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ABSTRACT

Fast beam collinear laser spectroscopy is the established method to investigate nuclear ground state properties such as the spin, the electro-
magnetic moments, and the charge radius of exotic nuclei. These are extracted with high precision from atomic observables, i.e., the hyperfine
splitting and the isotope shift, which become possible due to a large reduction of the Doppler broadening by compressing the velocity width
of the ion beam through electrostatic acceleration. With the advancement of experimental methods and applied devices, e.g., to measure
and stabilize the laser frequency, the acceleration potential became the dominant systematic uncertainty contribution. To overcome this, we
present a custom-built high-voltage divider, which was developed and tested at the German metrology institute, and a feedback loop that
enabled collinear laser spectroscopy to be performed at a 100-kHz level. Furthermore, we describe the impact of field penetration into the
laser—ion interaction region. This affects the determined isotope shifts and hyperfine splittings if Doppler tuning is applied, i.e., the ion beam
energy is altered instead of scanning the laser frequency. Using different laser frequencies that were referenced to a frequency comb, the field
penetration was extracted laser spectroscopically. This allowed us to define an effective scanning potential to still apply the faster and easier
Doppler tuning without introducing systematic deviations.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0218649
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I. INTRODUCTION

Long-term stable high-voltage sources are key for a variety
of modern high-precision experiments: in particle physics, e.g., for
the determination of the neutrino mass by measuring the beta-
decay electron-end point energy'” or for the operation of large-scale
calorimeters;’ in nuclear physics, e.g., for the determination of
masses’  or charge radii;’ in atomic physics, e.g., in storage ring
experiments;”” and in the search for physics beyond the standard
model by measuring the atomic electric dipole moment.!’ Although
those fields and their experimental approaches are diverse, they
depend on stable high voltages to apply accurate electric fields,
accelerate charged particles, or define trap potentials. In this work,
we focus on the application of collinear laser spectroscopy, which

probes electrons in the atomic shell. This technique enables the
measurement of exotic systems such as highly charged particles
to test quantum electrodynamics (QED) in extreme fields™'' or
to investigate the nuclear ground state properties of short-lived
isotopes.'”"” Thanks to the advances in laser frequency measure-
ments, a relative accuracy of 107 can be easily achieved with
modern wavelength meters or frequency combs, which is sufficient
for these applications.'”'” At the present time, the systematic limita-
tion of this experimental approach is the measurement of the beam
energy and, hence, the precise determination of the electrostatic
acceleration potential. Since field penetrations, space-charge effects,
and contact voltages, which can hardly be quantified, add to the
applied acceleration potential, the kinetic beam energy can be deter-
mined most precisely by calibration measurements with reference
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isotopes.'® However, long-term measurements strongly rely on sta-

ble conditions and are mostly limited by drifting high voltages.
In this work, we present our approach to measure these voltages
and apply a stabilization scheme to reduce drifts to a 1-part-per-
million (ppm) level. Similar approaches, which have been developed
for different high-precision physics experiments, are described in
Refs. 17-21. Furthermore, we present a procedure to quantify field
penetration into the laser-ion interaction region since this criti-
cally affects the commonly applied voltage scans, which match the
resonance condition between Doppler-shifted laser frequency and
atomic transition.

Il. SETUP

In collinear laser spectroscopy experiments, an ion beam with
a kinetic energy of a few 10 keV is used, which has been electro-
statically accelerated by floating the ion source on a high-voltage
potential. The ion beam is then superposed with a laser beam, and
by scanning the laser frequency in the rest-frame of the ion, an elec-
tronic transition is probed. At resonance, the ions are excited and
emit fluorescence light that can be detected with photo-multiplier
tubes. Due to the Doppler effect, the resonance frequency vy in the
rest-frame of the ion differs from the laser frequency vj,, measured
in the laboratory frame according to

vo = mapy(1 = B cos (a)), (1)

with the time-dilation factor y = (1 — 82)"/2, the velocity § in units
of the speed of light and the angle a between ion and laser beam,
which is a = 0° for collinear and « = 180° for anticollinear geom-
etry. To extract the rest-frame transition frequency, the kinetic
energy and, hence, the acceleration potential need to be precisely
known. This is challenging due to the large uncertainties of the start-
ing potential at the ion source, contact voltages, and contributions
caused by field penetration into the laser—ion interaction region.
Luckily, in relative measurements for the determination of differ-
ential charge radii from isotope shifts or electromagnetic moments
from the hyperfine splitting, the demands on the knowledge of the
absolute beam energy are largely reduced to a few eV, with the
exception of the lightest elements.””*** However, potential changes
during these relative measurements are critical, and drifts of the
acceleration voltage of ~100 mV exceed the typical uncertainty, even
for heavier isotopes.

