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ARTICLE INFO ABSTRACT
Keywords: Collinear laser spectroscopy (CLS) has been performed in a multi-reflection time-of-flight (MR-ToF) device
Collinear laser spectroscopy operated in single-pass mode, i.e., without confining the ions in the ion trap. While our Multi Ion Reflection

MR-ToF device

Apparatus for Collinear Laser Spectroscopy (MIRACLS) aims to increase the CLS sensitivity by storing ions in
Short-lived radionuclides

the MR-ToF device, the present work characterises conventional single-passage CLS as a preparatory step for the

MIRACLS upcoming comparison with MIRACLS’ multi-pass mode. To this end, the isotope shift in the 3s2S, 2= 3p ’p, 2
transition (D2 line) between ions of the magnesium isotopes 2#Mg and 2°Mg has been measured under varying
experimental conditions. Our result agrees with the precise literature value. Associated studies of systematic
uncertainties demonstrate a measurement accuracy of better than 20 MHz in this new apparatus. This value
will serve as the reference for analogous studies to be performed in the MIRACLS approach in which ions are
trapped in the MR-ToF device for thousands of revolutions and probed by the spectroscopy laser during each
passage.

1. Introduction resolving powers exceeding R = m/Am > 10° can be obtained in (tens

of) milliseconds [13,20,21].
For five decades, atomic-physics techniques have very successfully Given these superb performance characteristics, MR-ToF devices
provided accurate and precise information about nuclear ground state have recently found many applications at modern radioactive ion beam
properties of short-lived radionuclides [1-7]. While laser spectroscopy (RIB) facilities. Among others, these include mass measurements of

accesses nuclear spins, charge radii and electromagnetic moments, ion
traps have become invaluable tools for precision mass measurements.
Within the latter, multi-reflection time-of-flight (MR-ToF) instru-
ments have in recent years emerged in the field of rare isotope science
as versatile mass separators and spectrometers [8-16]. In these devices,
also called electrostatic ion beam traps [17-19], an ion bunch is
reflected between two electrostatic mirrors such that an integrated ion
flight path of a few kilometres can be folded into an apparatus with the
length of about one metre. Ions of different masses m are consequently
separated in mass according to their respective time of flight. Mass

radionuclides very far away from stability with production yields as low
as a few ions per second [12,22-24], beam identification for various ex-
perimental RIB programmes [25], characterisation and optimisation of
RIB production targets for fundamental science as well as medical iso-
tope production [26,27], suppression of contamination in the RIB [28],
or mass-tagged ion counting in ion-source laser spectroscopy [29,30].
Our Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy
(MIRACLS) developed at ISOLDE/CERN envisions a novel application
of MR-ToF devices, namely for highly sensitive laser spectroscopy. To
this end, it combines the sensitivity of ion-trap techniques with the
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high resolution of collinear laser spectroscopy (CLS) of fast ion beams.
In the latter, an ion beam with typical beam energies of > 30 keV
is collinearly overlapped with a narrow-band, continuous-wave laser
beam. When the frequency of the laser corresponds to the energy
difference of the studied transition, fluorescence light of laser-excited
ions is registered by photon detectors. Hence, the detected photon
rate as a function of laser frequency reveals the hyperfine structure
which encodes the aforementioned nuclear properties by means of the
hyperfine interaction between the atomic nucleus and its surrounding
electron cloud.

Although nuclides accessible by CLS exhibit life-times of at least
several milliseconds, their effective use in this conventional CLS ap-
proach is limited to a few microseconds while the ions pass the laser-ion
interaction and optical-detection region. Hence, matching the involved
time scales offers the possibility to significantly boost the experimental
CLS sensitivity.

Following this vision, MIRACLS aims at confining the fast ion beam
inside a MR-ToF device in which the ions are ‘re-cycled’ by continued
reflections between the two electrostatic mirrors. Thus, the ion ensem-
ble can be repeatedly probed by the spectroscopy laser during each
revolution in contrast to only once for conventional CLS. The MIRACLS
approach increases the observation time and, hence, the CLS sensitivity.
For instance, in closed two-level systems in which laser-excited ions
decay back into their initial state, an ion can in principle be investigated
until its radioactive decay. As a result, the MIRACLS approach is
expected to yield multiplication factors of 30-700 depending on the
half-life, mass and spectroscopic transition of the ions of interest [31].

To demonstrate the strengths of the MIRACLS concept, an MR-ToF
apparatus [32,33] has been extended for the implementation of in-trap
CLS [34-37]. In particular, the MR-ToF’s central drift tube hosts a field-
free region for laser-ion interaction and optical detection. Laser access
is provided along the axis of the device. While typical ion beam energies
in CLS experiments of radionuclides are in the order of several tens of
kiloelectron volts, the present setup operates at a beam energy of about
1.5 keV. This will allow proof-of-principle measurements for MIRACLS
before the method will be applied in a future 30-keV device.

