. The LIST was operated on-line at ISOLDE for the first time in
2011 (on-line run 1) and in use for the first on-line physics exper-
iment in 2012 (on-line run 2) [25].

Based on the original design concept, a similar device for hot
cavity laser ion sources, the Ion Guide-Laser Ion Source, IG-LIS,
was developed and recently operated on-line at the mass separator
facility ISAC at the Tri University Meson Facility, TRIUMF [26,27].
At the Leuven Isotope Separator On-Line, LISOL, the LIST design
for thick-target facilities such as ISOLDE and TRIUMF has been
modified to couple a LIST to a gas cell catcher [28,29].

In this paper we report on the characterization and the imple-
mentation of the LIST into ISOLDE, as well as on the results of
the first on-line test of a LIST device coupled to a thick-target
hot-cavity ion source assembly. During the extensive preparatory
testing and characterization campaigns of the LIST (LIST 1), carried
out at the ISOLDE off-line separator before the initial on-line instal-
lation, laser ionization of ytterbium (Yb) and the suppression of
surface ions of purposely introduced alkaline elements were dem-
onstrated (off-line test 1). The LIST/target assembly and the control
and data-acquisition electronics were adapted for compatibility
with the ISOLDE front-end and to match the specific requirements
of the operation in the target area. On-line testing under routine
ISOLDE operating conditions was conducted at the front-end of
the ISOLDE General Purpose Separator (GPS) using a titanium (Ti)
target with the scientific goal of laser ionization of magnesium
(Mg) isotopes with suppression of contamination from neighboring
surface-ionizable elements. No radiation-induced degradation of
performance was observed during two days of operation. A sup-
pression of surface ions of up to 10* was demonstrated, at the
expense of a reduction in laser ionization efficiency by a factor of
approximately 50 compared to standard hot-cavity RILIS perfor-
mance. Additionally, the time structure of the LIST ion pulse was
measured and compared to simulations. After this successful dem-
onstration of on-line operation, further off-line tests (off-line test 2)
with a second newly constructed LIST (LIST 2) device were con-
ducted for preparation of on-line run 2, the first on-line physics
application of a LIST ion source attached to a uranium carbide
(UC) target unit. This was used for the study of neutron-rich polo-
nium [25,30]. Based on the results of the on-line run 1, the second



D.A. Fink et al./ Nuclear Instruments and Methods in Physics Research B 344 (2015) 83-95 85

D High voltage platform -------- L R

Protons

--------- ISOLDE experimental hall oo

D RILIS laser setup - >

Uye: N\ Nd:YAG
" Ty : ' R DAQ/ Control - >
- shield
Transfer: E S Separator
line | Repeller i RFQ Extractor magnet
: I DAQ
§ : . NN
Target Hot cavity LIST Detector

@—> Isotope of interest

@—> Surface ionized contaminant

Fig. 1. Schematics of the Laser lon Source and Trap, LIST, as installed at ISOLDE together with the laser system and the data acquisition (DAQ) and control system. Applied
voltages for dc-heating of the target (Uqyc,), dc-heating of the transfer line and the hot cavity (Uqcnc), as well as the extraction potential (Uey,) are indicated. LIST repeller
electrode with repeller voltage U, and RFQ ion guide structure operated with RF-voltage Ugr and RF-frequency fy; are installed immediately downstream of the RILIS hot
cavity atomizer on the high voltage platform. Radiation from the RILIS lasers is sent in through a quartz window in the mass separator magnet towards the LIST and the RILIS
hot cavity. Not shown: the LIST operating parameters (repeller voltage, RF-frequency and -amplitude) can be controlled remotely via glass fibers from outside the high-

voltage platform by the control system. Dimensions are not to scale.

%

Fig. 2. Cut through the technical drawing of the Laser lon Source and Trap device
LIST and the target assembly; most important components are indicated: (1) mass
marker (purple), (2) target container (red), (3) hot cavity (orange), (4) heat shield
(dark gray), (5) repeller (yellow), (6) LIST holders (dark gray), (7) quadrupole rods
(blue) and (8) housing (dark gray). All insulators are indicated in light gray color.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

LIST used during on-line run 2 was slightly modified, leading to an
improvement of the ionization efficiency by a factor of 2.5.

2. Experimental setup
2.1. The ISOLDE hot-cavity target

The target used for the off-line test 1 and the on-line run 1 (ISO-
LDE target #442) comprises the cylindrical, standard ISOLDE target
container of dimensions length [=202mm and diameter
d = 20 mm, filled with rolled titanium foils of 25 pm thickness as
target material, a tantalum transfer line of length [ = 41 mm and

diameter d = 5 mm and a standard tantalum hot cavity atomizer/
ionizer with dimensions of | = 34 mm and d = 3 mm as illustrated
in Fig. 2. During on-line operation a driver beam intensity of 1 pA
with a proton energy of 1.4 GeV was used. The target is kept on a
temperature of 1500 °C while the ion source hot cavity was oper-
ated at approximately 2000 °C, both by using direct ohmic heating.
The target/ion source unit was equipped with three additional, so
called mass marker ovens. These consist of independently control-
lable, resistively heated capillaries attached to the rear end of the
transfer line close to the target inlet, which were filled with sam-
ples of stable isotopes as a reference. The off-line test 2 carried
out after the on-line run 1 used a second, widely similar LIST tar-
get/ion source unit (ISOLDE target #488). For these tests the target
container was filled with SiC as a substitute for the radioactive ura-
nium carbide, which exhibits rather similar chemical behavior and
release of contaminants during heating. This target was equipped
with two mass markers, filled with uncalibrated samples of ytter-
bium, and a mixture of rubidium (Rb) and cesium (Cs), respec-
tively. For the on-line run 2, the SiC was replaced by uranium
carbide for the production of neutron-rich polonium.

