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High-precision laser spectroscopy of atomic hydrogen has led to an impressive accuracy in tests
of bound-state quantum electrodynamics (QED). At the current level of accuracy many system-
atics have to be studied very carefully and only independent measurements provide the ultimate
cross-check. This has been proven recently by measurements in muonic hydrogen, eventually
leading to a significant shift of the CODATA recommended values of the proton charge radius
and the Rydberg constant. We aim to contribute to tests of fundamental physics by measuring
the 1S-2S transition in the He™ ion for the first time. Combined with measurements in muonic
helium ions this can probe the value of the Rydberg constant, test higher-order QED terms, or set
benchmarks for ab initio nuclear polarizability calculations. We extend the Ramsey-comb spec-
troscopy method to the XUV using high-harmonic generation in order to excite a single, trapped

He™ ion.
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1. Introduction

Simple atomic systems are the ideal probe to test fundamental physics. The most promi-
nent example is the hydrogen atom. Its 1S-2S transition energy, for example, can nowadays be
calculated with an impressive relative accuracy of below 107!% [1, 2]. Thanks to great progress
in the field of laser spectroscopy over the past decades, the latest measurements of this transi-
tion have reached an even higher relative accuracy of 4 x 10> [3]. The theory prediction of the
1S-2S transition relies on fundamental constants such as the Rydberg constant, which have to be
measured experimentally. A common choice to measure the Rydberg constant and test theory is
the combination of a measurement of the 1S-2S transition and a transition from the 2S state to a
higher-lying nS/D state, e.g. the 8S or 12D state. With increasing accuracy this test was hampered
by the uncertainty in the value of the proton charge radius and therefore additional measurements
in other systems were required. In 2010, the CREMA collaboration measured the proton charge
radius in muonic hydrogen [4]. This value improved the accuracy of the previous best value by
one order of magnitude, but at the same time created a discrepancy of about six standard devia-
tions with the by then recommended CODATA value. This discrepancy is known as the proton
radius puzzle [5, 6]. With the latest hydrogen spectroscopy measurements [7, 8, 9], included in the
CODATA 2018 report, this puzzle seems to reach a solution. Using the value of the proton radius
from muonic hydrogen, the limitations for testing bound-state quantum electrodynamics (QED) in
atomic hydrogen now arise from calculations of specific QED contributions. More precisely, from
calculations of radiative recoil corrections and two- and three-loop contributions which include the
Bep, and Cs coefficients [10, 2]. The latter two scale with large powers of the nuclear charge Z,
and are therefore strongly enhanced in hydrogen-like helium.

Apart from a simple crosscheck with the hydrogen measurements, a measurement of the 1S-2S
transition in hydrogen-like helium has the potential to also improve our understanding of funda-
mental physics on a deeper level. In order to specify what can be learned from a 1S-2S measure-
ment in He' we need to look at the current limitations for the prediction of the transition energy.
A detailed but slighly dated review is found in Ref.[11]. In this part we provide a brief update,
including the most recent developments. Following the notation of [12], the energy levels for
hydrogen-like systems can be described in a simplified way by
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where the first term is the classical Bohr term, limited by the uncertainty in the value of the Ry-
dberg constant R.., the second term is the finite nuclear size term, limited by the uncertainty in
the value of the nuclear charge radius (in leading order only existent for S-levels), and the last
term contains everything which was not included up to this point, such as the fine and hyperfine
structure, relativistic effects and QED. It is noteworthy that the finite size effect Eys and above
mentioned limiting QED contributions scale with Z* and Z°F, respectively. A nuclear charge of
Z =2 therefore enhances the sensitivity to the above mentioned limiting QED contributions com-
pared to hydrogen. The limitation can be quantified by including the available values for R.. and
the nuclear size of the alpha particle r,, which we discuss in the following part.

The most precise value for the Rydberg constant is obtained by combining the 1S-2S measure-
ment from Ref. [3] with the Lamb shift measurement from muonic hydrogen [4, 13]. This results in
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R.. = 3.2898419602495(10)(25) x 10'3Hz/c, with an uncertainty from the proton charge radius
of 1kHz/c and from QED of 2.5kHz/c. The most recent recommended value from the CODATA
2018 adjustment is R.. = 3.2898419602508(64) x 10'Hz/c [14]. These two values of R.. lead
to an uncertainty in the Bohr term for the 1S-2S transition frequency in He™ of 9kHz and 19kHz,
respectively.