In the present work, we have as a first step performed conventional,
single-passage CLS within this setup in order to benchmark the attain-
able accuracy for isotope-shift measurements in such an instrument.
In particular, we have measured the isotope shift 5v2+26 = 36 — v3*
in the 35%S;,, — 3p”P;), transition (D2 line) between 24Mg and
26Mg* ions. We varied the experimental procedures and parameters
to expose systematic uncertainties for CLS in this apparatus. Thus, the
present study lays the foundations for ongoing work on the MIRACLS
technique. It will allow us to disentangle general limitations of this
particular CLS implementation at relatively low ion energies from
potential influences specifically caused by MR-ToF operation and ion
storage.

2. Experimental setup
2.1. MR-ToF apparatus

The experimental apparatus is based on the MR-ToF system de-
scribed in Ref. [32,33], which was upgraded for the purpose of collinear
laser spectroscopy [34-37]. A schematic overview of the setup is shown
in Fig. 1la. For the present study, Magnesium (Mg) atoms are ionised
inside an electron-impact ion source which closely follows the design
in Ref. [38]. Singly-charged ions of stable magnesium isotopes >*~2°Mg
form a continuous beam which is injected into a helium buffer-gas-
filled linear Paul trap. The latter consists of two end-cap plates with
holes for ion injection and extraction as well as four rods which provide
the RF field for radial ion confinement. The rods are longitudinally
split into five segments of equal length and establish a DC gradient
to drag buffer-gas-cooled ions into a potential minimum next to the
downstream end-cap plate.
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In order to define the ion loading time and hence the ion number
inside the Paul trap, a steering electrode in front of the ion trap
is controlled by a fast high voltage (HV) switch which, on demand,
guides the ions either into or away from the Paul-trap entrance. The
subsequent cooling time, during which no further ions are injected, is
typically set to a few milliseconds. Afterwards, the accumulated and
cooled ions are released from the trap by lowering the potential of the
downstream end-cap plate by another fast HV switch. The extraction
pulse is synchronised with respect to the RF phase to ensure identical
field conditions during each ion ejection.

The well-defined ion bunches with a typical temporal width of a few
hundred nanoseconds are subsequently accelerated for their transfer
into the MR-ToF device. In the present work, two different acceleration
schemes are utilised, see Fig. 1b. In the first option, which has been
used in our previous work [34,35,37], the Paul trap is held at a
potential of Uy, ~ 250 V. After extraction from the Paul trap, the ions
are accelerated towards beamline components at U,.. ~ —2080 V. When
the ion bunch reaches the centre of a drift tube, its potential is switched
to ground potential (represented by a red, vertical arrow in Fig. 1b).
Since this drift tube constitutes in its centre a field-free region, the
change in potential is unnoticed by the ions and the pulsed drift tube
acts as a ‘potential lift’. Hence, the ions exit the drift tube with a kinetic
energy of Eyj, = e(Up; — Upee) ® 2330 €V.

Since HV switching of this pulsed drift tube may lead to some
uncertainty in the exact ion beam energy, a second acceleration scheme
exclusively based on static potentials is alternatively employed. Con-
sidering its common use in CLS, the present work is largely based on
this acceleration scheme. It proceeds identically to the previous one,
but the acceleration is done towards U,,. = 0 V such that the drift
tube remains on ground potential for the entire measurement cycle. The
transfer energy is, hence, solely governed by Ey;, = eU,.. We observe
a degraded transfer efficiency for lower ion beam energies, likely due
to the increased transverse emittance. Consequently, we permanently
raise the Paul trap potential to Uy ~ 470 V which is close to its
maximum in the present HV configuration.

Independently of the acceleration method, the ion beam subse-
quently passes an electrostatic quadrupole bender which guides the
ions onto the MR-ToF axis. In the present work, all ring electrodes
constituting the electrostatic mirrors of the MR-ToF device are left
on ground potential. Hence, the ions are not trapped in the ion trap.
Surrounded by the electrostatic mirrors, the central drift tube of the
MR-Tof device is biased to a potential U4 such that the ions propagate
inside the tube with Eyy, = Uy = e(Upp — Ugee = Ueqr) & 1500 eV, a
kinetic energy typically used during MR-ToF operation. In particular,
U.q: = 830 V when utilising the lift after the initial acceleration and
U.q; = —1010 V otherwise.