2.2. The Laser Ion Source and Trap

Two LIST units were used for these tests: LIST 1, installed in tar-
get #442 for off-line test 1 and on-line run 1; and LIST 2, installed in
target #488 for off-line test 2 and on-line run 2. * Any dimensions of
LIST 2 that differ from the LIST 1 design will be given in parenthesis
below. The LIST structures were inserted into their target units 5 mm
(2.5 mm) downstream the hot cavity exit hole, as shown in Fig. 1.
Fig. 2 gives a cross cut through the LIST/target assembly itself. In

4 For practical reasons LIST 2 was 1 cm shorter than LIST 1 and, to improve the
laser-atom overlap inside the LIST, it was installed at a distance of 2.5 mm from the
hot cavity (2.5 mm closer than LIST 1).
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contrast to earlier LIST designs as set up during the development
phase [23], the on-line compatible LIST design had to be significantly
simplified and the number of components and potentials applied
was reduced to an absolute minimum. The unit nowadays comprises
two circular electrodes, which act as a repeller at the entrance and as
a well-defined end electrode at the exit, both with an outer diameter
of 38 mm and a central bore of diameter of 7 mm (11 mm). These are
positioned at both ends of a cylindrical aluminum chamber of
100 mm (90 mm) length and 38 mm diameter. This widely closed
structure shields the laser ionization region inside the LIST from
any influences of the strong electric field of the extractor. Apart from
small potentials applied purposely to the repeller or end electrode a
longitudinally field-free region in the LIST is produced. lons created
inside the LIST will thus exhibit a narrow energy distribution and
may correspondingly be extracted with low energy spread. Four rods
of 98 mm (88 mm) length and 10 mm diameter are mounted parallel
to the axis of the LIST cavity, equally spaced at a radius of 15 mm
from the axis of the device. These rods form the RFQ ion guide struc-
ture. By application of the proper radio frequency (RF) amplitude
they provide transverse confinement of ions within the LIST during
their longitudinal drift towards the extraction potential. A sinusoidal
RF signal with Ugs = 1.2 MHz (1.15 MHz) frequency and up to
Urr = 500 V,, amplitude is applied to the rods. The signal is reversed
between adjacent rods to generate the radial quadrupole potential.
In the present realization the LIST device uses just the RF potential
at the four quadrupole rods and a single DC potential at the repeller
electrode of up to U, = £500. The effect of an additional DC poten-
tial at the extractor was tested during off-line test 1, but no improve-
ment of the ionization efficiency was observed for a negative bias.
The tests suggest that the extraction field that is penetrating through
the extraction electrode is sufficient for efficient extraction of the
ions from the LIST cavity. In order to reduce the complexity of the
setup, the DC potential at the extractor was therefore removed for
the on-line run 1 and all experiments thereafter. Correspondingly,
only two vacuum feedthroughs for symmetrically introducing the
RF potentials and an additional one for the DC repeller voltage had
to be provided supplementarily at the LIST target/ion source unit.
However, a possible effect of a DC potential on the extraction elec-
trode and the LIST housing to the energy spread and the emittance
could be subject of future experiments and simulations.

Laser ionization will take place wherever there is a suitable
overlap between the cloud of effusing atoms and the laser radia-
tion. This includes the volumes inside the transfer line, the hot cav-
ity, and finally along the central axis of the LIST structure.

The setting of the repeller voltage and its polarity determines
the mode of operation of the LIST:

Ion guide mode:

The ion beam comprises ions that were produced in the hot cavity
and along the longitudinal axis of the LIST. A negative repeller volt-
age enables and even enhances passage of hot cavity ions. The LIST
RFQ operates as an ion guide for transport of the ions to the extrac-
tion field that is penetrating through the extraction aperture into
the LIST.

LIST mode:

A suitable positive voltage repels all ions that are created inside the
transfer line and the hot cavity by surface ionization or laser ioniza-
tion so that only neutral atoms enter the LIST. Only the fraction of ions
that were laser ionized inside the LIST reach the ISOLDE beam line.

2.3. The ISOLDE off-line mass separator setup

The ISOLDE facility at CERN provides a dedicated off-line mass
separator facility for development, conditioning and testing of

target/ion source units, which is described e.g. in [20]. The front-
end geometry and the ion optical elements closely match those
of both, the ISOLDE GPS (General Purpose Separator) and HRS
(High Resolution Separator) front-ends, to allow for direct installa-
tion of standard ISOLDE target/ion source units. Beams of stable
isotopes are extracted with up to 60 keV ion energy, mass analyzed
in a 60° sector field magnet and can be detected using either a Far-
aday cup (FC) or a micro-channel plate (MCP). For testing the LIST
performance, the corresponding target units prepared for subse-
quent on-line installation, were installed there first. Mass marker
fillings of ytterbium, cesium (Cs) and rubidium (Rb) were used to
dispense laser and/or surface ionizable species as required. For res-
onance ionization, a Nd:YAG laser pumped system consisting of
two RILIS Ti:Sa lasers (Mainz University design) [31], operating at
10 kHz repetition rate, was installed close to the separator magnet.
The Ti:Sa lasers were initially tuned to the ionization scheme for
ytterbium, as shown in Fig. 3, involving frequency tripling of one
of the lasers. The set of measurements, as performed with this
arrangement off-line, included transmission studies through the
LIST in both, ion guide- and LIST mode by application of so-called
repeller scans; investigations on the achievable selectivity, and
the determination of the overall ionization efficiency in both
modes using calibrated amounts of sample material in the mass
markers.

2.4. On-line implementation of the LIST at ISOLDE

For on-line operation of the LIST at the ISOLDE front-end several
specific technical requirements had to be met:

(i) High radiation level.
The LIST has to endure the harsh conditions at the target
front-end. Reliable operation in a permanent radioactive
level of up to 1kGy/h in the direct vicinity of the target
and in a high-temperature environment of > 1500 °C must
be ensured routinely for many days to weeks. After irradia-
tion with protons, the target unit remains highly activated
and inaccessible for any handling or inspection. No error
analysis, maintenance or repair is possible in the event of a
failure of a LIST component. Correspondingly, all electrically
insulating components of the LIST are manufactured from
radiation hard and temperature resistant materials (Boron
Nitride (BN) or PolyEther Ether Ketone (PEEK)) and total
quality management of the assembly procedures was
attempted as a protective measure.