Precision measurements of the rest-frame transition frequency
vo can, nevertheless, be performed by probing the ion beam in
collinear (11) and anticollinear (1}) geometry,

Vo = \/Viaby * Viab 11> (2)

to become independent of the kinetic energy.”” * Again, drifts of the
beam energy between the alternately performed collinear and anti-
collinear measurements need to be suppressed to avoid systematic
deviations. Having extracted vy once, it can be used in turn to deduce
the kinetic beam energy Ej, from a single measurement in collinear
or anticollinear geometry,

mc (vo = Viap)”
2 VoVib

3)

Exin =
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This allows one to determine the offset between acceleration voltage
and kinetic beam energy and reduces the corresponding uncertainty
significantly.’® Such a beam-energy determination via the Doppler-
shift method has also been applied previously to accurately measure
high voltages.”*”’

Faster and technically easier than scanning the laser frequency
viab 1S altering the ion velocity by applying a scan voltage to the
laser—ion interaction region. Since the laser frequency in the rest
frame of an ion is then altered by changing the Doppler shift depend-
ing on the applied scan voltage, this procedure is called Doppler
tuning. For a single resonance peak, the typical scan range is <50 V,
and the systematic impact, e.g., due to field penetration, on the rest-
frame frequency [Eq. (2)] or the isotope shift is small as long as the
measurements of the targeted isotopes and the reference isotope are
performed at approximately the same scan voltage. This, however,
requires the laser frequency to be changed between the measure-
ments of different isotopes. Keeping the laser frequency constant for
different isotopes or investigating isotopes with large hyperfine split-
ting requires applying scan voltages between 100 V and a few kV.
Field penetration into the interaction region depends on its geom-
etry but can significantly impact the observed shift of the transition
lines if present.

All measurements discussed in this work were performed at the
collinear laser spectroscopy facilities at Michigan State University
(MSU) and TU Darmstadt (TUDa). For a detailed description of the
respective setups, we refer to Refs. 28 and 29. Here, we restrict the
description to dedicated details of the recently installed high-voltage
stabilization schemes.