During setup and ion-beam optimisation, the ions impinge on a
retractable ion detector at the end of the setup. At this position, ions of
different magnesium isotopes are well resolved in time of flight even
without being trapped in the MR-ToF device, see Fig. 2

2.2. Laser setup

The employed laser setup has been discussed in detail in Ref. [37].
In order to study the 3s2S,,, — 3p?P;, transition (D2 line) in Mg*
ions, a laser wavelength of 280 nm (1~!' = 35760.88 cm~!) is required.
In a separate laser laboratory, a diode-pumped solid-state laser pumps
a frequency-stabilised dye ring laser which produces a narrow-band,
continuous-wave laser beam at 560 nm. The latter is coupled into a
high-power optical fibre to transport the laser beam into the about
25-m distant MR-ToF laboratory. There, second-harmonic generation
is employed to obtain a laser beam at 280 nm. The output of the
frequency doubler is stabilised in power by a proportional-integral (PI)
feed-back loop which rotates a 1/2 plate in front of a polarisation
filter in the upstream beam path of the 580 nm laser light and, thus,
controls the laser power input into the frequency doubler. After mode
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Fig. 1. (a) Schematics of the experimental setup. (b) Sketch of electric potential U and ion beam energy E,;, along the path of the Mg* ions from the Paul trap to the laser-ion
interaction region inside the MR-ToF device. Two different acceleration and ion-transfer schemes are employed. One involves a pulsed drift tube and is represented by the red
solid lines. The second one is purely based on static potentials, see turquoise dashed lines. Both result in a final energy of E,;, ~ 1.5 keV when passing through the laser-ion

interaction and optical detection region. See text for details.
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Fig. 2. Time of flight spectrum for ions of stable magnesium isotopes from the Paul
trap to the retractable ion detector at the end of the beamline. The peak intensities
reflect the natural isotope abundances. The ions are ejected from the Paul trap in the
‘fast’ extraction mode, accelerated by static potentials, hence without the pulsed drift
tube, and pass the MR-ToF device without being trapped. The spectrum is an average
of 621’000 ion shots. See text for details.

cleaning to obtain a Gaussian beam profile, the laser beam is sent
into the MR-ToF apparatus with a typical power of ~ 0.7 mW and
a beam-spot diameter of approximately 2 mm. At its entrance and
exit, a quartz window is installed at the Brewster angle, see Fig. 1,
to minimise reflections which could potentially lead to undesired laser
stray light. The latter is further reduced by aperture sets which are
placed in-vacuum next to the entrance and exit windows [36].

The laser frequency is set by locking the dye ring laser to a precision
wavemeter (HighFinesse WSU-10) which is regularly calibrated against
a temperature-stabilised He-Ne laser. To probe the hyperfine structure

of an ion of interest, the laser is scanned across the anticipated fre-
quency range. For each frequency step, photons are recorded for ion
bunches released from the Paul trap in multiple measurement cycles.

In this work, two methods are used to scan the laser frequency in
the rest frame of the ions. First, the laser frequency in the laboratory
reference frame is fixed while the velocity of the ions is changed by
altering the potential Uy, of the MR-ToF central drift tube. As ion
and laser beams are propagating in the same direction, this results
in a Doppler tuning of the laser frequency v,,, observed by the ions
according to

1-5

Vion = Viab * .
V1-p2

Here, vi,;, represents the laser frequency in the laboratory frame. g =
v/c is the ion velocity v relative to the speed of light ¢. This approach
is commonly applied in CLS [5].

However, for CLS studies over long isotopic chains or wide hyper-
fine structures the required difference in energy can be sizable. Within
MIRACLS, different ion energies will lead to modified ion trajectories
inside the MR-ToF device. This may influence the CLS measurement.
For this reason, it is foreseen to operate MIRACLS’ MR-ToF device
at fixed ion energies and to scan the laser frequency directly in the
laboratory frame. Consequently, this scheme, called laser scanning in
the following, has also been tested in the present work for conventional,
single-passage CLS. In our implementation, the set point of the PID
loop which locks the dye laser to the wavemeter is altered in small
steps such that the laser cavity follows to the new value. While the
laser frequency is being changed all data taking is put on hold until
the new set point in the fundamental wavelength has been reached
within less than 1.5 MHz. The PID parameters have been optimised
for stability as well as fast and reliable changes in frequency, i.e., in
our configuration, a frequency step of 10 MHz typically requires a few
seconds until completion.

(€8]
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Fig. 3. Measured resonance spectra of the D2 transition in *Mg* (a) and 2°Mg™* ions
(b) performed with laser scanning and a ‘fast’ Paul-trap extraction scheme as obtained
when gating the photon signal on the ions’ passage through the optical detection region.
The experimental data of photon counts versus laser frequency (in black) is fitted by
a Gaussian line shape (in red). The loading time and, hence, the total number of ions
in the Paul trap are the same (10 ms) for both runs to ensure identical conditions.
The different resonance intensities are a consequence of the natural abundance of the
Mg isotopes. The lower abundance of Mg is partially compensated by collecting data
over, in this case, 4 times more measurement cycles. See text for details.

2.3. Optical detection region and data acquisition

The ion-laser interaction to excite the optical transition takes place
in the field-free region of the MR-ToF central drift tube. The latter
is constructed from two ring electrodes, approximately 12 cm apart,
connected by a cylindrical mesh. This establishes a well-defined electric
potential and allows fluorescence light to reach a lens system (adopted
from [39]) which directs the photons onto a photomultiplier tube, see
Fig. la. Around this optical detection region, a blackened shield is
mounted [36]. It prevents laser stray light, which does not arise from
the ion-beam axis, to be reflected into the lenses and subsequently into
the photodetector.