(ii) Transport of electrical potentials and signals to the LIST target/
ion source unit.
Due to the extended concrete shielding enclosure of the ISO-
LDE target area, the RF-signals and the repeller voltage had
to be applied via about 20 m long cables which connect
the power supplies located in the high-voltage (HV) cage
outside the shielding to the high-voltage platform of the
front-end through a long insulator tube. For low loss trans-
mittance of the RF signal an impedance matched cable was
used. The sinusoidal RF signal is transmitted as a single-line,
low voltage (Ve < 50 V) signal from the amplifier mounted
in the external HV cage to a transducer box attached to the
LIST target to minimize high-frequency radiation losses
along the cable at the frequencies around 1 MHz and corre-
sponding signal distortion. A photograph of the complete
LIST/target assembly for the on-line run 1 including the
transducer box is shown in Fig. 4. This box is a genuine part
of the LIST target/ion source unit, being mounted about
50 cm above the ISOLDE target/ion source container. It
houses an inductor-capacitor (LC) circuitry, which converts
the single line, low voltage RF-signal into a symmetric volt-
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Fig. 3. Laser ionization schemes for ytterbium (Yb) and magnesium (Mg) as used in the experiments.

Fig. 4. LIST 1 target before the installation into ISOLDE for on-line run 1: The main
components are: (1) transducer box, (2) support for transducer box, (3) RF-
connector, and (4) opened target.

age of up to Ugr = 500V}, which is applied to the quadru-
pole rods of the LIST RFQ via two low-loss electrical vacuum
feedthroughs. This arrangement ensures minimum signal
degradation and power loss along the transfer cable length.

(iii) Handling and coupling of the LIST target by the ISOLDE front-

end robot.
To ensure reliable remote handling and coupling of the LIST
target to and from the ISOLDE GPS front-end by the ISOLDE
industry robot, a specially designed mount for the trans-
ducer box at the target unit and a corresponding plug con-
nector for the RF line was installed at the LIST target/ion
source unit as shown in Fig. 4. This allows for secure auto-
matic coupling of the complete unit to the GPS front-end
in a way to not restrict the robot movements or to alter
the center of gravity of the assembly.

(iv) Remote control of LIST parameter settings and data acquisition.
Access to the electronic equipment in the HV-cage is impos-
sible during ISOLDE operation. Power supplies for RF and
repeller voltage were thus equipped with input connections
via glass fibers, which allow for the remote control of these
electronic units. A LabVIEW based LIST control system was
developed and integrated into the RILIS control system [32].

2.5. On-line setups in use

During the on-line run 1 the conventional RILIS laser system was
used. The wavelength was tuned to the ionization scheme for mag-
nesium, as shown in Fig. 3. The setup consisted of two Sirah Credo
dye lasers that were delivering radiation to drive the first two res-
onant transitions and part of the 532 nm output of the pump laser
(frequency doubled Edgewave Nd:YAG) was used for the non-reso-
nant ionization step. One of the dye lasers was frequency-doubled
to provide the necessary UV-photons for the first excitation step.
More details of the RILIS laser system are found e.g. in [14]. Before
the installation at the GPS front-end, this target/ion source unit
was prepared with an uncalibrated magnesium sample in one
mass marker for initial testing and optimization and one calibrated
magnesium mass marker of 2.4 - 10'® atoms for an ionization effi-
ciency measurement. All extracted ion beam intensities above
0.1 pA were measured with the ISOLDE Faraday cups. For less
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intense beams of radioactive isotopes, the yields were determined
using the ISOLDE tape-station, which is equipped with sensitive j3-
and y-detectors.

For the on-line run 2, the RILIS lasers were tuned to magnesium
for the setup and testing procedure in the beginning and for com-
parison with the on-line run 1 and were then configured for the
ionization of polonium, including a tunable, bandwidth-reduced
Ti:Sa laser for laser spectroscopy purpose. The radioactive magne-
sium ions were detected by the ISOLDE tape-station and the polo-
nium ions were detected with the KU Leuven Windmill setup for
the detection of a-emitters [33]. For more details of the setup of
on-line run 2, we refer to our other publications [25,30].

3. Experimental results
3.1. Quantification of selectivity and efficiency of the LIST

The performance of the LIST can be characterized by a limited
number of parameters: the laser ionization efficiency e, the selectiv-
ity S, the LIST suppression factor LSS, and the LIST efficiency loss factor
LLF.

The ionization efficiency € of an ion source is defined in general
as

. Number of ions emitted from the source
" Total number of atoms in the initial sample

(1)

This quantity is most reliably determined by measuring and inte-
grating the ion current during the entire evaporation of a carefully
calibrated sample of the element of interest. Unfortunately, this
type of absolute efficiency measurement is both, time consuming
and error prone, and may not be applied under on-line conditions.
Somewhat less expressive but very simple and more practical is
the approach to access the relative LIST efficiency by comparing
the LIST mode and ion guide ion currents. Since the LIST implies
laser ionization outside the confinement of a hot-cavity, a signifi-
cant reduction in efficiency is unavoidable. In addition, it is
expected that laser ionization inside the hot-cavity also contrib-
utes to the loss factor since a small fraction of atoms correspond-
ing to the RILIS laser ionization efficiency is already laser ionized
inside the hot cavity before reaching the RFQ and are thus
repelled by the repeller voltage together with the contaminants.
These effects lead to the total LIST loss factor in efficiency, LLF,
which is defined as

Laser ion intensity in ion guide mode

LLF = — —
Laser ion intensity in LIST mode

(2)

The selectivity S in an ion beam experiment can be defined as

_ Ion intensity of the isotope of interest
"~ lon intensity of contaminants for similar conditions

3)

Unfortunately, the quantity of the selectivity can not be determined
easily in most cases. Its value may even furthermore depend on the
specific origin of the contaminants, i.e. atomic or molecular isobars,
contributions from neighboring masses or unspecific background
from radioactivity or electronics. Correspondingly, isotopic, isobaric
or overall selectivity may in principle be defined separately, while
individual contribution are usually not distinguishable in the exper-
iment. The primary goal of the LIST is the increase of the selectivity
by removal of surface ionized contaminants from the ion beam by
the repeller voltage (LIST mode). The strength of this suppression
in LIST mode relative to ion guide mode is given by the LIST suppres-
sion factor LSF

LSF — Ion intensity of contaminant in ion guide mode
~lon intensity of contaminant in LIST mode

(4)

3.2. Modes of LIST operation

There are only two parameters which determine the mode and
optimum operation of the LIST:

(i) the amplitude of the RF voltage, which is chosen according
to the mass of the element of choice and

(ii) the repeller voltage, which must be separately optimized for
choosing either the selective LIST mode or alternatively the
highly efficient but significantly less selective ion guide mode
(IG mode).