A. MSU setup

At the BEam COoler and LAser spectroscopy (BECOLA) facil-
ity at MSU, ion beams are available from the Facility for Rare
Isotope Beams or from a local offline Penning ion source. The ions
are first fed into a He-buffer-gas-filled radio frequency quadrupole
trap (RFQ) for beam cooling and bunching before collinear laser
spectroscopy is performed. The offline source as well as the RFQ,
including respective electronic devices, are floated with a FUG HCP
350-65000 MOD on 30 kV. This voltage is measured with a high-
voltage divider and a digital voltmeter (Keysight 34465A). The
former commercial Ohmlabs HVS series divider was replaced by
a new custom-made high-voltage divider described below, and the
measured voltage was used as the input parameter of a feedback loop
to stabilize the total high voltage. The FUG power supply enables
the ground of the voltage generator to be separated from the com-
mon ground and, hence, allows us to apply a small correction voltage
to float the FUG and stabilize its total output voltage, as shown in
Fig. 1(a). The observed drifts of up to 2 V per day were compen-
sated with a small correction voltage generated with a LabJack T4
digital-to-analog converter (DAC), while the FUG power supply is
always kept at the same setpoint. With the 0-5 V DAC output of the
LabJack, a resolution <1077 of the total voltage is achieved, which
is not possible when regulating the power supply itself as all of the
applied high-voltage power supplies offer a resolution at the 107
level. Finally, the long-term stability of the MSU setup is limited by
the stability of the applied 6.5-digit multimeter, which has a specified
drift of less than 13 ppm/day. Comparing three of these devices by
measuring a test voltage, much smaller drifts were observed. Hence,
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FIG. 1. Voltage stabilization schemes at (a) MSU and (b) and (c) TUDa in combination with different ion sources. The ion sources (shown in blue) are supplied with the
acceleration voltage via a high-voltage cable and are connected to the ion beamline through ceramic high-voltage breaks. In all approaches, the total voltage applied to
the ion source is measured with a custom-made voltage divider and a digital voltmeter. A feedback loop corrects the high voltage with a 0-5 V DAC unit using a simple
proportional correction with an update time of 1 s, which is the integration time of the digital voltmeters. At MSU (a), the high-voltage power supply can be floated on this
correction voltage, which is impossible with the device used at TUDa. Here, (b) and (c), the DAC unit is placed on a high-voltage platform. Electrical connections to the
platform are shown in red. Communication with the DAC is realized via optical fiber (yellow). Using the surface ionization source (b) also requires a power supply that
generates the heating current on the high-voltage platform, which is supplied with line voltage using an isolation transformer. The operation of the EBIS (c) does not require
additional devices, and the DAC can be supplied from a 5-V battery, which removes the voltage noise induced by the isolation transformer. To avoid malfunctions caused by
high-voltage sparks, the DAC is protected with a varistor and a transient-voltage suppressor diode (d) in all cases.

its drift during a typical measurement (up to 4 h) was concluded to
be at the ppm level.

B. TUDa setup

At COALA (TU Darmstadt), different high-voltage power sup-
plies are used for the surface ionization source (SIS) and electron
beam ion source (EBIS). In both cases, the voltage generator can-
not be separated from the common ground of the device, inhibiting
direct floating by the correction voltage. Instead, the DAC unit to
apply the correction voltage is placed on the high-voltage platform
of the ion source.

In Fig. 1(b), the setup of the SIS is shown, which is used to
produce beams of elements with low ionization potentials, such as
alkaline and earth alkaline metals or lanthanides, by directly heat-
ing a graphite crucible. The high voltage of up to 20 kV is generated
with a Heinzinger PNChp 20 000-10pos that was measured to drift
with up to 40 mV/20 min, which corresponds to the time needed
for a typical measurement. The voltage is applied to a high-voltage
platform, housing the heating power supply and the DAC unit, and
measured with a high-voltage divider and a Keysight 3458 A 8.5-digit
multimeter. The ion-source voltage is corrected by connecting the
DAC to the negative pole of the heating power. This eliminates the
drifts and reduces the short-term voltage variations to 10mV in the
range of seconds.”’ At even shorter timescales, a 50-Hz power line
hum with amplitudes <0.5 V is introduced by the isolation trans-
former. As laser-spectroscopy measurements average over many of
these cycles, this introduces a broadening of the line shape. Due to
the Doppler compression, however, the observed spectral width is
still at the level of the natural linewidth. The DAC is controlled via
fiber from the measurement PC.

The EBIS at COALA is operated in continuous mode, as this
yields superior beam properties compared to pulsed operation.’! In
this mode, the ions are produced in a trap with three electrodes
at fixed potentials supplied by ISEG HM81001 power supplies that
were measured to drift up to 100 mV/20 min. For measurements
in light, highly charged ions, as e.g., reported in Refs. 31 and 32 for
"2C*, the central electrode that mainly determines the beam energy
is stabilized by placing the DAC unit on a high-voltage platform

and feeding the correction voltage to the electrode, as depicted in
Fig. 1(c). To avoid the additional noise that is generally introduced
when using an isolation transformer, the DAC unit was supplied
with batteries. In the future, this system will be expanded to also
control the end-cap electrode through which the beam leaves the
source.