The latest published value of the charge radius of the alpha particle is obtained from electron
scattering with a value of ro, = 1.681(4)fm [15]. However, the CREMA collaboration has per-
formed a more precise measurement of r, in muonic helium which is expected to be published
soon. Since the nuclear charge radius extracted from muonic helium will be strongly limited by
theory (mainly due to the nuclear polarizability contribution), we can use the theory uncertainty of
re of 0.0008 fm [16] to estimate the effect on the uncertainty of the 1S-2S transition frequency in
He™, which then yields an uncertainty of about 60kHz. An improvement on the calculation of the
nuclear polarizability in muonic helium will result in a direct reduction of this uncertainty.

Recently there has also been impressive progress in QED calculations [1, 2]. The largest
uncertainty arises from the two-loop contribution, more precisely from the B¢ coefficient. The
recommended CODATA 2014 value of this coefficient limited the prediction of the 1S-2S transition
frequency in Het to 110kHz !. The next limiting terms are the three-loop contribution (the limiting
coefficient is Cs) as well as radiative-recoil corrections. With the very recent work from the groups
of Pachucki and Karshenboim, these uncertainties could be reduced significantly, such that by now
the combined uncertainty of the three contributions mentioned above in the He™ 1S-2S transition
amounts to roughly 41 kHz [2], which is therefore slightly smaller than the uncertainty arising from
the finite size effect (60 kHz).

From the discussed contributions we conclude the following: Given the above uncertainties it
does not seem to be useful to extract a Rydberg constant from He™ since its accuracy will not be
able to compete with the one obtained from hydrogen. Instead we can test the mentioned QED con-
tributions to an unprecedented level, limited by the uncertainty in the finite size effect. Assuming
that QED is correct within the given uncertainty, we can extract the alpha particle charge radius.
The accuracy of that value will then be limited by the QED calculations. A comparison with the
measurement of the Lamb shift in muonic helium will yield a prediction for the polarizability of the
helium nucleus. This prediction will serve as a benchmark for nuclear polarizability calculations.

2. From Ramsey’s molecular beam method to Ramsey-comb spectroscopy in the
XUYV spectral range

The energy needed to excite the 1S-2S transition in He" corresponds to the energy of a 30 nm
photon, which is in the extreme ultraviolet (XUV) range.

To the best of our knowledge there are currently two groups working towards a measurement
of the He™ 1S-2S transition, which pursue different methods. One is the group of Th. Udem [11]
at the Max-Planck Institute of Quantum Optics (MPQ) in Garching, the other one is the group
of K.S.E. Eikema at the Vrije Universiteit Amsterdam. The group at MPQ applies pure direct

This number can be obtained using the respective coefficient given in Tab.IX of the CODATA report [10] and
Eq. (49) therein.
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frequency comb (FC) spectroscopy. By means of intra-cavity high-harmonic generation (HHG)
they reach the required peak powers in the fundamental for efficient upconversion to a wavelength
of 60nm. The 1S-2S transition is then excited with two counterpropagating 60 nm photons. This
method requires the entire FC to be amplified and upconverted which is very challenging, but at
the same time keeps the narrow-band structure of the FC laser.

We aim to apply a different method, called Ramsey-comb spectroscopy to excite the 1S-2S
transition. This method has been developed and refined in our lab over the last years as shortly
summarized here. We transfer Ramsey’s measurement of separated oscillatory fields in the mi-
crowave regime [17] into the optical ultraviolet regime using two amplified and upconverted pulses
out of the infinite pulse train of a FC laser. Instead of separating the interactions of the two pulses
with the atoms in space, the interaction is now separated in time. This is possible due to the well
controlled phase and time relation between the FC pulses.
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Figure 1: The principle of Ramsey spectroscopy [18] in the time domain. A first resonant laser pulse creates
a superposition of the atomic ground and excited state. The phase of this state evolves with the transition
frequency according to 27 fi.t. The second pulse does the same, with a very well defined delay and phase.
A Ramsey fringe is obtained by scanning the interpulse delay on an attosecond level, recording the excited
state population which is proportional to the squared amplitude of the interference of the two superposition
states. This is usually done via state-selective ionization.

