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Abstract. The energy levels of hydrogen-like atoms and ions are accurately described by bound-state
quantum electrodynamics (QED). He™ ions have a doubly charged nucleus, which enhances the higher-
order QED contributions and makes them interesting for precise tests of QED. Systematic effects that
currently dominate the uncertainty in hydrogen spectroscopy, such as the second-order Doppler shift and
time-of-flight broadening, are largely suppressed by performing spectroscopy on trapped and cooled He™
ions. Measuring a transition in He™ will extend the test of QED beyond the long-studied hydrogen. In this
article, we describe our progress toward precision spectroscopy of the 1 S-2S two-photon transition in He™.
The transition can be excited by radiation at a wavelength of 60.8 nm generated by a high-power infrared
frequency comb using high-order harmonic generation (HHG). The He" ions are trapped in a Paul trap
and sympathetically cooled with laser-cooled Be™ ions. Our recently developed signal detection scheme
based on secular-scan spectrometry is capable of detecting Het excitation with single-event sensitivity.

1 Introduction

Light hydrogen-like atoms and ions are the simplest
bound systems, and their energy levels are accurately
described by bound state quantum electrodynamics
(QED) [1-5]. The theoretical expressions include the
contributions of the electron self-energy and the vac-
uum polarization which go beyond the description by
relativistic quantum mechanics using the Dirac equa-
tion. Theoretical predictions based on QED can be com-
pared with spectroscopic measurements. Any discrep-
ancy would reveal possible errors in the experiments
and in the evaluation of the theoretical contributions
or could point to new physics beyond the Standard
Model. The measurement of the anomalous magnetic
moment of the electron [6,7] and the determination of
the fine structure constant [8,9] serve as precise tests of
free-particle QED [10], which has been calculated to an
impressive level of five-loop diagrams [11]. Meanwhile,
the study of various transitions of different atomic and
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ionic systems provides tests of bound-state QED that
are complementary.

A precise test of bound-state QED requires a spec-
troscopic target that can be accurately measured. Since
the 2 S state is long-lived and the 1 S-2 S transition has
a high quality factor, it is particularly interesting for
high-precision spectroscopy. The frequency of the 1S—
2S transition of atomic hydrogen has been measured
with a fractional uncertainty of 4.5 x 1071%, mainly lim-
ited by the second-order Doppler effect [12]. Combined
with spectroscopic measurements of other transitions of
hydrogen-like systems, the Rydberg constant and the
nuclear charge radii can be determined. It was found
that these constants extracted from different combina-
tions of measurements do not agree with each other (the
proton charge radius puzzle) [13-15]. The fine struc-
ture constant and the electron—nucleus mass ratio are
other important parameters that enter the QED theory
describing hydrogen-like systems. They are well known
and introduce negligible uncertainties in the QED test
[2,8,16,17].

So far, the most accurate QED tests based on spec-
troscopy of two-body atomic systems have been per-
formed only on hydrogen and deuterium. It is important
to test whether QED accurately describes hydrogen-like
systems with a nuclear charge Z greater than unity. The
hydrogen-like He™ ion is an interesting spectroscopic
target for this purpose. Higher-order QED corrections
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Fig. 1 Level scheme of “He'. We plan to excite the 1S-
2 S two-photon transition using an XUV frequency comb at
60.8 nm. The 2S state can be ionized by radiation with a
wavelength below 91.1 nm

scale with large exponents of the nuclear charge, mak-
ing this measurement much more sensitive to these cor-
rections compared to the hydrogen case. It could also
provide additional insight into the proton charge radius
puzzle. Due to their charge, He™" ions can be held nearly
motionless in the field-free environment of a Paul trap,
providing ideal conditions for a high-precision measure-
ment.

We are currently setting up an experiment to perform
precise spectroscopy of the 1S-2S transition in He™
[18]. The main challenge of the experiment is that driv-
ing the transition requires coherent radiation at 60.8 nm
(see Fig. 1). This is in the extreme ultraviolet (XUV)
spectral region, where no continuous-wave laser source
exists. The natural linewidth of the transition is nar-
row (I' = 27 x 84 Hz) [19], and a narrow linewidth
spectroscopy laser is required to drive it efficiently. We
want to use two-photon direct frequency comb spec-
troscopy with a low-noise XUV frequency comb. The
XUV comb is generated from a high-power infrared fre-
quency comb using resonator enhanced high harmonic
generation. The spectroscopic target will be a small
number of He' ions trapped in a linear Paul trap and
sympathetically cooled by co-trapped Be™ ions. After
successful excitation to the 2S state, a significant frac-
tion of the He™ ions are further ionized to He*™ that
remain in the Paul trap. Sensitive charge-to-mass mea-
surements using secular excitation will reveal the num-
ber of trapped He?" ions and will serve as a single-event
sensitive spectroscopy signal.