In the TUDa configuration with the DAC on the high-voltage
platform, the commercial DAC unit endured only a few high-voltage
sparks that occasionally occurred when operating the ion sources
at their limits. A custom solution was designed, which is based
on a 12-bit MCO4728 DAC with four channels. Matched to our
capacity and high voltage, the first guard is an AMLV22 varis-
tor combined with a 10 Q resistor. Residual currents are deflected
through a SMBJ5.0A transient voltage suppressor (TVS) that shields
the DAC together with a 10 kQ resistor, as depicted in Fig. 1(d). In
addition, the power supply line of the DAC is connected to the iden-
tical guard setup. So far, the DAC, supplied with such shielding, has
required not any replacements. Furthermore, a serial-to-fiber con-
nection was integrated into the custom-built board, which allows
direct communication with the PC on the ground potential.

C. High-voltage divider setup

The high-voltage dividers used at MSU and TUDa are custom
made and based on the identical design®’ and only differ in the
divider ratio of 3000:1 and 2000:1, respectively, to scale the maxi-
mum applied voltage of 30 and 20 kV to 10 V in both cases. To match
the requirement of a high temporal stability of the divider ratio, the
dividers consist of a chain of resistors with a low-temperature coef-
ficient of <1 ppm/K. This is achieved with Caddock film resistors
of type USF370 with a resistance of 9.95 MQ each that were indi-
vidually characterized by the manufacturer and selected in sets of
five to achieve a minimal total temperature coefficient. The maxi-
mum operation voltage is 1 kV/resistor, leading to a total resistance
of 298.5 and 199 MQ, respectively. As the low voltage resistor,
a Vishay foil resistor Y0007100K000 T9L (100 kQ, <2 ppm/K) is
used. All resistors are placed inside a +0.1 K temperature-stabilized
housing to be independent of the ambient conditions. The resis-
tor chain winds in a helix structure around a cylinder. This tower
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FIG. 2. Cross section of the high voltage divider, illustrating the air flow in the tem-
perature stabilized housing. The temperature of the returning air is measured with
a thermocouple element. With an Omron ESCN-HV2M-500 temperature controller,
the heating current is adapted to stabilize the temperature to 30.0 °C.

is surrounded by an acrylic glass tube and closed by metallic lids
on the top and bottom. The basic principle of temperature stabi-
lization is shown in Fig. 2. A thick copper plate in the center is
heated to 30.0(1)°C, and a ventilator creates a constant airflow that
pushes up in the center and down on the outside, where the resis-
tors are mounted. The heat created by the heater and the resistors
is, therefore, equally distributed in the volume of the housing. As
the temperature of the divider is set to a value above room temper-
ature, there is passive cooling by the heat loss through the housing.
The high voltage is applied to the top lid of the housing, which has
a toroidal shape to avoid discharges. The low-voltage end is at the
bottom, which is on ground potential. The electronics for the tem-
perature stabilization are placed in a metallic box below, which also
serves as the stand for the divider.

Ill. MEASUREMENTS
A. Calibration of the high-voltage divider

To characterize a high-voltage divider and calibrate its scale
factor, it has to be compared to a reference divider. At both facil-
ities, this was done with the same reference divider, MT100, from
PTB, which is used as the national metrology standard for DC high
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voltages.” As an example, we detail the calibration of the TUDa
divider. The high voltage of interest is applied to both dividers, and
the voltage is recorded with two Keysight 3458 A multimeters. This
measurement is performed for several voltages and also for a short-
circuited divider to determine the contact voltages of the cables.
The gain of the multimeters was calibrated with a Fluke 732C 10-V
reference. In addition, the cable offset was considered.

First, the long-term stability of the scale factor was investigated
by applying the maximum high voltage to the custom divider and
the MT100 reference divider. The relative deviation of the scale fac-
tor over time is shown in Fig. 3. After about 1 min, the scale factor
reached an equilibrium value that stayed constant over the whole
measurement time of >80 min. The standard deviation indicated in
Fig. 3 is about 0.2 ppm, which is well below the stabilization goal of
<1 ppm.

As depicted in Fig. 4, the voltage dependence of the scale fac-
tor of the TUDa divider was determined in steps of 1 kV up to the
maximum voltage of 20 kV. At each step, the measurement time was
sufficiently long to reach thermal equilibrium. Repeating this pro-
cess for both polarities leads to a parabolic shape of the data points.
This is directly connected to the ohmic losses inside the divider. As
the power of the losses Pg = U*/R is directly proportional to the
square of the voltage applied to the divider, the equilibrium temper-
ature of the resistors is equally affected, which alters the resistance
according to the temperature coefficient.