The principle of the measurement is shown in Fig. 1. The first resonant pulse puts the atomic
system into a superposition state of ground and excited level. The phase of this state evolves pro-
portionally with the transition frequency according to 27 fi;r. The second pulse creates another
superposition state which interferes with the first one. Depending on the precise time delay and
optical phase between the pulses this interference is either constructive or destructive. The transi-
tion frequency is therefore measured by scanning the delay (phase would be possible too) between
the two pulses on the attosecond scale (by changing the repetition rate fi, of the FC). The signal
is a Ramsey fringe which can be obtained using e.g. state-selective ionization and a time-of-flight
setup [19], but also nondestructive methods exist which we will apply for He ™' (Sec. 3). The signal
is proportional to

S o< cos(27m fir At — AQ) (2.1)

where fi; is the transition frequency, Az the interpulse delay and A¢ a systematic phase shift which
has to be characterized. It includes the carrier envelope offset phase, which is known, and the phase
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shift induced by amplification and e.g. upconversion or light shift. These phase shifts have to be
characterized very carefully.

We demonstrated a Ramsey measurement in the deep ultraviolet (DUV) regime in 2005 in
krypton [20]. By means of a pair of amplified (using a parametric amplifier) and upconverted
subsequent pulses from a frequency comb, a two photon transition (2 x 212.5nm) was measured
with a relative precision of 1.2 x 107°.

In 2010, we extended the Ramsey spectroscopy method to the XUV range by combining it
with HHG to measure a single-photon transition in the *He atom [21] at 51 nm. This was the first
absolute frequency measurement in the XUV wavelength range (below 100 nm). The Ramsey mea-
surements done so far were limited by uncertainties in the systematic phase shift A¢ (see Eq.2.1)
which had to be measured and characterized very carefully. Furthermore, it was only possible to
select subsequent pulses (~ 10ns delay), whereas a longer pulse delay would linearly increase the
precision.

These limitations were overcome in 2013, with the development of the Ramsey-comb spec-
troscopy (RCS) method, demonstrated in Ref.[22] in the near-infrared. The RCS method is a
combination of Ramsey measurements at different so-called macro-delays (given by a multiple
integer n of the repetition time Ty, of the FC). For each macro-delay nT,., a Ramsey fringe is
recorded, leading to a series of Ramsey fringes spaced by the repetition time of the comb. The
transition frequency f; results from the relative phase difference between these fringes. In this
way, the influence of all delay-independent phase shift contributions to A¢ cancel, such as those
induced by the parametric amplification process or the AC-Stark effect (an effect on the wave-
functions, which takes the form of a constant phase shift after the interaction with the two pulses).
Furthermore interpulse delay times of several 100 ns were achieved and can further be increased
to the microsecond level, leading to much higher accuracies. With the RCS method also several
transitions at the same time can be measured as described in Ref. [18].

The Ramsey-comb method in the DUV regime was demonstrated for the first time with a mea-
surement in krypton in 2016 [19], and later of the EF-X(Q1) transition in H, [23]. We improved the
accuracy of this H; transition by two orders of magnitude, enabling a more precise determination
of the dissociation energy Dy, a benchmark quantity for molecular quantum theory.

Paving the way for Ramsey-comb measurements in the XUV, we recently demonstrated that
Ramsey-comb spectroscopy can be successfully combined with high-harmonic generation with a
measurement of a single photon transition at 110nm in xenon [24]. Using the xenon atom as
a phase detector, we find that phase shifts induced from ionization during the HHG process can
be reduced to a negligible level. We determined the absolute transition frequency, improving the
previous best value by four orders of magnitude [25]. The relative precision of this measurement is
2.3 x 10710, which is 3.6 times better than the previous most accurate measurement with light from
a HHG source [26]. Our measurement accuracy is limited by transit-time broadening, the Doppler
effect, and the ~ 22ns excited state lifetime. These limitations are absent for Het, which has a
very long (1.9 ms) upper state lifetime, and in addition can be trapped and sympathetically cooled.

