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Abstract

The CRIS experiment at CERN-ISOLDE is a dedicated laser spectroscopy setup for high-resolution hyperfine structure measure-
ments of nuclear observables of exotic isotopes. Between 2015 and 2018 developments have been made to improve the background
suppression, laser-atom overlap and automation of the beamline. Furthermore, a new ion source setup has been developed for
offline studies. Here we present the latest technical developments and future perspectives for the experiment.

Keywords: Collinear resonance ionization spectroscopy; CRIS; CERN-ISOLDE; laser spectroscopy; high-resolution; hyperfine

structure.

1. Introduction

The Collinear Resonance Ionisation Spectroscopy (CRIS)
technique [1, 2] combines the high-resolution of collinear fast
beam laser spectroscopy [3, 4], with the high selectivity and
detection efficiency of multi-step ionization, needed to study
isotopes far from stability. These measurements allow nuclear
model independent studies of the electromagnetic properties
of exotic isotopes, such as the nuclear spin, nuclear magnetic
dipole and electric quadrupole moments as well as changes in
mean squared charge radii [5]. States with half-lives as short as
ti2=5 ms (*"Fr) have been measured using this technique [6].

Since 2015 there have been 8 successful experimental cam-
paigns at CRIS measuring exotic isotopes across the nuclear
chart. In the heavy mass region this includes measurements
of the nuclear electromagnetic and decay properties of 2*Fr
[7], 2%Fr [8] and ?*'Ra, 2*3Ra [9]. Where 2Fr was mea-
sured with atomic transition linewidth of 25 MHz [7]. While
in the medium-mass region, measurements of >~82Ga [10] and
73-18Cu [11] were made, with demonstrated sensitivities below
20 ion/s for 78Cu. The most recent campaigns in the Z = 50 re-
gion have resulted in measurements of '°1~13'Tn and '04-120g,
and of the lightest radioactive isotope measurements at CRIS to
date, in the 832K region.

Optimal extraction of nuclear observables from these atomic
systems has required the development of multi-step laser ion-
ization schemes, which has been made possible by an expand-
ing pool of lasers. See the contribution by A. Koszorts in these
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same proceedings [12], which presents the systematics of reso-
nant ionisation. The present contribution describes the develop-
ments of the CRIS setup and its ion source arrangement, which
have underpin these recent measurements. This includes im-
provements to the background suppression, laser-atom overlap
and automation of the beamline. A significant extension to the
range of elements available from the CRIS ion source for high-
resolution measurements is presented. These changes have im-
proved the sensitivity, efficiency, function and versatility of the
CRIS setup.

2. The CRIS beamline

A schematic of the CRIS beamline is shown in Figure 1. A
33° deflector is used to overlap radioactive ion beams, delivered
from ISOLDE following mass separation [13] and bunching in
the gas-filled linear Paul trap ISCOOL [14], with resonant and
non-resonant laser beams. To allow laser spectroscopy on the
atom, the ion beam is neutralised by an alkali metal vapour con-
tained in a charge-exchange cell (CEC) [15] . The non-neutral
fraction is then deflected, and after three differential pumping
apertures the lasers are overlapped collinearly with the atom
bunch in a region of UHV (referred to as the interaction region).

The frequency of the resonant laser step is scanned, allow-
ing an electronic transition from a lower to an upper state. Scan-
ning the laser frequency rather than Doppler shifting the reso-
nance frequency by sweeping the beam energy avoids the need
to compensate for steering of the ion beam with the latter ap-
proach [16]. In order to achieve sub-GHz linewidths, light from
a pulsed Ti:Sapphire injection-seeded laser (20 MHz linewidth)
[17] or alternatively chopped light from a continuous-wave laser
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Figure 1: Schematic of the present collinear resonance ionisation spectroscopy set-up at CERN-ISOLDE. Asterisks highlight new additions to the beamline.

light [18] is used. Linewidths down to 25 MHz have been
obtained with chopped continuous-wave laser light [7]. Light
from a Nd:YAG laser, at a harmonic which exceeds the ion-
ization potential of the atom of interest, is then used as a non-
resonant step to ionize the resonantly-excited atoms.

Since 2018, ions are subsequently detected using a ETP
DM291 MagneTOF™ detector. Due to its construction and
variable gain, it allows direct ion beam detection with a large
dynamic range from single ions to A beam currents. The abil-
ity to tune directly onto the detector has considerably improved
the performance of the CRIS setup. Previously a micro-channel
plate (MCP) detector was used in its place [1, 10, 11]. However
the direct implantation of intense radioactive ion beams resulted
in a shorter useful lifetime of the detector and increased back-
ground rate, compared to the MagneToF detector. The vertical
detector position is now also adjustable in-situ. The installation
of irises before and after the interaction region has improved the
collinear alignment of the atom and laser beams. The irises also
act as apertures for differential pumping, improving the vacuum
in the interaction region, with an aperture diameters reducible
down to the laser and atom beam widths. A rendering of the
iris and actuation system is shown in Figure 4. Both of these
additions have improved the ease and reproducibility of setting
up experiments.