In this article, we describe our recent progress toward
high-precision spectroscopy of the 1S-2S transition in
He'. In Sect. 2, we discuss the impact of the planned
measurement on QED tests and the proton charge
radius puzzle. In Sect. 3, we describe our setup to gen-
erate the frequency comb at 60.8 nm and the stabiliza-
tion scheme to suppress its phase noise. The ion trap
setup for storing the He™ ions is described in Sect. 4, as
well as our recent demonstration of the signal detection
scheme. Before performing the 1S-2S spectroscopy of
He™, we plan to excite a two-photon transition in Be™
ions which can be used for testing the alignment of our
spectroscopy setup. This experiment is briefly discussed
in Sect. 5.
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2 Impact on QED

The precision of QED tests is limited partly by uncer-
tainties in the theoretical expressions and its input
parameters and partly by systematic and statistical
uncertainties of the experiments. In this paper, the
term “theory uncertainty” represents the uncertainty
in the evaluation of the QED contributions, excluding
the uncertainty due to the input parameters. A brief
summary of the recent progress in the theory applied
to hydrogen-like “He' will be given here. For the fre-
quency of the 1S-2S transition in *He™, the corrections
of order a?(Za)%mc?/h (and higher orders) due to the
two-loop self-energy of the electron have the largest the-
oretical uncertainty. Recently, an updated evaluation of
this contribution was reported with a reduced uncer-
tainty of 32 kHz (3 x 10~'2 relative to the transition
frequency) [20-24]. The updated two-loop correction
[22] is not yet included in the current CODATA2018
report [2] (see also [4]). Other important contributions
to the uncertainty originate from the three-loop cor-
rections and the radiative recoil effects. For “‘He™, they
are estimated to be 9.5 and 12 kHz, respectively [22,25].
For ?He™ the radiative recoil corrections have an uncer-
tainty of 16 kHz [22]. The evaluation of the relativistic
recoil corrections was improved recently [26], and the
result now has a negligible uncertainty compared to the
uncertainty of the two-loop contributions. The calcu-
lations of the leading four-loop corrections were com-
pleted [27-30], and their uncertainties are insignificant
at the current level of precision. In total, the theory
uncertainty of the 1S-2 S transition frequency of *He™
is estimated to be ~36 kHz (4 x 10~'2).

The recent measurement of the Lamb shift of muonic
4He' allows a precise determination of the charge
radius of the “He™ nucleus (a-particle) [31]. The result
is in agreement with the elastic electron scattering of
“He [32] and has about a five times smaller uncertainty,
corresponding to 60 kHz with respect to the 15-28
transition frequency of “He™ (6 x 10712) [31,33].

Higher-order contributions of the finite nuclear size
effects for electronic **He™, such as the two- and three-
photon exchange contributions, are less well known,
but are not expected to significantly affect the uncer-
tainty. For example, the nuclear polarizability contri-
bution was evaluated with a 3 kHz uncertainty for
“He™ [34]. The uncertainty of the nuclear charge radius
obtained from muonic *He™ spectroscopy is dominated
by the two-photon exchange contributions including the
effects of nuclear polarizability [31]. A possible corre-
lation of nuclear structure uncertainties in the muonic
and electronic systems with the same nucleus should be
considered when including higher-order contributions in
future QED tests.

The charge radius of the *He™ nucleus currently
introduces a larger uncertainty (60 kHz) than the the-
ory uncertainty (36 kHz) [31,33]. Therefore, a measure-
ment of the “He' 1528 transition frequency with an
uncertainty of smaller than 60 kHz (6 x 1071%) would
improve the determination of the charge radius, assum-
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ing that QED is correct. Moreover, it could be used
to determine the two-photon exchange contribution to
the muonic *He™ energy levels which would serve as an
important test of nuclear polarizability theory. Mea-
suring more than one transition in “He™ determines
the Rydberg constant and the charge radius and would
allow an independent QED test without relying on
hydrogen and deuterium results. The proton charge
radius puzzle corresponds to a discrepancy of about
4 x 107! for the Rydberg constant. A measurement of
the 1S-2S transition frequency of “He™" with an uncer-
tainty of less than 4 x 107! (~ 400 kHz) would deter-
mine the Rydberg constant at this level and thus could
help to solve the puzzle.

In the future, it would also be interesting to perform
spectroscopy on the *He™ isotope. In principle, this
can be done with the same experimental apparatus and
spectroscopy scheme used for *He™. The two-loop and
three-loop contributions are common to **He™ and will
cancel out completely when the results are combined.
The radiative recoil corrections and their uncertain-
ties are strongly suppressed. Therefore, the measure-
ment will determine the charge radius difference Ar? =
r(3He)? — r(*He)? with a smaller uncertainty than the
radii themselves. The result can be compared to isotope
shift measurements of neutral >*He, where the prob-
lematic high-order three-body QED contributions are
largely cancelled out [35-41]. Measurements of differ-
ent transitions starting from the metastable 23S state of
neutral 3*He show statistically significant inconsisten-
cies [35,36]. The measurements on the >*He™ isotopes
may provide new insight into this problem. The squared
radius difference can also be obtained by measuring
the isotope shift in muonic **He™. However, the uncer-
tainty is dominated by the two-photon exchange con-
tributions. Since these are isotope-dependent, no signif-
icant cancellation takes place. The uncertainties in the
QED theory are partially correlated for hydrogen, deu-
terium, and >*He™. The results of spectroscopic mea-
surements on these species can be analyzed together by
a global fit to the theory that takes advantage of the
known correlations between the uncertainties.