The signal of the photomultiplier tube is passed on to a multichannel
scaler which records the number of detected photons versus time since
the ions’ extraction from the Paul trap. For each laser frequency, the
data of multiple measurement cycles, typically a few hundred ion
bunches ejected from the Paul trap, are summed. On resonance, the
passage of the ion bunch in the optical detection region is visible in
the histogram of photon number versus time as a peak of increased
photon rate. In our MR-ToF setup, which has initially been designed
for other purposes than CLS, laser stray light scattered from beamline
components largely dominates the photon background. During the
present measurements, it typically accounts for a background rate of
~ 150 kHz when a laser beam of ~ 0.7 mW in power and ~ 2 mm in
diameter is used. To suppress the background counts, the signal is gated
in the analysis on the ion passage.

3. Measurement procedure and analysis

Typical resonances of *Mg* and 2°Mg™* ions are shown in Fig. 3.
Since both Mg isotopes are nuclides with nuclear spin I = 0, there is
no hyperfine splitting and, thus, only a single peak is present in the
resonance spectra. For a resonance scan, each laser frequency vy, is
converted to the ions’ rest frame frequency, v;,,, according to Eq. (1).
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For an ion with mass m accelerated by an overall acceleration potential
Uy this becomes

eUyoq + mc? m2c4
Vion=Vap—————— [ 1 =1/l - ————— ], (2)
fon = Flab™ 2 (€Ut + mc?)?

where e is the elementary charge. In the calculation of U,,;, we assume
Up, the starting potential from which the ions are released from the
Paul trap, to be the mean value of the DC potentials applied to two
segments which form the bottom of the well in the Paul trap, see
later discussion in Section 4.1.1. All relevant electrical potentials are
measured on a regular basis with high-precision voltage dividers (Julie
Research KV10). This includes measurements of the individual voltage
steps when scanning the potential of the MR-ToF central drift tube
during Doppler tuning.

Due to the relatively low beam energy of E;, ~ 1.5 keV, the
observed full width at half maximum (FWHM) of the experimental
resonances is ~ 250 MHz, i.e., much larger than the natural line width
of 42 MHz of the D2 transition. Hence, the line width is dominated by
Doppler broadening which results in a Gaussian line shape. Assuming
that the line width is entirely governed by the ions’ energy distribution,
the FWHM in Fig. 3a corresponds to an energy spread of ~ 1.8 eV at
the given ion energy. All resonance spectra are fitted by a Gaussian line
profile utilising a y?-minimisation procedure in the SATLAS analysis
package [40] to obtain the respective centroid frequency v,.

Each individual isotope-shift measurement 5v>*2° between 24Mg*
and 2°Mg™ ions is initiated by the calibration of the wavemeter. Subse-
quently, CLS is performed by recording two 2*Mg* resonance spectra
interleaved with one of 26Mg* ions under identical measurement con-
ditions. Because of its lower natural abundance, measurements with
26Mg* ions last significantly longer than for *Mg* ions to obtain
resonance spectra of comparable quality. The two independent 2*Mg
measurements also serve as a measure of potential drifts in the system
during the longer data taking of 26Mg* ions. For this purpose, the
weighted average of the 2*Mg measurements, 7}*, and the associated
Birge ratio Ry [41]* are evaluated. Following the procedures adopted
by the Particle Data Group [42], we inflate the uncertainty on \754 by
the Birge ratio in case the latter is larger than one. Finally, the isotope
shift is calculated following 612426 = v3® — 34,

With the aim to expose potential systematic errors in our apparatus,
we have performed measurements of this isotope shift under various
experimental conditions. These include different measurement schemes
which could impact the ions’ beam energy, i.e., (1.1) different ion
extraction schemes from the Paul trap as well as (1.2) the two methods
in ion acceleration as explained in Section 2.1. For the former, we use
two different field gradients in the Paul trap resulting in a ‘slow’ or a
‘fast’ release from the ion trap, respectively. Moreover, (2) the Paul-
trap loading time and, hence, ion numbers are varied to investigate
space-charge effects in the ion trap. Finally, (3) the laser frequency as
observed by the moving ions is changed via either laser scanning or
Doppler tuning. Table 1 summarises all isotope-shift measurements in
this work according to their respective experimental configurations.

In each measurement setting, 6v>*2° is determined multiple times
and a weighted average is constructed. The uncertainty of the latter is
inflated following the previously explained procedure in case of a Birge
ratio Rp > 1 which indicates that the variations within the individual
measurements exceed the statistically expected fluctuations. Fig. 4a
and b provide examples for individual isotope-shift measurements in
selected measurement configurations, discussed in detail next.