3.3. Setting of the proper RF potential

The influence of the amplitude of the RF voltage on the perfor-
mance of the LIST in both, LIST or ion guide mode, has been investi-
gated and optimized during the whole set of off-line and on-line
measurements. Final results were obtained during the off-line test
2 at the ISOLDE off-line mass separator. Transmission through
the LIST RFQ ion guide was studied as a function of the applied
RF-potential for various isotopes along the mass range of 23 to
174 u. A negative repeller potential of —50V was applied in ion
guide mode for the extraction of surface ions of sodium (Na), cal-
cium (Ca), rubidium (Rb) and cesium (Cs) from the hot cavity.
Comparison between LIST and ion guide mode was made by using
laser ionized ytterbium, for which the repeller voltage was set to
Urep = +7V and U, = —100V, respectively. Fig. 5 shows the ion
current as a function of the RF amplitude for all species mentioned.
The ion current measurements were normalized to the maximum
ion current that was recorded for each isotope. In the left figure,
the LIST transmission in ion guide mode is shown. According to
the stability diagram for a non-ideal quadrupole structure of finite
length, operated in RF-only mode [34], the curves exhibit a mass
dependent, characteristic shape: starting from low RF potential a
steep increase leads to a mass dependent optimum transmission
followed by a slow decrease until the upper end of the first stability
range is reached (visible e.g. for 2Na at Ugs ~380V,,). As
expected, the optimal RF amplitude is higher for higher masses,
while a strict proportionality, as predicted by theory, is not
observed. This discrepancy is attributed to influences of the fring-
ing field at the entrance, which affects transmission curves of the
different elements differently.

The right graph in Fig. 5 compares the transmission of laser
ions, i.e. laser ionized '74Yb, in ion guide mode (U, = —100V)
and in LIST mode (U, = +7 V). In ion guide mode the ion current
develops rather identical to the behavior of the surface ionized ele-
ments. It peaks for an RF-signal of about 150 V and decreases for a
further increase of the RF amplitude. The rather large RF value at
the maximum value is related to the significantly higher repeller
voltage of (U, = —100 V) and the interference of this electric field.
In contrast, for the LIST mode the ion current of ytterbium reaches
its maximum already at a much lower RF amplitude of less than
100V and remains almost constant for any further increase of
the RF amplitude up to the maximum of Ugr =400 V,,. This
severely different behavior is ascribed to the very different location
and initial conditions of ionization. In LIST mode laser ions are gen-
erated in a well-defined cylindrical volume with diameter of
~ 3 mm along the RFQ axis. Apart from the avoidance of the fringe
field before the RFQ entrance, the atoms thus have very low trans-
verse kinetic energy and, correspondingly, interact only with the
innermost part of the quadrupole potential. In addition they expe-
rience only a reduced quadrupole length depending on their point
of formation. As a final discrepancy to the ion guide mode, the
repeller voltage in LIST mode is only Uy, = +7 V and interferes
much less with the quadrupole potential of the LIST. As has been
verified qualitatively by simulation, these factors lead to a stability



D.A. Fink et al./ Nuclear Instruments and Methods in Physics Research B 344 (2015) 83-95 89

T

T T T T

T T T T T
lon guide mode (U ___=-50V)

rep

—
LIST 2, off-line test 2:

<

£

3

O

c

o

3

N Surface ionized isotopes

E 723Na

£ —*Ca

o 85

Z g1l —"Rb |

: L 133C5 4

1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 ]
0 50 100 150 200 250 300 350

RF-Amplitude (Vpp)

T T T T T T T T T T T T T T T
LIST 2, off-line test 2: lon guide mode vs. LIST mode
LIST

€ e
@ ,
t 4
3 lon guide 1
c ]
o
)
@
N
©
£
2 Laser ionized "™Yb:
- - - LIST mode (U, =+7V)

01
[ ——lon guide mode (U, =-100V)

1 n 1 n 1 n 1 n 1 n 1 n 1 n 1

0 50 100 150 200 250 300 350
RF-Amplitude (Vpp)

Fig. 5. Measurements of the ion transmission through the LIST RFQ ion guide conducted at the ISOLDE off-line separator with LIST 2 during off-line test 2. For each species, the
ion current is normalized to the maximum ion current that was measured and is given as a function of the RF voltage applied to the rods of the RFQ ion guide. Left: surface
ionized 2*Na, 4°Ca, ®Rb and "*3Cs ions in ion guide mode (U, = —50 V). Right: laser ionized '74Yb in LIST mode (Urep = -+7 V) compared to ion guide mode (Uyep = —100 V).

range, which is significantly extended towards lower as well as
higher RF potentials in comparison to the situation of the ion guide
mode. The selection of the amplitude of the RF voltage thus is not
critical in a wide range for the preferable operation of the LIST in
LIST mode, while ion guide mode operation does require proper
adaptation depending on the mass range of interest.