3 Laser setup

Our setup for the generation of a 60.8-nm XUV fre-
quency comb consists of the following components (see
Fig.2). We start with a 1030-nm Yb:KYW Kerr-lens
mode-locked oscillator that emits < 100 fs pulses at a
40 MHz repetition frequency, with an average power
of 10 mW. The laser is pumped by a single-mode-fiber
coupled diode-laser at 981 nm with an average power
of 500 mW. We use a two-stage preamplifier and a
main amplifier to increase the average power for subse-
quent frequency conversion to the XUV. The two-stage
Yb:LuAG solid state preamplifier produces a power of
2.7 W. Its output is used to seed a high-power Yb:YAG
Innoslab amplifier [42]. That brings the average power
up to 270 W after a Faraday isolator and a spatial fil-
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Fig. 2 Simplified schematic of the XUV comb setup. The
seed laser is a Yb:KYW Kerr-lens mode-locked oscillator.
A two-stage preamplifier and the Innoslab amplifier [42],
together with the multi-pass cells for pulse compression [43],
provide high-power ultrashort pulses. The XUV comb is
produced via resonator-enhanced high-harmonic generation

(HHG)

ter to improve the beam quality. The gain bandwidth
of the Yb:YAG crystal together with the small seed
bandwidth of 2 nm limits the amplified bandwidth to
1.5 nm and sets the pulse duration to 1.1 ps with a
center wavelength of 1030 nm. The amplifier is followed
by a nonlinear pulse compression, i.e., nonlinear spec-
tral broadening and subsequent chirp removal, in order
to cover a larger spectrum that includes 1033 nm, the
17th subharmonic of the 1 S—2 S two-photon transi-
tion frequency at 60.8 nm. In addition, shorter pulses
allow for a higher conversion efficiency. We employ a
multi-pass-cell spectral broadening (MPCSB) scheme
which is suitable for a pulse energy range of a few
wJ and for high average power [43,44]. Two stages are
used for spectral broadening from a spectral width of
1.5 nm to a spectrum that extends beyond 1010 nm and
1060 nm (see Fig.3). Each stage consists of a multi-
pass cell (MPC) with two 2”-diameter concave mirrors
and an AR-coated fused-silica plate placed in the cen-
ter as the nonlinear element. The MPC mirrors have a
dispersive coating in order to compensate the material
dispersion of the element. The first stage uses a 20-mm
element with 45 passes, while the second stage uses a
13-mm element with 21 passes. After spectral broaden-
ing, the spectral chirp is removed using a set of disper-
sive mirrors and a tunable transmission-grating pair.
The temporal pulse duration after the chirp removal is
59 fs, characterized by frequency-resolved optical gating
(FROG). The total throughput of the pulse compres-
sion setup including two MPCs and chirp removal is
~ 92%, and nearly 250 W can be used for frequency
conversion to the XUV. The beam quality after the
multi-pass cells is measured to be M2 = 1.1 x 1.05.
The XUV frequency comb covering the two-photon
transition wavelength at 60.8 nm is synthesized by
resonator-enhanced high-harmonic generation (HHG)
of our infrared frequency comb close to 1033 nm [45-
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Fig. 3 Spectra of our Yb-based infrared laser measured
before and after the multi-pass cells for spectral broaden-
ing and pulse compression (blue and orange traces, respec-
tively). The broadened spectrum is obtained at ~ 240 W
of power measured after the compression, and has signifi-
cant spectral intensity from 1010 to 1060 nm. The pulse
duration after chirp removal is 59 fs