The total uncertainty of the calibration of the scale factor at PTB
is composed of the statistical uncertainty in Fig. 4 and the uncer-
tainty of the reference divider MT100 of about 2 ppm (2-0 range; all
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FIG. 5. 30-kV high-voltage measurement at BECOLA using a commercial high-
voltage divider (black) and the present custom built divider (red) read out by 6.5
digit digital voltmeters. While the present divider showed a realistic slow drift of
the high voltage, the commercial divider caused significant fluctuations in the volt-
age reading. Using the present divider and a feedback loop, the slow, most-likely
thermal drift of the power supply was compensated.

other uncertainties are given as a 1-o range). In addition, long-term
drifts, i.e., due to the aging of the resistors, need to be considered,
which can change the scale factor by several ppm per year.”” Hence,
this calibration process needs to be repeated regularly.

B. HV stability at MSU

At MSU, a high-voltage divider was built as described above
to replace the former commercial Ohmlabs HVS series divider.
Initially, the Ohmlabs divider performed well but then started to
yield unrealistic readings. In Fig. 5, the voltage applied with the
ultra-stable FUG was measured with both dividers. While the new
custom-built divider shows a small and steady drift of the high-
voltage, which is commonly observed as power supplies tend to drift
for hours after start to reach thermal equilibrium, the voltage mea-
sured with the old Ohmlabs divider shows unrealistic drifts and
jumps. Using laser spectroscopy to quantify the voltage stability as
described in Sec. 111 C also revealed that these large drifts are not
real but rather an artifact of the divider’s measurement. To elimi-
nate the long-term drift of the high voltage, the stabilization scheme
described in Sec. II A was applied. The resulting voltage shows
high stability after an initial overshooting of the feedback loop, as
depicted in Fig. 5.

C. HV stability at TUDa

At TU Darmstadt, a similar feedback loop is employed to sta-
bilize the high-voltage applied to the ion sources. In addition to
the electronic measurement, collinear laser spectroscopy of the 5s
251/2 - 5p 2P1/2 transitions in 38Sr™, produced in the surface ioniza-
tion source, was employed to probe the high-voltage stability. For
this purpose, 50 measurements at 20 kV in anticollinear geometry
were performed over a time period of 4 h. Any voltage drift causes a
change in the determined resonant laser frequency due to different
Doppler shifts, according to Eq. (1). In Fig. 6, the observed transition
frequencies are plotted for the cases without (top) and with (bot-
tom) voltage stabilization. In these measurements, Doppler tuning
was applied, as described above, and the laser frequency was locked
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FIG. 6. Stability of the 55 Sy, — 5p 2Py, resonance frequency measurement in
883+ with and without active high-voltage stabilization of the ions’ starting poten-
tial. Particularly in the first hour after starting the power supply, the output voltage
slowly settles, which was the case in (a). Due to the Doppler effect, the determined
frequency changes with the starting potential and, hence, the ion velocity drift. This
can be circumvented when using active high-voltage stabilization, as shown in (b),
which was also measured in the first hour after starting the power supply. The
shaded area corresponds to the standard deviation and decreases from 1.7 MHz
to 130 kHz if the voltage-stabilization is active. The error bars in (a) and (b) depict
the statistical uncertainty, which is similar for all measurements.

to a reference cavity that was long-term stabilized to a frequency
comb, achieving a frequency stability of <100 kHz at the relevant
timescale, which is limited by the linewidth of the employed laser
system.”” As shown in Fig. 6, the voltage stabilization significantly
improved the reproducibility and reduced the standard deviation of
the determined resonance frequencies from 1.7 MHz to 130 kHz.
This is crucial to reach the highest precision of rest-frame frequen-
cies from collinear-anticollinear measurements and isotope shifts,
e.g., to test an atomic theory’’ or to search for nonlinearities in a
King-plot.”