4 For a set of n measurements x; with an uncertainty o;, the Birge ratio is
defined as

Ry=+Vy?/(n-1)= (€))

where X is the weighted average over all individual measurements x;.
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Table 1

Overview of all isotope-shift measurements in this work indicating the used ion-
acceleration scheme (Accel.), the Paul-trap extraction mode, the Paul-trap loading time,
as well as the employed method of frequency scanning, i.e., laser scanning or Doppler
tuning. The number of individual isotope-shift measurements for each setting is listed
in the last column.

# Accel. Paul-trap Loading Scanning # of
extraction time (ms) mode IS
1 static fast 5 laser 5
2 static fast 10 laser 5
3 static slow 20 laser 5
4 static fast 20 laser 1
5 static slow 10 Doppler 3
6 static slow 20 Doppler 2
7 lift fast <1 laser 2
3150 B
—— Literature
3125 4 5ms
N ® 10ms
= 3100
& 1
= 1 T
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T
9]
53050 {
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(b)
3070
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Measurement #

Fig. 4. Examples of individual isotopes-shift measurements 6v?*?°. (a) Results for
different Paul-trap loading times for measurements performed with laser scanning and
a ‘fast’ ion extraction. (b) §v**?° results for Doppler tuning from either lower to higher
frequency or vice versa. A ‘slow’ ion extraction and a 10-ms loading time is employed.
The respective weighted average of the individual measurements is indicated as a
dashed line and its uncertainty is represented by the shaded area. For comparison,
the precise literature value is shown in red. See text for details.

4. Results and discussion

As stated above, the aim of the present measurement campaign
is to determine the isotope shift 512420 between 2*Mg* and 26Mg*
ions in the D2 transition in order to isolate systematic uncertainties
of the new apparatus arising from everything except for the MR-ToF
operation itself. The results of the different measurement schemes as
introduced above are compared to each other in Fig. 5. As a final
accuracy benchmark, the present isotope-shift value is compared to
its much more precise determination of §1?4*° = 3087.560(87) MHz,
measured using laser- and sympathetically-cooled Mg* ions stored in
a Paul trap [43]. In the following, we discuss the results as well as all
systematic uncertainties identified in this work.

4.1. Ion beam energy

In CLS, the dominating systematic uncertainty is normally related
to an incomplete knowledge of the ion beam energy E,. For con-
ventional CLS with Ey;, > 30 keV, this is due to the uncertainty
of the high-precision voltage dividers which are used to measure the
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Fig. 5. Results of the systematic investigations in the isotopes shift 6v?*?° within the
MIRACLS apparatus with conventional, single-passage CLS. For all displayed measure-
ments, the ions are accelerated by static potentials. Each data point corresponds to
the weighted average of several individual measurements within a given measurement
settings. The latter are characterised by their frequency-scanning method (laser scanning
or Doppler tuning), Paul-trap extraction scheme (‘slow’ or ‘fast’), and the Paul-trap
loading time. See text for details.

acceleration potentials, e.g. the floating potential of the ion source or
of a Paul trap acting as an ion cooler and buncher.

In our work, the largest systematic uncertainty is also found in Ej;,.
However, at the smaller electrostatic potentials and ion energies in our
setup, the larger contribution arises due to uncertainties in the ions’
starting potential within the Paul trap itself. Moreover, the actual time
dependence of the HV-switching process for the pulsed drift tube can
result in an ion beam energy which differs from the expectation of the
idealised lift operation. The two effects are discussed in the following
subsections.

4.1.1. Starting potential Uy, in the Paul trap

The voltage applied to the DC electrodes at the bottom of the Paul-
trap’s potential well is not necessarily the same as the potential to
which the ions are exposed. Moreover, the process of ion extraction
from the ion trap may further affect the ions’ kinetic energy Ei;,.
Both factors are of concern for conventional CLS of bunched beams in
general. However, these effects are commonly surpassed in magnitude
by the uncertainties in the voltage-divider ratio when working with
Ekin > 30 keV.

In order to estimate the ions’ starting potential in our Paul trap, the
electric potential within a 3D model of the ion trap is determined by
solving the Laplace equation in a finite-difference method. The results
of the calculations are shown in Fig. 6 for ion trapping as well as for two
potential configurations by which the ions are released from the trap.
We refer to the latter as ‘slow’ and ‘fast’ ion extraction, respectively,
reflecting the smaller and larger potential gradient during initial ion
acceleration. The three configurations differ in their respective poten-
tial applied to the end cap, which is 485 V for trapping, 447 V for ‘slow’
and 407 V for ‘fast’ extraction.

In the ion trapping mode, the minimum of the potential well is
determined which also defines the mean ion position at the time of
the extraction. The potential’s value at this minimum would represent
the initial ion potential Uy, if the ions were directly released from
this minimum. In practice, the HV switching of the end cap will
influence the ions’ starting potential Up,. In case of an infinitely fast
HV switching, for instance, the ions would instantaneously ‘drop’ to the
potential evaluated at the same axial position but in the configuration
of ion extraction. The corresponding values are indicated in Fig. 6
by coloured arrows for ‘slow’ and ‘fast’ ion extraction, respectively.
The correct potential value Uy, should be somewhere in-between the
extreme scenarios of infinitely fast HV switching and the minimum of
the potential well during ion trapping.