48]. HHG is a strongly nonlinear process that coherently
generates odd-order harmonics from a high-intensity
driving field. The process is demonstrated to preserve
the frequency comb structure [49]. The phase noise of
the driving laser is multiplied in the HHG process: the
rms phase noise of the gth harmonic is given by ¢¢,ms,
where ¢.ns is the rms phase noise at the fundamen-
tal wavelength. The fractional power contained in the
carrier of the gth harmonic radiation is exp(—¢?¢?..).
Therefore, the phase noise of the fundamental wave-
length ¢ms has to be kept sufficiently low to avoid a
significant reduction of the carrier power or complete
disappearance of the carrier (carrier collapse). For the
purpose of two-photon direct comb spectroscopy, it is
sufficient to stabilize one of the comb modes as shown in
Fig. 4. In this case, the residual phase noise is symmetric
around the frequency of the stabilized mode and can-
cels out in a two-photon excitation. We achieve this by
tightly locking one infrared comb mode to a continuous
wave (CW) reference laser at 1033 nm, corresponding
to 1/17 of the 1 S—2 S two-photon transition frequency.
The reference CW laser is stabilized to an ultra-stable
reference cavity [50]. In addition, the phase noise intro-
duced by path length fluctuations along the setup is
measured by heterodyne beat detection with the same
reference laser, right before the enhancement resonator
for HHG. An acousto-optic modulator (AOM) is placed
after the preamplifier to precompensate for these fluctu-
ations. The phase noise characterization of our reference
laser is described in [50]. In addition, we have performed
an in-loop measurement of the residual phase noise
between the frequency comb mode and the reference
laser. The enhancement resonator filters out phase noise
with Fourier frequencies above its linewidth [51]. By
numerically filtering the measured noise spectra with
the expected noise transfer function, we estimate that
the light circulating in the enhancement resonator has
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Fig. 4 Frequency comb stabilization scheme. One of the
comb modes is stabilized to a reference CW laser at
1033 nm. The reference CW laser is stabilized to an ultra-
stable reference cavity. The residual phase noise of the
infrared frequency comb is symmetric around the stabilized
mode. When pairs of symmetrically detuned modes (indi-
cated by blue arrows) participate in the two-photon excita-
tion, their noise contributions cancel out

an integrated phase noise of around 14 mrad. This cor-
responds to 80% of the power remaining in the carrier at
the 34th harmonic. The path length of the XUV beam-
line between the HHG and the ions (see below) is not
actively stabilized. Length fluctuations due to vibra-
tions add phase noise and have to be minimized. We
use vibration dampers on the turbomolecular pumps of
the setup and plan to interferometrically measure the
mirror vibrations using auxiliary laser beams.

A bow-tie resonator is used for the resonator enhanced
HHG. The resonator length is stabilized by locking it
to the reference CW laser rather than to the infrared
comb directly. In this way, we avoid modulation side-
bands on the frequency comb that are required to gen-
erate the Pound-Drever-Hall error signal [52]. Similar
to the phase noise, these sidebands would reduce the
carrier power. The dispersion from the highly reflec-
tive resonator mirrors is small enough to support the
spectral bandwidth obtained from the MPC spectral-
broadening setup. High-harmonics are generated at the
tight focus of the enhancement resonator where a Xe
gas jet acts as a nonlinear medium. The focal radius is
wo = 43 pm. The generated XUV radiation is extracted
from the resonator by using a HR mirror with a slit that
is structured into the substrate, serving as the output
coupler [53]. To avoid high losses in the infrared field
due to the slit, the resonator is set in a non-collinear
configuration [54] (see Fig.5). In this configuration, the
beams in the collimated arm of the resonator are con-
tained in two distinct vertically offset planes, and the
beam has to pass each mirror twice to complete a round
trip. The beams in the focused arm have an intersec-
tion at the focus of the resonator. The total round trip
length of the resonator is set to be 15 m, which cor-
responds to a free spectral range of 20 MHz. When
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Fig. 5 A simplified schematic of the enhancement res-
onator for HHG. The resonator is operated in a non-collinear
configuration. Two pulses are circulating simultaneously in
the cavity and are spatially and temporally overlapped at
the focus of the resonator, where harmonics are generated
using a Xe gas jet as a nonlinear medium. The two wedge
mirrors ensure that the two beams are parallel and the beam
path is closed to complete a round trip. The generated har-
monics exit the resonator through the slit in the output
coupler. Additional folding mirrors (not shown) are used to
fit the resonator into our vacuum system

seeded by the comb with 40 MHz mode-spacing, two
pulses are simultaneously circulating in the resonator.
These two pulses temporally and spatially overlap at
the focus of the resonator where high harmonics are
generated. A circulating power (adding the two cir-
culating pulses) of up to 8 kW has been achieved at
120 W of impinging power. Currently, the enhanced
power is limited by plasma effects [55]. The power loss
per round-trip is estimated to be < 0.2% excluding the
transmission at the input coupler. The HHG radiation
propagates along the bisector of the two intersecting
infrared beams. While the infrared beams avoid the slit
in the output coupler, which is located at the bisector,
the XUV pulses pass through it and exit the resonator
with high efficiency.

A non-collinear configuration could be achieved with
two enhancement resonators with intersecting beams
[47] or with one resonator of twice the length and two
circulating pulses [56] arranged to intersect in the focus.
These proposals have not been demonstrated for HHG
as they are difficult to align. Zhang et al. demonstrated
HHG with a non-collinear resonator where two circulat-
ing pulses use different focusing mirrors but share the
other resonator mirrors [54]. This still requires align-
ment of the focus position and timing of the pulses. In
our resonator, the two beams share all resonator mir-
rors such that they are intrinsically synchronized and
aligned [57]. This is possible by employing wedged mir-
rors in the resonator which imprint a different angle on
the beams reflected from the two segments of the mir-
ror. Moreover, we need the wedged mirrors to tune the
phase delay between the two pulses by shifting them
vertically (in Fig.5). In our implementation we use a
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Fig. 6 An image of the resonator focus where high har-
monics are generated in a Xe gas jet (top view). Optical
emission from the plasma can be observed with the bare eye.
A gas catcher is placed very close to the nozzle to reduce
the background pressure