3.4. Switching between LIST and ion guide mode

The highly selective LIST mode can be set by applying a range of
positive repeller voltages, for which the suppression of surface ion-
ized ions is highest, while ion guide mode is chosen by applying
repeller voltages, for which the intensity of the laser ionized iso-
tope of interest is highest. Corresponding optimization was carried
out by scanning the repeller voltage in a wide range of —220 to
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Fig. 6. lon current of laser ions (dashed red line, laser on) and surface ions (solid
black line, laser off) of '74Yb as a function of the repeller voltage, measured at the
ISOLDE off-line separator during the off-line test 1 with LIST 1. The regions of ion
guide (IG) and LIST operation are indicated as hatched fields. The definitions of the
LIST efficiency loss factor LLF and the LIST suppression factor LSF are illustrated in
the figure: LLF is the ratio of the ion current in ion guide mode (a) and the ion current
in LIST mode (b); LSF is the ratio of the ion current in ion guide mode (IG mode) (c)
and the ion current in LIST mode (d). The latter is limited by the Faraday cup read-
out noise. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

+220 V. A typical result from off-line test 1 with LIST 1 is illustrated
in Fig. 6. Here, the repeller scan gives ion currents of both, laser and
surface ionized '7#Yb, as a function of the repeller voltage. The ion
current has a rather flat, extended maximum in the range of nega-
tive repeller voltages peaking at —55V to —25V, which corre-
sponds to optimum ion guide mode. Ideal LIST mode repeller
voltage is reached when the surface ionized ytterbium ion current
is fully suppressed, i.e. falls below the detection limit of the Fara-
day cup. This is the case above U, = +5 V with a rather constant
trend for positive voltages above that value. A very minor increase
in the ion currents, which is observed from around U, = 425V to
+60V, is ascribed to electron impact ionization by electrons emit-
ted from the tantalum surface of the hot cavity. The slight decrease
of the laser ion source current in LIST mode for growing positive
repeller potential is caused by disturbances and defocussing effects
of the repeller potential at the laser ionization region close to the
electrode. Optimum LIST operation is thus obtained at repeller
voltages of U, = +7V to +12 V. The corresponding two voltage
regions for LIST or ion guide mode are indicated in Fig. 6 as hatched
regions.

3.5. Time structure of the LIST ion pulse

The time structure of the laser ionized ion bunch from the LIST
was studied on 2*Mg during the on-line run 1 at ISOLDE. The ion
arrival time was recorded at the micro-channel plate (MCP) detec-
tor with respect to the laser pulse timing. The MCP was located
approximately 20 m downstream in the ISOLDE beam line. Data
was taken for three different settings of the repeller voltage
(Uep =47V, +10V and +40V), as shown in Fig. 7. For each
time scan, the observed ion bunch structure is comprised of three
individual components, labeled (A) to (C) in the figure, i.e. two sep-
arate rather short peaks (A) and (B) and an extended tail (C) of peak
(B) that shows a repeller voltage dependent substructure. An
attempt was made to reproduce these structures and dependencies
using a mathematical model. The time-independent longitudinal
potential distribution inside the LIST was simulated with the com-
mercial software package Charged Particle Optics© (CPO®©), taking
into account the penetrating potential of the ISOLDE extraction
electrode. CPO is a software for the accurate simulation of electro-
static potentials of ion optical elements using the Boundary Element
Method [35]. For subsequent calculation of the ion flight times, the
potentials inside the LIST were approximated by empirical func-
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Fig. 7. Time structure of laser ionized 2*Mg for repeller voltages of
Urep =+7V, +10V and + 40V measured with LIST 1 during on-line run 1. The
time of flight (TOF) is given with respect to the first peak (peak A) in the spectrum at
t =29.725 ps, which corresponds to the time of flight through the mass separator
to the experiments. The ion counts of each spectrum are normalized to peak (A). In
addition to peak (A), a second, more intense peak (B), whose time and strength
varies with the repeller voltage, and a rather broad structure (C) can be identified.

tions. The effusing atomic beam was inserted in a simple model
with a divergence of a constant angle. This leads to an atom density
that is inversely proportional to the square of the distance from the
repeller electrode. The time of flight was then calculated for a set of
initial starting positions and velocities, weighted by the Maxwell
velocity distribution n for a hot ion source cavity temperature of
T = 2000 °C. Fig. 8 shows the resulting calculated time structure
for the identical repeller voltages U, =7 V,10V and 40 V.

Almost surpassing the expectations, this simple simulation
reproduces all three main features, peak (A), peak (B) and tail (C)
of the measured time structure well; in particular the dependence
of the positions and the widths of the individual peaks (B) on the
repeller voltage agree very well with the measured values. The rel-
ative intensities of the measured and the simulated peaks agree
less well. In particular, the propagation of the tails (C) is overesti-
mated, which might be explained by the fact, that in this simplified
model, the acceptance of the RFQ or any angular preference of the
laser ionization process is not considered. The calculated
dependence of the intensity of peak (B) for increasing repeller volt-
ages seems realistic, while the experimentally observed deviation
from this trend for Uy, =7 V could have been induced by some
instabilities in the ion source during the measurement. Obviously,
also the weak substructure observed in the tail (C) was not repro-
duced, but may be explained by the influence of the RF-potential
that was not considered in the simulations. Nevertheless, the sim-
ulated time structures allows for the explanation of the three dom-
inant components, (A)-(C) as follows:

Peak (A) appears after the minimum flight time of ~ 30 ps and is
unaffected by a change in repeller voltage. It is attributed
to ions that are created very close to the exit of the LIST.
Here, the strong potential of the extraction electrode
penetrates into the LIST cavity and produces a sharp time
focus. It contains only very few ions, as the origin is far
from the ion source hot cavity exit hole.

Peak (B) This most intense peak of the time structure shows an
intensity and temporal appearance that is strongly
dependent on the repeller voltage. It is attributed to ions
created close to the repeller electrode, i.e. within the
extension of the repeller field, where the atom flux den-
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Fig. 8. Simulated LIST 1 time structure for U, =7V, 10V and 40 V. The time of
flight (TOF) is given with respect to peak (A) and the count rate is normalized to
peak (A).

sity is highest. The time of flight crucially depends on the
repeller potential defining the ion energy during their
drift along the LIST axis, while the peak widths repre-
sents the initial energy distribution of the ions.

Tail (C) For those ions created along the entire length and in par-
ticular at the central part of the LIST RFQ structure, the
ion arrival time is affected by the individual position of
origin of the ion and the phase of the Rf field. In addition
the initial thermal velocity of the atom plays a more vital
role. Correspondingly this component, i.e. the tail of peak
(B) is not at all symmetrical, broader and even shows
some substructuring by the RF frequency.

As expected, inside the LIST, the majority of the ions are created
close to the repeller electrode, where the atom beam density is the
highest. This is visible in the integrated area of peak (B), which is
specifically large for low repeller voltage settings. In the case of
the experimentally determined time structure shown in Fig. 7,
peak (B) accounts for more than 60% of the ion signal. This is more
than was calculated for peak (B) in the simulations, where the ions
were distributed equally between peak (B) and tail (C). The more
intense and broader structure of the simulated tail (C) implies that
the atom density far from the repeller is over-estimated by the
model.