3. The He™ experiment

We aim to excite the 1S-2S transition of a single trapped and cooled helium ion with two wave-
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length unequal, co-propagating photons (the fundamental at 790 nm + the 25" harmonic at 32 nm)
by means of the Ramsey-comb spectroscopy method. Instead of using a Doppler-free configura-
tion (counterpropagating equal photons), the different approach of unequal photons enables us to
increase the transition probability in two ways at the same time. First, we can use the high pulse
power available in the fundamental beam and second, the virtual intermediate level comes much
closer to the 2P level. The expected Doppler shift which usually arises in this unequal photon con-
figuration can still be canceled as discussed later. The basic idea of the measurement is sketched in
Fig.2. The He™ ion will be trapped in a Paul trap and sympathetically cooled to the ground state

313nm* 32nm%$790nm ‘313nm

Cooling Excitation Recoil transfer Read-out

Figure 2: The basic principle of the He™ 1S-2S experiment. The He™ ion is sympathetically laser cooled
with a Be™ ion to the ground state of motion. For the actual Ramsey-comb measurement the ions are
separated with a double well potential. The absorption of the XUV photon heats the Het ion by more than
10 phonons. These motional quanta are transferred to combined modes with the Be™ ion when they are
brought in close proximity again. In the last step the Be™ ion is read out via state-dependent fluorescence.

of motion with a single laser cooled (313 nm) Be™ ion. After the cooling process, the two ions are
separated with a double well potential and the helium ion is interrogated with the Ramsey-comb
laser. In case of a successful internal (electronic) excitation to the 2S state, the helium ion will also
be externally excited by the large recoil of the absorbed XUV photon. In the next step, the helium
and the beryllium ion are put close together again and the motional quanta from the helium ion are
coupled to the collective modes which He™t has together with the Be™ ion. The Be™ ion is then
read out via state-dependent fluorescence. This scheme is similar to the so-called quantum logic
type scheme as e.g. applied for single ion optical clocks [27]. In this way the 1S-2S transition in
He™ can be detected in a non-destructive manner (until multi-photon ionization leads to formation
of He?*, which we estimate happens after a few hundred excitation detections). Depending on
the different He™ ion loss mechanisms, we can tune the 790 nm power for the best compromise
between excitation rate (which can be near 100% at high 790 nm power) and double-ionization of
He™.

The excitation laser system is sketched in Fig. 3. The excitation pulses are created in an ultra-
low phase noise (ULN) Er:fiber frequency comb from Menlo systems (locked to an ultra-stable
(< 1Hz) linewidth reference laser at 1542 nm) with a frequency doubled output at 790 nm. We
selectively amplify two pulses out of the FC pulse train in a noncollinear optical parametric chirped-
pulse amplifier NOPCPA, in the following simply OPA) [28] to a few mJ per pulse. The pump laser
for the OPA is similar to the one previously used [29] for the measurements in krypton, hydrogen,
and xenon. The pump pulses are created in a Nd:Y VO, oscillator which is synchronized with the
frequency comb. After picking two pulses with the desired interpulse delay from this oscillator,
they are amplified in two stages. After frequency doubling to 532 nm the pump pulses have a
pulse energy of about 40 mJ and are overlapped in the OPA with the seed pulses from the FC. In
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Figure 3: Sketch of the Ramsey-comb laser system. The pulse pairs needed for the Ramsey-comb spec-
troscopy are selected from an infinite pulse train created in a FC laser via amplification in the noncollinear
optical parametric chirped pulse amplifier (NOPCPA). The pump pulses for the NOPCPA are created in the
Nd:YVOq, oscillator whose repetition rate is synchronized to the FC laser. After picking the desired pulse
pair from the Nd:YVOy laser with fast modulators, the pulses are amplified in two stages. The expected
pump pulse energy after doubling to 532 nm is 40 mJ, which is used to pump the 3-stage NOPCPA. After the
NOPCPA, the amplified Ramsey-comb pulse pairs are then send to the vacuum chamber shown in Fig. 4.

contrast to typical laser amplifiers via inversion, the OPA does not have a memory effect. This
means we can amplify selected FC pulses without any effect on the second pulse. The phase shifts
induced in the OPA are measured by means of a spectral interferometer. After amplification the
Ramsey pulses enter the vacuum setup shown in Fig. 4. This setup has been designed specifically
for the He™ measurement and was successfully tested with the measurements in xenon. In the
first part of the chamber the Ramsey pulses are focused in an argon jet to create harmonics up
to 25" order. The focus at the HHG interaction zone is then imaged via two toroidal mirrors at
grazing incidence to the center of the ion trap in the measurement chamber. The imaging system
to observe the fluorescence contains a self-build infinity-corrected objective including a biaspheric
lens to maximize the photon collection efficiency and allow diffraction-limited imaging.