total of 16 mirrors, ten of which are 1” plane mirrors,
one is a 1/2"” piezo-actuated mirror as a fast actua-
tor to stabilize the resonator length, one is the input
coupler, two are wedged mirrors and two are focusing
mirrors. These focusing mirrors have radii of curvature
of 300 mm and 500 mm. The 300-mm mirror, placed
behind the focus, has an open slit of 0.3 mm width
and acts as the output coupler. The slit was struc-
tured via Inverse Laser Drilling [53]. The wedged mir-
rors have reflecting surfaces that are vertically tilted
by £270 prad. Finally, the input coupler is segmented
such that its lower half (Fig.5) is partially transmissive
(88% transmission) and its upper half is highly reflec-
tive. The typical beam separation at the output cou-
pler is 6.7 mm, and the beam radius is w = 1.2 mm.
The whole setup is placed in a vacuum chamber at a
few times 1072 mbar of pressure to avoid absorption
of the XUV radiation by air. A gas catcher is placed
opposite to the fused-silica gas nozzle (100 wm open-
ing diameter) and is pumped by an independent rough-
ing pump to efficiently capture the Xe gas (Fig. 6).
The background pressure is currently limited by the
gas flow from the nozzle and the pumping speed of the
turbomolecular pumps installed on the housing. Two
resonator mirrors are mounted in PZT actuated kine-
matic mounts such that the alignment of the resonator
can be fine-tuned to compensate for misalignment due
to thermal effects (not shown in Fig. 5). At the moment,
the system can be operated continuously for more than
one hour.

For characterization of the generated harmonics, a
toroidal XUV grating with a known diffraction effi-
ciency angularly separates the spectral components.
The different harmonic orders are detected on a fluo-
rescence plate (Scintillating Screen P43, Proxi Vision).
A movable XUV sensitive photodiode (AXUV20HS1,
Opto Diode) is installed next to the fluorescence plate
and allows the determination of the generated power
at different harmonic orders. As a preliminary result,
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100 pm

Fig. 7 Mixed Be™/He" ion crystal. a Recorded fluores-
cence image showing laser cooled Be™ ions. The sympathet-
ically cooled He™ ions experience stronger radial confine-
ment and form a dark “core” in the center of the crystal.
b Ion crystal structure obtained by a molecular dynamics
simulation [59]. The simulation contains 1450 Be™ ions (red
spheres) and 50 He™ ions (yellow spheres)

~ 10 wW per harmonic order are outcoupled from the
resonator at wavelengths around 60.8 nm.

4 lon trap setup

The spectroscopy target is a small number of He™ ions
that are held in an ion trap.

While He' ions can be easily loaded into an ion
trap, the extremely short transition wavelengths pre-
clude direct laser cooling with currently available laser
sources (see Fig. 1). Instead, we mix the He™ ions with
co-trapped laser-cooled Be™ ions. Due to the strong
Coulomb interaction between the ions, the He™ ions
are sympathetically cooled. When the ions reach a suf-
ficiently low temperature (typically a few tens of mK),
they crystallize into a regular two-component ion crys-
tal [58] (see Fig. 7).

We hold the ions in a linear Paul trap whose geome-
try is shown in Fig. 8. It consists of four “blade” elec-
trodes for radial confinement and a pair of “endcap”
electrodes for axial confinement. The blade electrodes
have axial lengths of 3.00 mm, and their surfaces are
located 0.45 mm from the trap axis. The trap drive at
66.05 MHz with an amplitude of around 120 V is gen-
erated with a helical radio frequency (RF) resonator
[60]. Tt is applied to one diagonal pair of blade elec-
trodes, while the other pair is held at DC voltages. A
static voltage of 400 V is applied to the endcaps. The
resulting secular frequencies for Be' are 1.6 MHz in the
radial direction and 645 kHz in the axial direction. An
additional compensation electrode is located between
two of the blade electrodes. By adjusting the voltages
of the DC electrodes and the compensation electrode,
unwanted electric fields in the trap center can be com-
pensated.
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Compensation

Fig. 8 Geometry of the ion trap. The trap axis is in the
z-direction. Radial confinement is generated by applying a
radio frequency to the RF electrodes. Two endcap electrodes
are used for axial confinement. For clarity, only one of the
endcaps is shown. Holes are drilled through the endcaps in
order to allow for optical access along the trap axis. Static
voltages can be applied to the compensation electrode and
the DC electrodes in order to compensate for field asymme-
tries due to stray electric fields and electrode misalignment

For loading Be™ ions into the trap, a beam of Be
atoms is produced in an oven and is sent through the
trapping region. There the atoms are resonantly ion-
ized by a 235-nm laser beam [61]. The vacuum cham-
ber housing the trap is equipped with a motorized
leak valve that allows controlled introduction of gases.
For loading He™ ions, we fill the chamber with around
5x 107 1% mbar of He. The atoms are then ionized inside
the trapping region by an electron beam produced by
a home-built electron gun.