A second MCP is also used with a conversion dynode for
indirect detection of ions by secondary electrons, the ions can
be directed onto the conversion dynode en route to the CRIS de-1o
cay spectroscopy station (DSS). The CRIS DSS [19], is located
at the end of the CRIS beamline and allows for laser-assisted
nuclear decay spectroscopy measurements of the highly-pure
re-ionized beam [20]. The DSS has been improved with tape
station and 8 detection setups, which have extended the decay
modes available for tagging, allowing decay-assisted laser spec-
troscopy. This technique allows for the large background asso-
ciated with non-resonant ionisation from stable isobaric con-
taminants to be removed. The 8 detection setup was used for
the first time to measure 2K [12, 21].

ITINTT
w
o

Figure 2: A rendering of the charge-exchange cell and mounting system.
Isothermal contours are superimposed for a central heating temperature of 200
°C. The upper plate is adjustable by 3 actuators. The vacuum chamber has ver-
tical and horizontal degrees of freedom. The thermal simulation was performed
with COMSOL Multiphysics®.

The previous CEC was replaced in 2017 with a new UHV
compatible chamber and cell. See Figure 2 for a schematic ren-
dering of the design. It has an operation temperature of up to
450 °C and uses a 5-axis adjustable mounting method, allowing
in-situ alignment with smaller transmission apertures. When
loaded with K and the ends heated to below 150 °C, by car-
tridge heaters at its centre, the cell can be passively cooled and
has demonstrated stability for >200 hours. Active cooling of
the stands of the cell with air has also been incorporated.
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Figure 3: Optimization of transmission through CRIS by Faraday cup current,
using the robust conjugate direction search algorithm [22].

Improvements have also been made to increase automation
of the experiment. Pneumatic solenoid valves allow the actua-14s
tion of Faraday cups and gate valves under the control of a Nu-
mato lab’s URMCI16 16-channel relay controller via USB. A
16-channel Keithley 7001 allows the Faraday cup signals to be
switched and measured by a Keithley 6400 picoammeter. Auto-
matic beam transport optimization is performed using the con-15
jugate direction search algorithm developed at SLAC for online
optimization [22], implemented in Python. The algorithm is
gradient-free and has a high robustness to noise on the signal to
be optimized. It can be performed with the signal from Fara-
day cups or the MagneTOF™ detector (when used in low gaintss
mode with the picoammeter), saving crucial person-hours. Po-
tentials are applied to the beamline ion optics using +6 kV and
+10 kV HTP-EHS HV power supplies from ET-System elec-
tronic GmbH. Figure 3 shows an example optimization loop on
a Faraday cup, located at the end of the interaction region. 160

Figure 4: A rendering of the iris and feed-through actuator setup. An additional
feedthrough shown on the left side allows measurement of ion beam current
onto the iris.

3. Control software and data acquisition systems

As the CRIS beamline is continually modified and upgraded,
arobust, user-friendly and modular control software is required.
As new hardware is introduced into the laboratory, the func-
tionality of this software is expanded. Currently, the CRIS
Tuning, Acquisition and Logging (CRISTAL) program con-
trols and monitors i) several different lasers, ii) optical photo-
diodes, iii) a Fabry-Pérot interferometer, iv) two wave-meters,
v) beamline power supplies, vi) ion detectors, vii) temperature
readouts, and other devices. The control of these devices, and
the data stream they generate, all accessible from anywhere in
the laboratory via a student-built network interface protocol.

Figure 5 shows a diagram of the software architecture. Com-
puters that are connected to different equipment run simple scripts
that interface with the hardware. These programs can be given
instructions and can be polled for data through a message-based
network protocol. For this purpose, an intermediate server layer
consisting of two server programs were developed. One server
focuses entirely on polling all the hardware for which it has the
network address, while the other server can send and receive
simple instructions. The third layer is the user-interface layer,
which consists of graphical user interfaces or web programmes
that exchange information with the two server programs. This
architecture thus guarantees that all processes and data streams
stay organized and synchronized, and furthermore exposes key
controls or data streams to the users. All source code is written
in Python and is available upon request '.

A recent addition to the acquisition hardware of the CRIS
experiment is a TimeTagger4-2G, a low cost, mid resolution
time-to-digital converter. This 4-channel TDC is PCle-based
and has a precision of 500 ps. With this card, the time-of-flight
of ions detected by up to four particle detectors can now be
recorded precisely, eliminating the need for discrimination and
coincidence modules. Thus, precise time-of-flight gates can be
made online, during experiments, as well as during offline anal-
ysis, and systematic effects related to e.g. detector saturation
can be investigated in detail.