Since the exact starting potential in the Paul trap Uy, with realistic
HV switches is not known, we assume Uy, in the analysis to be the mean
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Fig. 6. Electrostatic potential along the axis of the Paul trap during ion trapping as
well as for the ‘slow’ and ‘fast’ ion extraction. The inset provides a closer look on the
trapping region. The vertical blue line indicates the location of the potential minimum
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of the DC potentials applied to the two electrodes at the bottom of the
Paul-trap well (Segment 4 and 5 in Fig. 6), as mentioned already in
Section 2.1. This Uy, potential is very close to the mid-value between
the potentials of trapping and ‘slow’ extraction, see Fig. 6.

Additionally, to constrain the possible impact of the ions’ starting
potential on the isotope shift, we determine the potential at the trap
minimum for trapping as well as extraction (see again coloured arrows
in the inset Fig. 6). These values are then used in the calculation of
the ion-beam energy and the respective isotope shift v§4’26 is deter-
mined. Considering these values, we take the maximal difference to the
result with the previously assumed Uy, as the systematic uncertainty
in vg4’26. This corresponds to +12MHz in ‘slow’ and +12/—40 MHz in
‘fast’ extraction, respectively. Note that this systematic uncertainty is
not included in Fig. 5 since it correlates the individual uncertainties,
i.e., it shifts all values in the same direction and, within each group of
identical extraction schemes, also by the same amount.

Experimentally, no statistically significant difference between the
results of ‘slow’ and ‘fast’ extraction is observed, see Fig. 5. Since the
uncertainties of isotope-shift measurements performed with ‘slow’ ion
extraction are much smaller, both in statistics as well as systematics,
their weight dominates the entire data set. Because of the reasonable
agreement in the results of ‘slow’ and ‘fast’ extraction, we consequently
adopt a systematic uncertainty of +12MHz for incomplete knowledge
of the ions’ starting potential in the present work.

4.1.2. Pulsed drift tube

Pulsed drift tubes are commonly employed in ion-trap installations
as they provide an elegant solution to define ion energies independently
of the electrostatic potentials of vacuum chambers and beamlines. In
CLS, however, these potential lifts are generally avoided since accurate
knowledge of the ion-beam energy is indispensable. The operation of
the pulsed drift tube as part of the ion acceleration can affect the ion
beam energy in an unexpected way such that E,;, differs from the
expectation in an idealised lift. Indeed, when assuming the nominal
acceleration voltages related to the pulsed drift tube in this work, see
Section 2.1, we obtain an isotope shift v(2)4‘2(’ which is about 200 MHz
larger than the literature value.

Because of the non-vanishing capacitance of the pulsed drift tube
and practical limitations of electric circuits, the HV switching of the
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drift tube cannot be performed in the form of an ideal step function.
As a consequence, the ions may exit the lift before its final poten-
tial is reached. In our case, the HV switch is operated in a slightly
over-damped mode, i.e., without major oscillations in voltage at the
beginning of the HV switching. This will result in a lower ion en-
ergy compared to the estimate based on the nominal switch voltages.
Assuming both isotopes are affected the same, a shift of 200 MHz
in the isotope shift would correspond to ~ 40 V in the acceleration
potential. This is about 2% of the HV switched at the pulsed drift
tube. Measurements of the HV switching suggest that this value reflects
the right order of magnitude. We hence conclude that the use of a
pulsed drift tube for accurate CLS requires detailed knowledge about
the process of the respective HV switching or a sufficiently-long lift
electrode. Measurements utilising the pulsed drift tube will thus not
be considered further in the present work.

4.2. Paul-trap loading time and space-charge effects

Due to their Coulomb force interactions, the number of ions stored
in the Paul trap has an influence on the properties of the ion ensemble.
For CLS of bunched beams, these so-called space-charge effects may
cause sizable shifts in the resonance centroids. To study their impor-
tance in our apparatus, different loading times of the Paul trap and,
hence, numbers of stored ions are explored.®

Compared to other Paul traps exploited for CLS, ours is relatively
small. For instance, ISOLDE’s cooler and buncher ISCOOL [46,47] is
operated for CLS applications with a flatter axial potential, among
others, as three DC segments of each 9 mm in length are biased to
the same voltage. Consequently, up to 10° ions can be simultaneously
prepared in ISCOOL without affecting the CLS resonance spectrum.

In our trap, however, we notice space-charge effects already at
much lower ion numbers. For example, Fig. 7b shows the measured
centroid frequency of 24Mg, v(2)4, for different Paul-trap loading times.
The centroid clearly increases with increasing loading time. This effect
is much larger than frequency drifts in the system over time, as illus-
trated by three measurements at 5 ms in Fig. 7b which are taken at the
beginning, middle and end of this measurements series.