IV. FIELD PENETRATION INTO THE INTERACTION
REGION

Applying Doppler tuning to scan across the resonance con-
dition can require large scan voltages of 100 V to several kV if a
large isotope shift or hyperfine splitting has to be covered. As the
laser—ion interaction region, to which the high voltage is applied,
requires openings for the ion and laser beams and the fluorescence
detection, field penetration from the surrounding beamline compo-
nents at ground potential can affect the potential experienced by
the ion beam. In first order, field penetration affects the measured
hyperfine splitting or isotope shift linearly and shifts it to smaller
absolute values and, hence, can be corrected in the data analysis if
the effect is well quantified. Therefore, the setups at MSU and TUDa
were mapped accordingly.

For the characterization of the fluorescence detection region
(FDR) at TUDa, which is depicted in Fig. 7 and contains two sep-
arate detection chambers, a single peak of the hyperfine spectrum
of the 4f?6s — 4f'*6p transition at 384.0 nm in ' Tm* was used.
First, collinear and anticollinear measurements were performed to
extract its rest-frame frequency vy with Eq. (2). The laser frequencies
were adjusted for the resonances to appear at the same scan voltage.
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lon beam

FIG. 7. Fluorescence detection region (FDR) of COALA at TUDa. In the first seg-
ment, an elliptical mirror (1) focuses fluorescence emitted from the beam axis onto
two PMTs. In the second segment, a mirror (2) and two lenses (3) and (4) focus
fluorescence light emitted from their focal points onto a single PMT. Small tubes
(5) define the electrostatic potential outside and between the two segments and
are used to align the FDR.

Then, anticollinear measurements were performed with different
laser frequencies so that the obtained resonance spectra spanned
the complete scan-voltage range, and the kinetic beam energy was
extracted with Eq. (3). The corresponding laser frequency vi,, was
measured with a frequency comb, and the total uncertainty of the
extracted effective voltage applied to the detection region was less
than 0.05 V. In parallel, the applied scan voltage was measured
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with a Keysight 3458A 8.5-digit multimeter. As both chambers are
designed to efficiently collect fluorescence photons on one or two
photomultiplier tubes, only the average field penetration of the
chamber can be extracted.

In Fig. 8(a), the laser-based measurement of the total accel-
eration voltage of the ions is shown relative to the applied and
electronically measured voltage for the two chambers of the fluo-
rescence detection region. The first chamber is equipped with an
elliptical mirror set that collects the fluorescence light at one focal
axis and guides it to the second focal axis outside the vacuum cham-
ber, at which two photomultiplier tubes (PMTs) are located;*® see
Fig. 7 (1). It has an enclosed geometry, i.e., it is only open toward
the PMT and has a 13-mm diameter entry and exit port for the
laser and ion beam. The entry and exit ports are connected with a
92-mm long and 13-mm wide tube. Contrarily, chamber 2, which
is equipped with a lens to focus the light onto the PMT,”” has a
relatively open geometry without metallic shielding on the sides.
This explains the significantly larger field penetration of 1.568 (17)%
compared to 0.030 (18)% in chamber 1. As different materials are
used in the two chambers (Chl: Miro UV-C foils from ALANOD;
Ch2: machined aluminum), different contact voltages exist, causing
an offset of almost 0.6 V, which is of the expected order of mag-
nitude. Afterward, the fluorescence detection region was improved
by installing metallic meshes (3 x 3 mm? openings thin space with
1 mm wire) at the opening toward the PMTs of chamber 1 and by
enclosing the lens region of chamber 2 with the same mesh. The
measurement was repeated, now using the 5s2 Sip — Sp2 Py, tran-
sition in *8Sr*. As shown in Fig. 8(b), the field penetration was
strongly reduced to 0.009 (4)% and 0.059 (3)% in chambers 1 and 2,
respectively. Deflections of the ion beam caused by the applied high
voltage and misaligned electrodes would also lead to shifts in the
resonant laser frequency [see Eq. (1)]. This would cause a parabolic
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FIG. 8. Difference of the laser spectroscopically determined potential applied to the detection region to an electronic measurement with a multimeter (a) without and (b) with
additional shielding by installing a metallic mesh. Without mesh, a large field penetration effect was observed, particularly in chamber 2, which has a more open geometry
than chamber 1. Closing the openings with a metallic mesh reduced the field penetration. Between both chambers, a potential offset is observed, which is attributed to contact