The Be™ ions are laser cooled by driving the 2s 281/2
(F =2) — 2p *P3)5 (F = 3) cycling transition which
has a wavelength of 313 nm and a natural linewidth
of I' = 27 x 18 MHz [62]. The cooling laser light is
generated as follows. First, light at 626 nm is produced
by sum-frequency generation of the outputs of two CW
fiber lasers at 1550 nm and 1051 nm in a periodically
poled lithium niobate crystal. The light is then fre-
quency doubled in a S-barium borate crystal in a reso-
nant enhancement cavity [63]. The cooling laser is fre-
quency stabilized by phase-locking the 626-nm light to
one mode of a self-referenced optical frequency comb
(Menlo Systems FC1500-250-ULN). In order to pre-
vent pumping the ions into the 2s 2S; 5 (F = 1) dark
state, the transition is driven with circularly polarized
light. In addition, a resonant electro-optic phase mod-
ulator (QUBIG PM-Be+_1.3P3) is used to generate
1.25 GHz sidebands on the cooling light which matches
the ground-state hyperfine splitting in Be™ [64,65]. The
lower sideband is therefore in resonance with the 2s
2812 (F =1) — 2p ?P3/5 (F = 2) transition and acts
as a repumper.

During operation of the XUV comb, the gas load
from the Xe beam increases the pressure in the vacuum
chamber containing the HHG enhancement resonator
to a few times 1072 mbar. At the same time, we want
to keep the background pressure in the ion trap below
1071 mbar to minimize ion loss due to collisions with
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gas atoms or molecules. One possibility would be to
separate the different regions with a thin aluminum foil
(hundreds of nm thick) which has some transparency
in the XUV and would also provide spectral filtering
[18]. However, the extreme fragility of such foils makes
them difficult to use as windows, and the large trans-
mission losses would reduce the achievable signal rate.
Instead, we have set up a differentially pumped vacuum
beamline for delivering the radiation from the XUV fre-
quency comb setup to the ion trap (see Fig. 9).

The first stage is a differential pumping section. In
order to minimize the amount of gas flowing through, it
is connected to the HHG enhancement resonator cham-
ber with a 1.8-mm-diameter hole and to the following
vacuum chamber with a 3.2-mm-diameter hole. Turbo-
molecular pumps are used to evacuate the differential
pumping section and the subsequent two vacuum cham-
bers of the beamline. Chambers 3 and 4 form the ultra-
high vacuum section and are evacuated by ion pumps,
a non-evaporable getter pump, and a titanium sublima-
tion pump. A base pressure of around 3 x 10~!! mbar
is reached in chamber 3 which houses the ion trap. No
significant pressure increase is observed in chambers 1
to 4 when the Xe jet is operated at its current maxi-
mum backing pressure of 3 bar. This indicates that the
differential pumping setup could handle significantly
larger gas loads. In the future, this may allow operat-
ing the HHG with a He/Xe gas mixture which has been

shown to reduce the detrimental buildup of steady-state
plasma in a resonator-enhanced HHG source [66].

The radiation that is coupled out from the HHG
enhancement resonator can contain up to a few W of
residual infrared light at the fundamental wavelength
(centered around 1033 nm). This light could lead to
a significant AC Stark shift of the 15-2S transition
and thermal damage in the subsequent optical com-
ponents. The infrared light is therefore attenuated to
~ 2.5% by using a grazing incidence plate which is anti-
reflection coated for the infrared wavelength. Since the
plate is arranged at a very large angle of incidence (80°
against the surface normal), we expect a reflectivity of
around 70% at 60.8 nm from the top SiO» layer of the
anti-reflection coating [67]. The plate is mounted in a
motorized mirror mount and can be used for steering
the beam through the setup. It is partially transpar-
ent for visible and ultraviolet light and can be used for
overlapping the XUV comb with tracer beams. The first
tracer has a wavelength of 532 nm and is used to make
the beam alignment visible through the windows of the
vacuum chambers. The second tracer is derived from
the Bet cooling laser at 313 nm. This light makes the
Be™ ions fluoresce and can be used for fine tuning the
alignment onto the ions.

The tracers have to be carefully overlapped with the
XUV comb. For this purpose, a metallic broadband
redirection mirror can be inserted into the beam path
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using a mechanical vacuum feedthrough (dashed mirror
in Fig. 9). The mirror sends the light out of the vacuum
chamber through a window. Besides the tracer beams,
the fundamental (1033 nm), 3rd harmonic (344 nm),
and 5th harmonic (207 nm) contained in the XUV comb
can pass through the fused silica vacuum window. The
light is then split into two paths by a wedged beam
splitter. The reflection is focused onto a camera using a
concave metallic broadband mirror with 500 mm radius
of curvature. This geometry matches the beam path
that focuses the radiation onto the trapped ions (see
below). The transmitted light is sent onto a second cam-
era without focusing optics. Overlapping the spot posi-
tions in the images from the first camera ensures that
the beams meet at the focus, but does not yet fix their
relative angles. This is achieved by also overlapping the
spots at the second camera.