Data for loading times of < 1ms, see also Fig. 7a, may indicate
an operation below the trap’s limit in ion number at which the CLS
performance becomes notably influenced by space-charge effects. How-
ever, the experimental uncertainties are too large to fully confirm
the independence of v, from the ion number. A loading time of 1 ms
corresponds to ~ 900 24Mg* ions per ion bunch at the end of the
beamline when the ion number registered by the ion detector at low
rates is scaled by the loading time.

In Fig. 4a, the implications of space-charge effects on the isotope
shift are illustrated. While all other measurement settings remain iden-
tical, individual isotope shifts as well as their weighted averages are
shown for the Paul-trap loading times of 5 ms and 10 ms. Within
uncertainties, the isotope shifts for both loading times agree with each
other. Hence, the shift in v, cancels in the isotope shift 61?42 in our
work. This can be explained by the fact that ions of all Mg isotopes are
stored simultaneously in the Paul trap. Thus, when the same loading
time is used for measurements of 2*Mg and 26Mg, both isotopes appear
to be similarly affected by the space charge of the single cloud of mixed
isotopes.

5 We note that the loading time is an incomplete parameterisation of the

ion number. For instance, the ion-source current may change over a period of
several measurement days resulting in different ion numbers despite the same
loading time. At this time, we do not have the means to reliably determine the
number of ions in an ion bunch. Our best estimate relies on single-ion counting
at low intensities which is then scaled to longer loading times when pile-up
in the ion detection occurs. This approach assumes a strict linearity between
ion number and loading time. Although previous work suggests that such a
linearity holds at least for the presently used loading times [44,45], it is not
established with certainty in this work. Hence, we prefer to state the loading
time instead of an estimated ion number, despite the former’s aforementioned
limitations.



V. Lagaki, H. Heylen, I. Belosevic et al.

N 100 [@) m) | | "
S5 | a ¥ |
L R SRR R EEEEEEE Rt
S | | | |

01 01 5 10 15

loading time (ms)

Fig. 7. Resonance centroids v, of 2*Mg* ions for different Paul-trap loading times
compared to a reference value v, cotresponding to a measurement with a loading
time of 0.5 ms. (a) and (b) represent two independent measurements sets. See text for
details.

3100
3005 |
3090
3085
3080
3075
3070 I
3065 |
3060 |
3055

literature

—a

Isotope shift (MHz)

laser
scanning

Doppler
tuning

Fig. 8. Isotope shift v(z""% obtained by laser scanning and Doppler tuning. The weighted

average of the two is indicated by the black line. The dark grey band represents the
statistical uncertainty while the light grey band is the inflated uncertainty reflecting a
systematic uncertainty on the isotope shift between these two scanning methods. Note
that the systematic error due to the ions’ starting potential is not included in the given
data. See text for details.

4.3. Doppler tuning versus laser scanning

As discussed earlier, Doppler tuning is realised for a subset of the
isotope-shift measurements by scanning the voltage applied to the
MR-ToF’s central drift tube. Fig. 4b presents the results of one Doppler-
tuning data set. By introducing a sufficiently long waiting time in the
measurement cycle, it is ensured that each voltage step is completed
prior to data taking. To investigate potential remaining effects, the
direction of the voltage scanning has been reversed. As shown in
Fig. 4b, the respective results agree within their statistical uncertainties.

In addition to Doppler tuning, data sets are recorded with scanning
the laser frequency in the laboratory frame. As visible in Fig. 5, a
discrepancy between v§4’26 obtained from Doppler tuning and from
laser scanning is observed. Since there is no evidence of systematic
errors due to the other experimentally tested configurations, we com-
bine all results from each frequency-scanning method. From a statistical
perspective, each of these sets itself represents a fairly consistent data
set. However, as shown by Fig. 8, the weighted averages in v§4‘26 of
laser scanning and of Doppler tuning are not consistent with each other.
Note that the plotted values for v§4’26 do not consider the systematic
uncertainty due to the ions’ starting potential, see Section 4.1.1. This
accounts for 12 MHz in v***® when considering the ‘slow’ extraction

scheme, but also correlates the two results. If this systematic effect
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shifts one of them towards a higher value of v§4’26, the second result
will follow in the same direction, too. Hence, although voltage scanning
is favoured, the comparison of the data to the accurate literature
value does not unambiguously resolve whether a method of frequency
scanning is fully robust against systematic errors. Consequently, we
proceed by following the previously introduced prescription and inflate
the uncertainty on the weighted average of the two data sets with
the Birge ratio Rp. Considering that systematic and statistical error
should add in quadrature to this inflated uncertainty, we assign a
systematic uncertainty of oy ps = Ogar R% —1 = 12MHz due to the
frequency-scanning methods in this work.