voltages as different materials are used.
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function around 0, which was not observed. Similarly, the wrong
gain factor of the multimeter would not cause a linear slope but
an inversion at 0. At MSU, the same procedure was applied using
the 3p645281/2 — 4p2P3/2 transition (393 nm) in 40Ca*, but due to
the absence of a frequency comb, a lower resolution was achieved.
Here, a field penetration of 0.055 (10)% was observed in the first flu-
orescence detection chamber,”® while no field penetration could be
resolved for the second chamber. The latter is a copy of the mirror-
based chamber at TUDa with mesh. Hence, a penetration of 0.01%
is expected. The relative field penetration between the two MSU
chambers was confirmed by the measurement of hyperfine spectra
in *Sc* presented in Ref. 38. Generally, the quantification of the
field penetration from the measurement of a well-known hyperfine
splitting is the easiest approach since such a measurement can be
performed at one laser frequency and no frequency comb is required
to achieve a high resolution. Reference spectra can be obtained
from well-characterized setups, e.g., at TUDa, from precision ion-
trap measurements’ ' or RF atomic beam measurements.""’ For
example, a measurement of the magnetic hyperfine parameter of the
ground state of the stable ¥Sr*A = —1000.473 673(11) MHz" in a
setup with a field penetration of 0.05% would systematically devi-
ate by 0.5 MHz, shifted to smaller absolute values. An isotope shift
measurement of "°Sr™ relative to the stable ®Sr* to investigate the
impact of the N = 40 subshell closure on the charge radius of this
N = Z nucleus using a 30-keV ion and pure Doppler tuning would
deviate by 25 MHz. Those uncertainties are relevant for state-of-the-
art collinear laser spectroscopy experiments as they exceed statistical
contributions. As the effect scales linearly, the absolute deviation is
smaller for nuclei with small hyperfine splittings and isotopes close
to stability. The impact of this systematic deviation on the A para-
meter on benchmarking atomic calculations, however, is marginal as
their precision for multi-electron systems is still limited beyond the
MHz level."*" In the extraction of nuclear moments, the systematic
contribution cancels as those are determined relative to a reference
isotope, which is affected identically. Contrarily, nuclear charge radii
are directly affected. However, the trend along the isotopic chain will
be correlated, i.e., its slope is systematically tilted, but fine structural
details such as the odd-even staggering or kinks at magic numbers,
which are especially used to test nuclear theory,"”"” persist. Charge
radius applications that exceed one element, on the other hand, e.g.,
for the investigation of proton halos,* to constrain the slope para-
meter L of the nuclear equation of state,” ' or as input parameters
for calculations of CKM matrix elements,”” are directly afflicted and
have to be evaluated carefully.

V. CONCLUSION

The determination of the kinetic beam energy, which is gov-
erned by the electrostatic acceleration potential, is crucial for pre-
cision fast-beam collinear laser spectroscopy measurements and
constitutes the largest systematic uncertainty. The total kinetic beam
energy can be extracted from collinear and anticollinear measure-
ments. With new custom-built high-voltage dividers, the accelera-
tion voltage at BECOLA and COALA is precisely measured and sta-
bilized to the ppm level with a feedback loop to eliminate drifts of the
kinetic beam energy during the experiment and the corresponding
uncertainty contribution. Furthermore, the often neglected impact

ARTICLE pubs.aip.org/aip/rsi

of field penetration into the optical detection region was inves-
tigated, yielding significant contributions if large Doppler tuning
voltages are applied. This can be circumvented by performing all
measurements at the same scanning voltage, which requires a change
in laser frequencies for different isotopes or hyperfine lines. Particu-
larly for the latter, this can become impractical. With quantification
of the field penetration into the interaction region, either by per-
forming measurements of the same transition at different scan
voltages or easier by measuring a well-known hyperfine splitting, its
impact can be attributed in the analysis. The relative uncertainty of
such a calibration, here 0.01% and 0.004% for the setups at MSU and
TUDa, respectively, is usually below the statistical uncertainty.
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