Without the redirection mirror inserted, the beam
passes through chambers 2 and 3 and encounters the
first concave XUV mirror which is located in chamber
4. The mirror has a radius of curvature of 500 mm and
is coated with a custom multi-layer coating (optiX fab
GmbH) which achieves a measured reflectivity of 33.4%
at 60.8 nm. The mirror focuses the radiation into the
ion trap.

In principle, the 1S-2S transition in He' can be
excited using a single laser beam. However, the small
ion mass and the large photon momentum lead to a
recoil shift of 54 MHz for “He™. This exceeds the achiev-
able secular frequencies in our ion trap by an order
of magnitude such that the Lamb-Dicke regime can-
not be reached. The absorption spectrum would there-
fore be strongly modulated and would consist of a large
number of motional sidebands [18]. This would signifi-
cantly reduce the excitation rate. Furthermore, it could
be challenging to determine the location of the carrier
which is required for accurate spectroscopy. We there-
fore strongly suppress these motional effects by exciting
the transition in an anti-collinear geometry using two
counter-propagating laser beams. This is achieved by
placing a second identical XUV mirror 500 mm behind
the ion trap which reflects the beam back onto itself.
The XUV mirrors are mounted in motorized mirror
mounts which are placed on motorized linear stages
for focus adjustment. The light for the 313-nm tracer
beam is delivered to the setup using a UV resistant
single-mode optical fiber [68]. When the second XUV
mirror is adjusted correctly, the tracer beam is sent
back through the setup, passes through the grazing inci-
dence plate again, and is coupled back into the fiber.
This back-coupled light is monitored using a polariz-
ing beam splitter and a photodiode which are placed
in front of the fiber. The signal from this photodiode
is used to precisely adjust the alignment of the second
XUV mirror.

Anti-collinear two-photon excitation requires that
the excitation pulses collide at the ion position. At our
repetition rate of 40 MHz, this would require placing
the back-reflection mirror 3.75m away from the ion
trap, which requires an impractical size of the vacuum
chambers. Instead, in our setup a Mach—Zehnder inter-
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ferometer is inserted into the infrared frequency comb
laser beam between the first and second preamplifier
stage. This turns the frequency comb pulses into pulse
pairs that are spaced by the path length difference of
1m. Since the back-reflection mirror is placed 0.5m
behind the ion trap, the first and the second pulses
of each pulse pair collide at the position of the ions.
Note that during frequency conversion into the XUV,
the pulses ionize Xe atoms in the gas jet and the two
pulses may find the jet in different states. However, each
pulse train (separated by 1/ frep) interacts with the gas
jet under the same condition and we do not expect dis-
tortion of the comb structure.

Off-axis ions in a three-dimensional ion crystal expe-
rience radial micromotion. It is advantageous to align
the cooling laser beam along the trap axis since this
minimizes the influence of micromotion sidebands. In
our setup direct optical access along the trap axis is
blocked by the XUV mirrors. However, the mirrors
transmit around 7% at 313 nm such that the cooling
beam can be sent through the first XUV mirror. The
light is focused by an f = 500-mm lens which results
in a spot size of 2wy ~ 180 pm in the center of the ion
trap.

The spectroscopy experiment requires a scheme for
detecting that the 1S-2S transition in the He™ ions
is being excited. We plan to employ state-dependent
photoionization as follows. After successful excitation
to the 28 state, He™ ions can be ionized to He®"
by absorbing another photon with a wavelength below
91.1 nm. In our setup, the 13th and higher harmonic
orders contained in the XUV comb can contribute to
the ionization. The generated He?T ions remain trapped
and can serve as a sensitive and background-free signal
for the spectroscopy experiment. Since both He™ and
He?" are non-fluorescing (“dark”) ions, it is difficult
to visually distinguish them in the fluorescence image
of the ion crystal (Fig. 7a). We have recently demon-
strated a method for tracking the number of dark ions
embedded in an ion crystal in real time with single-
particle sensitivity [59]. This is achieved by exciting the
secular motional resonances of the dark ions by apply-
ing an oscillating electric field. The motional excitation
heats the ions which changes the amount of fluorescence
the coolant ions emit. Under suitable experimental con-
ditions, discrete steps can be observed in the fluores-
cence signal when the number of dark ions changes. By
counting the number of steps, the number of dark ions
of each species can be identified unambiguously. In our
previous publication [59], we demonstrated the scheme
by detecting Hf and Hj ions embedded in a Be ion
crystal.