We will use a modified version of an ion trap developed by our collaborators at PTB in Braun-
schweig [30, 31]. The design is a segmented Paul trap, optimized to minimize micromotion and
heating rates. In order to load the trap we apply a metastable helium source and a beryllium ab-
lation target. Both species will be photoionized by a picosecond pulse at 355 nm when passing
the center axis of the loading segment. After Doppler cooling, both ions are shuttled to the spec-
troscopy segment where Raman sideband cooling is applied on the Be™ ion for all three directions
of motion. The next step is the actual excitation process and the previously mentioned readout.

As any other high-precision measurement, our method is influenced by systematic effects, and
we briefly list the important ones below.

As long as the ion is cooled to the motional ground state, Doppler effects are absent. However,
with the absorption of the XUV photon the He™ ion experiences a large recoil. This means that
the excited part of the superposition state does move and therefore can induce phase shifts. We
circumvent this problem by synchronizing the pulses with the ion motion. In this way we ensure
that the excited state wave packet is always overlapping with the ground state wave packet when
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Figure 4: The vacuum setup for the He' experiment. The Ramsey pulses enter the setup from the right
side where they are focused in an Ar jet for high-harmonic generation (HHG). The focus is imaged via two
toroidal mirrors (M1 and M2) at grazing incidence onto He™ ion in the spectroscopy segment of the ion
trap. The inset shows the imaging system which is on top of the measurement chamber (note the coordinate
system indicators).

the second Ramsey pulse arrives. A relative synchronization accuracy of below 10~* has been
achieved before [32] and will reduce the systematic shift to the desired level.

Since the control over the phase of the excitation pulses is essential for our method, we have

to take a closer look at the sources of phase noise in the setup. With increasing phase noise we
lose contrast in our Ramsey signal. The first source of phase noise is the FC laser itself, which
has an integrated phase noise of about 30 mrad between 100 Hz and 2 MHz, measured at 1560 nm.
This phase noise is then multiplied by a factor of 52, due to the upconversion of 1560 nm light to
a wavelength of 30 nm. This yields an integrated phase noise of 1.56 rad for long interpulse delays
(above 1 us / below 1 MHz) which corresponds to a contrast reduction in the signal to about 30 %
just from the FC phase noise. However, for our initial experiments the relevant noise frequency
range is above 2.5 MHz, i.e. for interpulse delays up to 400 ns, where the phase noise is almost
negligible. For later measurements with interpulse delays of several microseconds or more we will
reduce the phase noise of the FC further by using an external EOM.
A second source of phase noise arises from the OPA. In the current RCS setup for the measurements
in xenon we measured a phase noise from the OPA of 50-70 mrad for a fundamental of 770 nm.
However, for the He™ experiment we are now setting up an improved OPA version where phase
noise will be reduced to a level of about 15 mrad at 790 nm, well below the FC phase noise. With
our experiment in xenon we have demonstrated that the HHG process itself actually induces very
little phase noise in the harmonic light, therefore this contribution does not significantly add to the
noise generated by the FC laser or the OPA.

Due to the high intensity of the 790 nm beam at the He™ ion, the energy levels experience a
strong light shift. The effect on our measurement, however, completely cancels for the Ramsey-
comb spectroscopy method [18, 23], where only the relative phase between pulse pairs with differ-
ent delays is measured. This means that a precise control over the pulse energy at the level of 0.1%
of the Ramsey pulses is required, which we have already demonstrated in previous measurements.
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In conclusion, the measurement of the 1S-2S transition of He' will provide an independent
cross check of the fundamental physics tests performed in atomic hydrogen. Using the Rydberg
constant obtained from measurements in H one can set a constraint on the sum of the higher-order
two-loop QED contributions and the finite size effect, which contribute similar uncertainties. We
will do the measurement by means of the Ramsey-comb spectroscopy method developed in our
lab, and are now in the final phase of setting up the experiment. With a measurement in xenon
we have tested the vacuum setup and successfully demonstrated the combination of Ramsey-comb
spectroscopy and high-harmonic generation for the first time. Furthermore, we could show that
phase shifts due to HHG process can be avoided for He™. The first test measurements with He™
are planned for the coming year. Our initial goal is to measure the transition frequency with an
accuracy of about 1 kHz, corresponding to a relative accuracy of 1 x 103, and with adjustments
to the laser system we envision possibilities to improve on this with one or two orders of magnitude.

K.S.E. Eikema acknowledges the European Research Council for an ERC-Advanced grant
under the European Union’s Horizon 2020 research and innovation programme (Grant Agreement
No. 695677) and FOM/ NWO for a Program grant (16MYSTP).
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