Furthermore, the energy spread of the ion beam can be mon-
itored and even Doppler-corrected by correlating the time-of-
flight information to the laser wavelength [23]. This is in partic-
ular important when using ion sources with large energy spread,
such as the ablation source presented below.

Laser laboratory
c I GUI | User
Hardware ontrol pe Web | PC
Driver
Control GUI | User
ISOLDE hall server Web pc
\
Hardware Control pe Data \ \| GUI | user
Driver server Web pc
Hardware Control pc GUI | user
Driver Web pc
Hardware Data
Processed data
Instructions

Figure 5: Diagram of the software architecture for the CRISTAL networked
data-acquisition system
4. Background from long-lived high-lying states

The introduction of a non-evaporable getter pump [26] from
, additional differential pumping, and the new UHV CEC cham-
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ber has reduced the pressure to 3(1)x107!° mbar in the interac-
tion region. This value was measured with valves open to the
CEC region at 9x10~8 mbar, while the cell was loaded with Koo
while the ends of the CEC were at 150 °C. This lower pressure
helped reduce collisional background.

The charge-exchange process populates long-lived Rydberg
and other high-lying states, creating a fraction of the atomic en-
semble which have a higher cross-section for laser induced andzos
collisional ionisation, significantly contributing to background
[16]. Although it was initially thought that the deflector after
the CEC would ionize these states, field ionisation plates op-
erated with an electric field strength of 5 kV/cm directly after
the CEC were found to reduce this background rate by a fac-zi
tor of 3, for neutron deficient Sn neutralised (at masses 104-
120) by K and a factor of 8 for neutron rich K (at mass 41)
neutralised by K. A large proportion of this is due to isobaric
and molecular contamination of the ion beam [27, 28] enter-
ing the CRIS beamline. In recent measurements at mass 130,215
an isobaric contamination of 2x107 ions/s was observed from
caesium (identified with the ISOLDE tape station [13]). While
during measurements of potassium at mass 52, 1x10 ions/s of
isobaric contamination was observed. A uranium carbide tar-
get was used in both cases. Using a second high power non-zx
resonant 1064 nm laser pulse to ionize these states between the
CEC and differential pumping, before the interaction region,
has been found to reduce the photo-ionized background by a
factor of 2 [12].

An evaluation of the background from these long-lived, high-
lying states can be seen in the simulation results of Figure 6.
During the charge-exchange processes where ions are neutralised®
by electron capture from K or Na vapours, there is a cross-
section for the exiting neutral atom to be left in an highly-
excited state. Even if the reaction has a large energy deficit the

total fraction of these states populated can be significant due to
the density of states near the continuum. The relative popula-
tion of atomic states for which the ionisation potential of the el-
ement is within reach of Nd:YAG laser harmonics wavelengths
are shown. These are typical non-resonant step laser wave-
lengths used at CRIS. These populations were simulated using a
modified treatment by Rapp and Francis [24? ] to calculate the
cross-section for the initial populations, with final populations
following 120 cm of flight at 40 keV. The de-excitation of the
atoms was simulated using atomic transition data from NIST
[25, 29]. This was performed for ions of elements 1 < Z < 89
neutralised by a K vapour. Although the atomic populations
will be overestimated as many transition rates from these states
are unknown, the relative population in the plot indicates the
level of certainty one can have that these high-lying states will
have a contribution to the background for a given element. For
example for In (Z = 49) and its major isobaric contamination at
ISOLDE for neutron-rich isotopes, Cs (Z = 55), this contribu-
tion can be expected to be significant for 1064 nm light.

A neutral beam [30] of alkali metal vapour from the CEC
and molecular contamination may also contribute to the total
background rate as it creates a volume along the atom beam
path with an effectively worse vacuum, which would increase
the collisional ionization rate. This contribution has not yet
been experimentally evaluated.

5. A simple universal ion-source arrangement

A versatile ion optics arrangement has been constructed to
allow compatibility with multiple types of ion source, and in
principle to produce ion beams of all stable elements. A schematic
diagram of the ion optics arrangement is shown in Figure 7 A).
The arrangement was designed to have an electric field geome-
try which allows the extraction and reshaping of ions produced
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at both positions /. and 4.. Wide acceptance [31] extraction
lenses at 8., 10. and steerers at 9., downstream improve the
stability of the source over time and allow drifts to be compen-
sated.