As a consequence a further gain in efficiency in LIST mode was
expected by minimizing the gap between the hot cavity exit and
the repeller electrode from 5 mm during on-line run 1 to lower val-
ues in order to increase the atom density behind the repeller
potential barrier. This could in fact be demonstrated during the
on-line run 2 with the slightly modified LIST 2 [25] setup, where
the distance of the LIST quadrupole structure to the hot cavity exit
was reduced to 2.5 mm. As a result, the LIST mode ionization effi-
ciency was increased by a factor of 2.5, corresponding to an
improved LLF = 20 for LIST 2.

3.6. Selectivity

In the repeller scan of Fig. 6, surface ionized 174Yb is suppressed
in LIST mode to the Faraday cup detection limit. This prevents the
accurate evaluation of the LIST suppression factor in this case.

Fig. 9 shows wide range mass scans of surface ionized isotopes —
with lasers turned off - in the mass range from 20 u to 75 u and
from 125 u to 180 u measured at the off-line separator with LIST
2 during the off-line test 2. In ion guide mode, >Na, 2’Al, 3%41K,
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LIST 2 during off-line test 2. Surface ionized isotopes are suppressed to the noise level of the Faraday cup, except for the alkaline elements, which are ionized by electron
impact ionization behind the repeller. Laser ionized ytterbium (Yb) is visible in LIST mode with a LIST efficiency loss factor of ~ 50 with respect to ion guide mode, as given by

the red line (see color on-line).

40Ca, 46-°°Tj and their oxides (TiO), °>3Cr, 5%71Ga, '33Cs, 134-138B,,
and 168 170-174.176y}, are observed as well as some unspecific, weak
background in the mass region of 34 u to 45 u. In LIST mode only
the alkaline elements sodium, potassium, cesium, and the unspe-
cific background around 34 u to 40 u remain visible above the
detection limit of the Faraday cup, while all the other species are
fully suppressed. Laser resonant ionization of ytterbium enhances
its contribution by about two orders of magnitude in both opera-
tion modes of the LIST, with a LIST mode efficiency loss factor of
~50 with respect to ion guide mode, as indicated in the figure by
the red line (see color on-line). The insufficient suppression of
the alkali metals is explained by considering alternative ionization
mechanisms other than surface ionization, i.e. electron impact.
Anyhow, this effect is only observed if a large deposit of these
atoms has condensed on some of the cold structures downstream
from the hot ion source cavity. In addition it is enhanced by the
extensive outgassing of the target during the initial conditioning
phase or by contamination of the structures during production
and assembly. The almost complete absence of this contribution
for radioactive alkaline isotopes supports this explanation as fur-

LIST 1, on-line run 1 surface ionized

— i

1E-8

ther described below. For optimizing the LIST for radioactive iso-
topes with low production rates, it is too time-consuming and
thus rather impractical to entirely perform extended repeller
scans. Instead ion count rates were measured at predetermined
optimal ion guide and LIST mode repeller voltage settings. For deter-
mination of these values a repeller scan on surface ionized stable
48Ti was measured under on-line conditions during on-line run 1,
as given in Fig. 10. It shows a significantly different behavior to
expectation for positive repeller potentials, i.e. LIST mode. As
expected, an LSF of 4400 was determined for low repeller voltages,
while a strong increase in the ion current by more than one order
of magnitude was observed for further increasing positive repeller

Table 1

lon intensities in ion guide mode (I,c) and LIST mode (I;;st) and LIST suppression factors
(LSF) of several stable and radioactive isotopes obtained at the ISOLDE off-line and on-
line separator. Half-lives of radioactive isotopes are given in brackets. 2!?>?Na were
measured with the tape station, while the stable isotopes were measured with a
Faraday cup. The results for the on-line run 2 with LIST 2 were discussed in [25] but
are shown for completeness: Sodium and potassium were measured with the tape
station, 2'?Fr was measured with a Faraday cup, and 2°>2'2Fr were measured with the
IKS Leuven Windmill o-detector [33]. If the ion intensity was below the background
level of the Faraday cup, the tape station or the Windmill detector, the background
was subtracted and a conservative value of the LIST ion intensity (given in brackets)
was estimated from the background fluctuations or the statistical uncertainty,
respectively.
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Fig. 10. Surface ionized “Ti ion current as a function of the repeller voltage
measured under on-line conditions at ISOLDE with LIST 1 during on-line run 1. A
suppression of 4400 is observed in LIST mode (U, ~ 8 V) with a strong increase of
interfering contamination for higher positive repeller potential.

Off-line Iig Iust Unit LSF

LIST 1

28N, 75 0.4 pA > 230
48Tj 145 0.08 pA > 1800
174yp 31 0.08 pPA > 380
On-line

LIST 1

2Na@as ) 16.10° 100(10) counts/uC > 16000
23Na( stable) 85 0.4(1) PA > 280
2%Na(1.07 ) 39.10% 100(10) counts/uC > 3900
3K, stable) 410 2.0(1) pA > 230
BT rapley 3500 0.9(1) pA > 4400
LIST 2 [25]

2Nag.07 s) 7.5.10% 50(7) counts/uC > 10700
*Naug ms) 1437 125(11) counts/uC > 130
K105 5 13.10* 50(7) counts/pC > 1850
205Fr (397 4 63520 25 counts 2540
228500 min) 80 1.15 pA 70

220Fr 074 5 15379 412(20) counts > 770
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Table 2

lon intensities in ion guide mode (lic) and LIST mode (Iysr) and LIST loss factors (LLF) of stable and radioactive isotopes. Half-lives are given in brackets. Stable isotopes were
measured with a Faraday cups (0.08 pA background) and radioactive isotopes were measured by the tape station (100 counts/pC background). The results for the on-line run 2 are
shown for completeness [25]: magnesium was measured by the tape station and polonium was measured by a Faraday cup.