While Doppler tuning is the most commonly applied method in CLS,
laser scanning is, for instance, employed by the CRIS collaboration at
an accuracy of better than 1 MHz for isotope shifts, see Ref. [48,49]
for measurements in a similar mass range. The implementation of
laser scanning in the present work proceeds similarly but differs in
three technical aspects. Firstly, our wavemeter operates at a lower
accuracy compared to the device employed by the CRIS collaboration.
Secondly, instead of a He-Ne laser in our work, the wavemeter at CRIS
is more accurately calibrated by a diode laser which is locked to a
transition in rubidium or potassium atoms. Finally, the beams of diode
laser and spectroscopy laser are coupled at CRIS into a Fabry-Perot
interferometer for laser frequency monitoring and calibration [48].

Recently, the performance of various precision wavemeters has
been investigated in great detail [50,51]. These studies indicate that
measurements by a wavemeter similar to ours can show inaccuracies
of up to +5 MHz which follow a non-linear, periodic pattern over a
scanning range of ~ 2 GHz [50].

In our work, the wavemeter is used to lock the frequency of the
fundamental wavelength to 560 nm. As a consequence of the frequency
doubling to 280 nm, the effect of the wavemeter’s relative inaccuracy
is thus amplified by a factor of two. The resonances of 2Mg* and
26Mg* ions are approximately 12 GHz apart in their laboratory-frame
frequencies. Hence, if the resonances of 2*Mg* and 2°Mg* ions happen
to be close to opposite extremes in the wavemeter’s deviation, a shift of
up to 20 MHz could occur in either direction in the isotope shift v§4’26.
For this reason, the systematic uncertainty of 12 MHz assigned above to
our experiment’s frequency scanning may potentially be caused entirely
by the wavemeter.

4.4. Final result for v2**

o and measurement accuracy of the apparatus

We obtain v§4’26 = (3081 + 4 + 17) MHz for the isotope shift in the
D2 transition between 24Mg* and 2°Mg* ions. Here, the uncertainty
is separated into statistical and systematic contributions. The latter
consists of uncertainties due to ion’s starting potential in the Paul trap
(12 MHz, see Section 4.1.1) as well as the frequency-scanning methods
(12 MHz, see Section 4.3). Both systematic uncertainties are added in
quadrature. The measured value v§4’26 is in agreement with the more
precise literature value [43]. This demonstrates an accuracy of the
present setup for conventional CLS at a level better than 20 MHz.

5. Conclusion and outlook

As part of the developments towards the Multi Reflection Ion Appa-
ratus for Collinear Laser Spectroscopy (MIRACLS), we have performed
conventional, single-passage collinear laser spectroscopy (CLS) in an
MR-ToF device. In particular, the isotope shift of the well-known
3528y, — 3p?P;, transition between Mg+ and 2*Mg* ions has been
determined.

The measured isotope shift is in agreement with the more precise
literature value. We have performed these measurements under varying
experimental conditions to evaluate systematic uncertainties in our new
apparatus.

One identified systematic uncertainty is due to the ions’ starting po-
tential in the Paul trap which influences the final ion beam energy. We
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estimate this uncertainty based on calculations of the axial potentials in
the Paul trap. To reduce this uncertainty further, ‘slower’ ion extraction
schemes from the Paul trap will be employed in future work.

Reflecting a second systematic uncertainty, a discrepancy between
the results from Doppler tuning and laser scanning is observed. Its
size is consistent with inaccuracies of the wavemeter. Ongoing CLS
work performed on ions trapped in the MR-ToF device relies on laser
scanning only. For this method, we assign a systematic uncertainty of
20 MHz in the isotope shift caused by the wavemeter, see Section 4.3.
Ultimately, our implementation of laser scanning needs to be upgraded,
as it has been shown to yield accurate isotope-shift results by other
groups [48].

The present work also demonstrates that the use of a pulsed drift
tube as a ‘potential lift’ in the ion acceleration severely affects a CLS
measurement. In particular, a sizable difference in the isotope shift
to the literature value is observed. This is associated with the high-
voltage (HV) switching of the pulsed drift tube which inflates the
ion beam energy in a non-trivial way. Although not relevant for the
present result, the HV switching of electrode(s) is necessary for MR-
ToF operation at MIRACLS, i.e., during ion capture into the ion trap.
Ongoing work is hence dedicated to fully characterise the HV-switching
process.

Overall, the present work establishes that a measurement accuracy
of about 20 MHz in isotope shifts is feasible in this new apparatus for
conventional, single-passage CLS at an ion beam energy of ~ 1.5 keV. In
a next step, we are performing CLS studies in the MIRACLS approach,
i.e., by trapping the ions in the MR-ToF device. The comparison to the
present results will allow us to quantify the influence of the MR-ToF op-
eration on the CLS performance, especially in terms of the measurement
accuracy as well as the sensitivity advantage of the multi-reflection
scheme with respect to the present single-passage measurements.
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