See Figure 7 B) for a diagram of the electrically isolated®®
system used to control the high-voltages applied to the ion op-
tics. The high-voltages are applied to the elements by 5 and
10 kV Spellman MPS modular supplies controlled by a 0-10 V
analog input. The analog control voltages are supplied from a
16-channel, 16-bit LTC2668 digital-to-analog converter float->*
ing at the ion source potential. This is controlled by SPI serial
interface via a Linduino microcontroller, which has galvanic
isolation to protect against shorting. The microcontroller is in
turn controlled by serial commands issued from a Python inter-
face by USB over a fiberoptic link to the high-voltage cage. The
read-back of the high voltage supplies is also measured over this
connection using a National Instruments USB-6008 analog-to-
digital converter. The ion sources, ion optics and high voltage
supplies are held at a potential up to the supply voltage of 30 kV.
Power is provided to the setup by a 240 V ac mains isolation®”
transformer.

The use of a tantalum surface ion source [32, 33] in position
1. of Figure 7 A) allows effective ionization of elements with
ionisation potentials below 6 eV (the work function of Ta is 4.5
eV) [34], suitable for alkali and rare earth metals. Laser ion-*"°
isation scheme development with K was performed with this
source before the online experiment, with energy spreads of
typically <0.1 eV [35]. At a beam energy of 5 keV, a linewidth
of 40 MHz was reached.

Reversing the polarity of the extractor element 2. Ext.
in Figure 7 A) allows only neutral atoms to escape the surface

300

source, enabling it to be used as an atomic beam unit [36] in
combination with laser beam paths transverse to the atom beam
direction.

A plasma ion source can also be used in position /. (Figure
7) A), allowing ionisation of volatile species such as H, N and
CO, with the use of a hot filament [37]. An electron impact
plasma ion source was used which has energy spreads of <0.1
eV [38] and is capable of delivering uA beams. The use of a
laser ablation ion source has shown the greatest utility for the
experiment [23]. A target ladder of several materials is located
in position 4. (Figure 7 A)) at 45° to the laser windows and
the ion beam path, allowing a pulsed 532-nm Nd:YAG (Litron
LPY 601 50-100 PIV) laser to be focused onto a target with
a spotsize of <1 mm?. A typical fluence of >0.5 J/cm? onto
the target materials is used to create a laser-induced plasma for
extraction by the ion optics. This corresponds to an average
beam current of 50(2) pA into the interaction region of CRIS,
after transmission out of the ion source arrangement through a
90° electrostatic bender and then a 33° electrostatic bender into
the CRIS beamline.

The system reaches equilibrium and produces a stable beam
current after 1 hour, depending upon the target surface and com-
position and the laser fluence used. It has been operated con-
tinuously for over a week. The ablation process is known to be
complex and contains many regimes of ionisation [39, 40, 41].
Energy spreads of 0.1-1 keV are typically observed in the abla-
tion process [42]. However the ablation process gives the ideal
pulsed time structure needed for CRIS, with a high ion bunch
intensity. An estimated ~ 10° ions/bunch at a rep-rate of 100 Hz
have been measured for the ablation of In and Sn targets. At ab-
lation laser pulse fluences of <1 J/cm? very little information is
available, due in part to the detection sensitivity limitations of
other techniques. As demonstrated in our recent work [23] on
13,1151 it is possible to achieve spectral linewidths of 150(20)
MHz with fluences <1 J/cm? by using a configuration with a
near zero electric field strength around the ablation plasma.

It was found to be possible to correct spectra to 40(10) MHz
resolution despite energy spreads of 0.1-3 eV, by using the time-
of-flight data of the resonantly ionized ions recorded by the
TimeTagger4-2G TDC. Gating on the different hyperfine tran-
sition frequencies of ''*!13In also allowed completely resolv-
able time-of-flight peaks for each In isotope mass, as shown in
Figure 8. The resolving power then becomes a function of the
selectivity of the atomic transitions. A selectivity of 2x10* was
reached for 131151n at 20 keV [23].

Ionisation by laser ablation allows the production of ion
beams of almost any element or molecule, provided it can be
contained within a solid matrix to be ablated [43, 44]. Many
initial charge states are produced and can be selected electro-
statically [45]. This new source has supported the development
of laser ionisation schemes of In, Sn and BaF.

6. Outlook

Further progress has been made in streamlining the CRIS
setup since 2015 [2], and reaching its theoretical sensitivity and
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efficiency, through understanding the systematics of the tech-
nique and increasing the reliability of its already established
operation. 378

Several areas remain to be fully characterised which may
contribute to further improvement of the total experimental effi-
ciency of CRIS. This includes i) efficient beam transport through
the CEC, ii) increasing the effective number of alkali vapor®®
atoms available for neutralisation, iii) long term stabilization
of the spatial laser-atom overlap within the interaction region,
iv) transport of the resonantly ionized atoms through 20° to the
detector and v) efficiency of the laser-ionisation schemes.

Other planned areas of investigation and improvements in-
clude i) continuous monitoring of atom and laser beam position
and intensities, ii) the introduction of field ionisation of res-
onantly produced Rydberg states [16], iii) energy filtering of**
collisional ions, iv) ion ionisation and v) further optimization
of the DSS setup.
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