Off-line Iig Iust Unit LLF
174Yb, able) 1280 pA 51

On-line

LIST 1

24Mg( stable) 250 PA 51

*"Mg .46 min) 2.5.10° 45.10% counts/uC 56

LIST 2 [25]

3OME 335 m) 8.10% 4000 counts/pC 20

2080, 805 y) 3 pA 10

potential. This situation of strongly diminishing the LIST selectiv-
ity, is ascribed to the bad vacuum conditions related to the strong
outgassing on-line target and strong electron impact ionization in
this regime within the LIST structure. The choice of a low repeller
potential around U,e, = +7 V for LIST mode and corresponding low
electron acceleration avoids this effect.

An overview of the measured suppression factors under differ-
ent experimental conditions is given in Table 1. Here, either the
background fluctuations of the Faraday cup of +0.1 pA or the sta-
tistical uncertainty v/'N of the ion counts was taken as an upper
limit for the LIST mode and background ion count rate, depending
on the detector in use. For the stable isotopes of the alkaline ele-
ments sodium (Na) and potassium (K) the measured suppression
factor was particularly and unusually low, in contrast to the radio-
isotopes of these elements as well as to the stable isotopes of tita-
nium. This finding is ascribed to alternative ionization processes
for all elements with particularly low ionization energy such as
the alkalines, as has been pointed out above. The low LIST suppres-
sion factor obtained for stable ytterbium is limited by a too low
overall ion current in LIST mode below the detection limit of the
Faraday cup and thus represents only a lower limit. In a further
test, the influence on the two radioactive isotopes of sodium with
mass numbers A =21 and A = 26 was studied, which could con-
taminate a desired magnesium ion beam in this mass range. The
suppression of 21?°Na was determined with the g-detector of the
ISOLDE tape station. A LIST suppression factor of more than 1000
was observed for both.

The results of the on-line run 2 were discussed in detail in [25].
In summary, the surface-ion suppression of LIST 2 is similar to that
of LIST 1, exemplified by the results for 2°Na. This demonstrates
that the small changes to the LIST 2 did not affect the LIST perfor-
mance negatively. However, for the on-line test of LIST 2, the sup-
pression factor for several isotopes as 2'?Fr is poor, whilst for other
isotopes of the same element, such as 22°Fr the suppression factor
remains high. This isotope-dependent effect is explained by radio-
active decay of neutral atoms that pass undisturbed through the
repeller potential and condense on the relatively cold structures
of the LIST. A fraction of the recoiling decay products of these
atoms are captured inside the LIST to form a portion of the
extracted ion beam. For a further discussion of these additional
ionization mechanisms inside the LIST, we refer to our publications
[25,30].

LIST efficiency loss factors LLF were measured for stable 174Yb at
the off-line separator and for different stable and radioactive mag-
nesium isotopes on-line. The results of on-line run 1 amount to a
typical reduction factor of 50, as visible e.g. in the repeller scan
of Fig. 6 for 174Yb, or in the mass scans shown in Fig. 9. During
on-line run 2 a reduced LIST loss factor of only 10 in the case of
polonium to 20 in the case of magnesium was observed [25]. Com-
paring these results to the LIST loss factor of LIST 1 with magne-
sium leads to an overall improvement of the laser ionization

efficiency in LIST mode of a factor 2.5. The improvements are
ascribed to the reduced distance of LIST 2 to the hot cavity and
the corresponding better overlap of the lasers with the atomic
beam entering the LIST as discussed in the previous section. All
data measured are compiled in Table 2.

3.7. Absolute laser ionization efficiency

During the off-line test 1 the absolute laser ionization efficiency
in LIST mode was determined using a calibrated mass marker of
6.9 - 10" atoms of natural ytterbium. Taking into account the nat-
ural abundance of 31.8% of '74yb, this corresponds to 2.2 -10™
atoms on this mass. Fig. 11 shows the development of the '74Yb
ion current in LIST mode during the efficiency measurement as a
function of time. The atoms were evaporated during a period of
approximately 4 h by a stepwise increase of the mass marker tem-
perature while the ion source cavity was kept at an optimum tem-
perature. The steps and spikes in the data-set correspond to
occasionally blocking of the lasers for background determination
as well as to the switching from LIST to ion guide mode for verifica-
tion of the stability of the LIST performance during the
measurement.

A quantitative value for the LIST overall ionization efficiency
was estimated by interpolating the ion current with an exponential
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Fig. 11. Ytterbium ion current of an ytterbium-sample that was fully exhausted
during 4 h at the off-line separator (off-line run 1) with LIST 1 for an efficiency
measurement. The steps visible in the trace are due to the following actions: (a)
initial temperature increase of mass marker, (b) laser blocking for Faraday cup
background determination, (c¢) switching to ion-guide mode for comparison, (d)
laser blocking in ion guide mode for surface ion background determination, (e)
return to LIST mode, (f) mass marker temperature increase and (g) intentional mass
marker temperature decrease for test of reproducibility. These procedures were
repeated as indicated in the figure.
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function over those periods, when the LIST was in ion guide mode or
when the lasers were blocked for background measurements. The
integral of the interpolated ion signal amounted to 4.4 - 10" atoms
of 174Yb. This corresponds to a laser ionization efficiency in LIST
mode of €yst1 = 0.2%. This value is about twice as high as obtained
in previous studies on gallium at an off-line separator [24]. Multi-
plying with the LIST efficiency loss factor of LLF = 50 as extracted
from Fig. 11, the efficiency in ion guide mode reaches € = 10%,
which agrees well with the expected typical ionization efficiency
obtained for standard RILIS operation [14].