In order to test the detection scheme for the spec-
troscopy, we load a mixed Be+/ He™ ion crystal similar
to the one shown in Fig. 7. The electron beam used in
the Het loading process also ionizes Hy molecules from
the residual gas in the vacuum chamber such that a few
HJ ions become embedded in the ion crystal. Since Hy
has the same charge-to-mass ratio as He®T, this allows
us to test the sensitivity of detecting He>". We excite
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Fig. 10 a Secular spectra recorded with a photomultiplier
tube (PMT) showing Het, Hi, and HJ ions embedded in
a Be™ ion crystal. The orange trace was recorded 21s after
the blue trace. In the meantime, the only present H} ion has
reacted to HF . b Time evolution of the HJ (green) and Hf
(red) resonance peak heights. The data points corresponding
to the two traces in (a) are indicated by the vertical lines

the radial secular motion of the ions by applying an
oscillating voltage to the compensation electrode. The
frequency is swept from 2 to 10 MHz in 500 steps, and
at each step the fluorescence emitted by the Be™ ions
is measured for 10 ms with a photomultiplier tube.
Figure 10a shows typical resulting secular spectra.
The single-particle radial secular frequency in a Paul
trap scales with the charge-to-mass ratio of the trapped
ion. For our experimental parameters the values are
3.6 MHz, 4.8 MHz, and 7.2 MHz for He™, H;)r, and H2+7
respectively. In large ion crystals, space charge effects
and the mechanical coupling between the ions shift the
secular resonances from the single-particle values [69—
71]. Nonetheless, we can clearly identify the three dif-
ferent species in the spectra. Since the measurement
is nondestructive, we can repeat it and track the time
evolution of the particle numbers. The orange trace in
Fig. 10a was recorded 21 s after the blue trace. Hy ions
can react with Hy from the residual gas in the vacuum
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chamber according to the exothermic chemical reaction
Hi + Hy — Hi + H [72]. In the orange trace, the
Hy peak has vanished, while the height of the H:‘,f peak
has increased compared to the blue trace. Figure 10b
shows the time evolution of the heights of both peaks.
The clearly visible step indicates that the ion crystal
originally contained a single H;r ion which then reacted
to Hy. The clear signature of a single H ion in the
secular spectrum makes us confident that we can also
detect the appearance of a single He?" ion in a mixed
Bet/He™ ion crystal.

5 Conclusion and outlook

The excitation dynamics of the 1S-2S transition in
He" depends on many parameters. These include the
power of the XUV radiation that drives the transition
and that can contribute to ionization from the 2 S state,
the focal size, the reduction of the carrier power due to
residual phase noise [50], and perturbations of the ions
by the trapping RF field [18]. Some of these contribu-
tions are difficult to estimate accurately. According to
our rough estimate, a 60.8 nm frequency comb with an
average power of 10 pW at the target should resonantly
ionize a single He™ ion to He®™ with a reasonable rate
of > 0.1 Hz. The output power of our 60.8 nm frequency
comb setup needs to be increased a bit further by send-
ing more power to the resonator for HHG, optimizing
the focusing parameters for HHG, and operating the
HHG with a He/Xe gas mixture. The spectral envelope
of the 60.8-nm comb must be carefully tuned to max-
imize the overlap with the transition wavelength. We
plan to accomplish this by monitoring the spectrum of
the 60.8-nm comb with a calibrated spectrometer while
tuning the spectrum of the infrared frequency comb.
The expected signal linewidth is a few kHz, dominated
by the decoherence due to ionization and quenching
of the 2S state. The AC Stark shift due to the XUV
radiation and residual infrared light may exceed a few
kHz. This can be accounted for by repeating the mea-
surement with different comb powers. Other systematic
effects are expected to be insignificant to achieve our
first goal of determining the transition frequency with
a relative uncertainty of ~ 1 x 10711 (100 kHz).

An interesting intermediate step is to use the 5th
harmonic of the infrared frequency comb to excite the
2-3d two-photon transition in Be ™. The transition can
be driven by radiation at a wavelength of 204.0 nm [73].
From the 3d state, the Be' ions can decay via the 2p
state to the 2s %Sy 5 (F = 1) dark state. This can be
detected efficiently using electron shelving.

The resulting natural linewidth of I' = 27 x 176 MHz
[74] is much larger than the mode spacing of 40 MHz
such that the comb structure will not be resolved. The
excitation rate is therefore independent of the comb
detuning, and line broadening effects such as Doppler
broadening are unimportant. Nevertheless, the exci-
tation rate can be used as a signal to optimize the
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alignment of the spectroscopy laser beam onto the
ions. Furthermore, due to the nonlinear behavior of the
two-photon excitation, the signal increases when the
counterpropagating pulses overlap at the ion position.
Therefore, it can also be used to adjust the pulse-to-
pulse delay in the Mach—Zehnder interferometer.

Given the expected signal linewidth (a few kHz) and
the uncertainty in the theoretical prediction of the tran-
sition frequency (~ 60 kHz, see Sect. 2), finding the 1 S—
2S spectroscopy signal will require measurements at
a few hundred different frequency points. Pre-aligning
the setup using the Be™ two-photon signal is therefore
essential for minimizing the number of other experimen-
tal parameters that have to be scanned.
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