For verification of this promising result, a similar procedure was
applied during the on-line run 1 for a second, independent determi-
nation of the overall LIST ionization efficiency. A calibrated sample
of 2.5 - 10'® atoms of stable magnesium was released from a mass
marker oven into the RILIS on-line ion source cavity during a per-
iod of about 12 h. Fig. 12 shows the Mg ion current as a function
of time with the measurement performed predominantly in ion
guide mode. Occasional measurements in LIST mode are visible in
Fig. 12 as sharp drops in the ion signal by the LIST efficiency loss
factor. The gaps in the data-set correspond to the use of the ion
beam for interlaced test measurements on radioactive isotopes.
To estimate the total numbers of accumulated ions, the ion current
was interpolated between the periods of data taking, once again
with the assumption of an exponential decline of the ion rate with
time. At the beginning of the measurement, 1.5 h were required to
optimize the lasers and the data acquisition system, during which
data could not be taken. For this period, a conservative extrapola-
tion of the starting ion rate was made by assuming a constant ion
rate which corresponds to the first measured maximum value. In
this way, a lower limit of the ionization efficiency of ¢ = 2.5%
in ion guide and €5t 1 = 0.08% in LIST mode was obtained. The
optimistic estimate, indicated as dotted line in the figure, even
leads to €yst 1 = 0.25% in LIST mode, which is in very good agree-
ment with the LIST efficiency of ytterbium measured at the off-line
separator.

In Fig. 12, a slight dependence of the efficiency loss factor on the
ion current is observed with lower values for highest ion currents
around 10 nA, as it was the case in the beginning of the measure-
ment in ion guide mode. Here, the LIST efficiency loss factor LLF was
significantly smaller than the typical value of about 50 as obtained
later during the measurement. The observed behavior is explained
by a space-charge induced reduction in the ion guide efficiency of
these ion currents, which reach rather high values during the short
duration of the laser ion pulses: the laser ion density during the
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Fig. 12. On-line measurement of the laser ionization efficiency in ion guide mode

and LIST mode using a 0.11 pg sample of magnesium. Data was taken with LIST 1
during on-line run 1. For further information see text body.

peak starts to screen the penetrating extraction field of the repeller
electrode as well as the guiding RF field by significant space charge
effects and reduces the ion transport efficiency accordingly. This
situation is not present in LIST mode, where the ion currents are
much weaker. A possibility to overcome this space-charge barrier
in future experiments is to operate the repeller electrode in ion
guide mode at higher voltages than the —50 V that were used dur-
ing these experiments. This has been demonstrated during on-line
run 2, where the ion-guide mode extracted current of 23°U could be
increased for high ion loads by increasing the negative voltage
applied to the repeller electrode. For more details on these mea-
surements we refer to our previous publication [25].

As shown in Fig. 12, an optimistic estimate of the ion guide effi-
ciency can be obtained by extrapolating the magnesium ion cur-
rent in ion guide mode by using the exponential function that
was fitted to the data of LIST mode assuming that the amplitude
and background signal follow the LIST loss factor of 50. This leads
to an upper limit of the ion guide efficiency of €,c = 12.5%, which is
in good agreement with the results of ytterbium obtained at the
off-line separator.

Taking into account the reduced LIST loss factor of only 20
obtained during the on-line run 2, a LIST 2 ionization efficiency of
about €5t ; = 0.6% can be assumed. However, it should be noted
that the ion guide efficiency is not negatively influenced by the
reduced distance of the LIST to the target.

4. Conclusion and outlook

The Laser Ion Source and Trap unit LIST has been tested and its
operational status has been proven in a series of off-line and on-
line measurements at the ISOLDE radioactive ion beam facility.
This was the first on-line operation of such a device at a thick tar-
get ISOL facility. The results obtained on the performance of the
LIST at ISOLDE are consistent with the expectations. They demon-
strate that the LIST acts as an effective means of actively repelling
surface ions, which often severely contaminate RILIS-ionized radio-
active ion beam of the exotic species of interest.

The comparison of the measured time structures of the LIST ion
bunches with ion-optical simulations led to an understanding of
the origin of the different components that were observed. These
results imply that the ionization efficiency increases with a reduc-
tion of the gap between the LIST and the hot cavity exit, due to the
improved useful overlap between the laser beam and the effusing
atom beam. This effect was demonstrated by the improvement in
LIST efficiency for LIST 2.

A surface-ion suppression factor of up to four orders of magni-
tude was demonstrated. For few isotopes, the expected suppres-
sion factor was not achieved in the experiment. Although not yet
fully understood, we believe any isotope dependent reduction in
suppression must be attributed to the radioactive decay of neutral
atom vapour from the hot cavity that passes the repeller potential
and condenses on the relatively cold LIST structures. Future modi-
fications to the design of the LIST will aim at reducing this source of
contamination. The overall laser ionization efficiency of the LIST in
LIST mode (ion guide mode) was determined consistently off-line for
ytterbium to be €51 1 = 0.2% (€ = 10%) and during the on-line
run 1 for magnesium to be at least €5t 1 = 0.08% (€ = 2.5%)
and up to €yst 1 = 0.25% (€c = 12.5%), if the data was corrected
for technical problems and space charge effects. For both measure-
ments, the ion guide mode efficiencies agree with the expectations
from the operation of the conventional ISOLDE RILIS laser ion
source. The LIST efficiency loss factor amounted to typically 50 dur-
ing the on-line run 1, but could be reduced to 20 for the on-line run
2 by reducing the distance between the LIST and the hot cavity
from 5 mm to 2.5 mm. Thus, a LIST ionization efficiency of about
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€enst 1 = 0.6% can be expected for LIST 2 that was in use during on-
line run 2. An additional reduction of the distance between the LIST
and the hot cavity may improve the laser ionization efficiency in
LIST mode further.

Rapid switching from the highly efficient ion guide mode that
closely corresponds to normal RILIS operation to the highly selec-
tive but less efficient LIST mode has been demonstrated success-
fully. In case of high ion-loads of about 10 nA and more inside
the hot-cavity, a significant reduction of the ion-guide mode effi-
ciency was observed due to space-charge effects. Since the space
charge limit increases with an increasing extraction voltage, this
problem can be avoided to a certain degree by operating the repel-
ler at the maximum negative voltage. The LIST-mode efficiency,
however, is not influenced by the hot-cavity ion load.

In conclusion, the LIST has proven its suitability as a robust
device to operate under the harsh on-line conditions experienced
at the ISOLDE front-end, showing no evidence of any degradation
after 48 h of intense proton irradiation. Accordingly, these studies
have paved the way for its application in a variety of future exper-
iments at thick-target, hot-cavity on-line facilities, that demand
highly pure radioactive ion beams for investigations of the most
exotic low-yield short-lived nuclides.
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