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A microwave (MW) spectroscopy experiment has been proposed to directly measure the resonant
frequency of 2𝑆1/2 − 2𝑃1/2 Lamb shift transition in antihydrogen (H) atoms. The spectroscopy
opens up the possibility of deriving the charge radius of antiproton (p̄) using a beam of H
atoms with a kinetic energy of a few keV travelling in a magnetic field-free environment. The
requisite spectroscopy apparatuses have been developed and installed in the H beam line at the
GBAR experiment, where the production of H beam at 6.1 keV was demonstrated through a charge
exchange reaction of a p̄ beam passing through a positronium (Ps) cloud. The spectroscopy setup is
composed of a MW spectrometer and a Lyman-𝛼 photon detector. The MW spectrometer consists
of two consecutive MW apparatuses which have a relatively large borehole of 30 mm diameter,
and each MW apparatus comprises a pair of parallel plate electrodes as its inner conductor and
a rectangular box as its outer conductor. Downstream to the MW spectrometer, the Lyman-𝛼
detector has been installed to count the H atoms remaining in the 2𝑆 state after interacting with
the MW E-field. Towards the H Lamb shift spectroscopy, we present here a characterization of
the MW spectrometer, an evaluation of the detection efficiency of the Lyman-𝛼 detector, and a
precision expected in the first line shape measurement of the H Lamb shift.
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1. Introduction

The Lamb shift in hydrogen (H) atom is a 1 GHz energy difference between the 2𝑆1/2 and
2𝑃1/2 states due to the effects of quantum electrodynamics (QED) [1]. The leading order of
the contribution originating from the finite nuclear size effect in the H atom relates to the root-
mean-square of charge distribution in the proton, i.e., the proton charge radius (PCR). Along with
the progress of spectroscopic techniques with MW technology, high-precision measurements of
the 2𝑆1/2 − 2𝑃1/2 Lamb shift in H atoms have derived the PCR [2, 3]. The most precise MW
spectroscopy of the Lamb shift in H atoms achieves a precision of 3 ppm, with the PCR determined
to an accuracy of 1% [4].

A direct MW spectroscopy of the Lamb shift in antihydrogen (H) atoms has not yet been
attempted, i.e., the charge radius of antiproton (p̄) has not yet been experimentally investigated,
while the ALPHA collaboration has indirectly measured the Lamb shift of H atoms with 10%
precision with a technique of laser spectroscopy in a high magnetic field environment [5].

The GBAR (Gravitational Behaviour of Anti-hydrogen at Rest) experiment, running in the
AD/ELENA facility at CERN, aims at a precise measurement of the free fall acceleration of H
atoms using antihydrogen ions (H̄+) produced through the following two-stage charge-exchange
reactions with positronium (Ps) atoms — a bound state of 𝑒− and 𝑒+ — [6]:

p̄ + Ps −→ H + 𝑒− (1)
H + Ps −→ H̄+ + 𝑒− (2)

They have recently succeeded in producing beam-like H atoms at the first stage of the reactions,
using the p̄ beam with a kinetic energy of 6.1 keV passing through a cloud of Ps atoms [7]. Under
this production scheme, theoretical calculations predict the presence of 2𝑆 state H atoms [8].

In this context, a direct measurement of the Lamb shift in H atoms has been proposed, utilizing
the 2𝑆 state H atoms in a magnetic field-free environment in the GBAR H beam line [9, 10].

2. Experimental scheme

Figure 1 shows allowed transitions in 𝑛 = 2 Lamb shift levels with a linearly polarized E-
field of MW. Here, the quantum number 𝐹 denotes the total angular momentum of the atom and
𝑚𝐹 for its total magnetic quantum number. Figure 2 shows the schematic view of the Lamb
shift spectroscopy experiment in the GBAR beam line. The H atom produced via the first charge
exchange reaction (Eq. 1) is represented by the green arrow. The MW spectrometer consists of
two consecutive MW apparatuses, Hyperfine Selector (HFS) and Microwave Scanner (MWS), to
simplify the line shape of the hyperfine states in Lamb shift levels. The HFS filters out the 2𝑆1/2
(𝐹 = 1) states, resonant at 1088 MHz and 1147 MHz, by irradiating a MW at a fixed frequency
of 1.1 GHz. Then, the MWS irradiates a MW of a specific frequency ranging from 0.6 GHz to
1.5 GHz for the H atoms. Downstream of the MW spectrometer, the number of remaining H(2𝑆1/2)
atoms is counted in the Lyman-𝛼 detector. As a consequence of using both the HFS and MWS, the
single peak spectrum of the 2𝑆1/2 (𝐹 = 0, 𝑚𝐹 = 0) state resonant at 910 MHz can be obtained. The
detailed description is given in Ref. [11]. Similar methods have been adopted in the Lamb shift
spectroscopy of H atoms [2–4].
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Figure 1: Allowed transitions in 𝑛 = 2 Lamb shift of (anti-)hydrogen atom with linearly polarized MW.
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Figure 2: Lamb shift spectroscopy setup in the GBAR experiment.

The Lyman-𝛼 detector consists of two ring electrodes to form a DC electric field (DC E-field)
and CsI coated microchannel plates (MCPs) [12]. The remaining H(2𝑆1/2) atoms are counted by
deexciting them to the ground state through the Lyman-𝛼 transition via Stark mixing and detecting
the Lyman-𝛼 photons using the CsI MCPs.

Downstream to the Lyman-𝛼 detector, an electrostatic switchyard to deflect p̄ is situated,
followed by a H detector comprising a MCP, a phosphor screen, and a CCD camera. The signal
here will be used to take the coincidence with the signal in the Lyman-𝛼 detector.

3. Characterization of the MW spectrometer

A schematic view of the MW apparatus and the circuit components are shown in Fig. 3. The
apparatus is composed of a pair of parallel plate electrodes and a rectangular box [13], inspired
by apparatuses used in the hydrogen Lamb shift spectroscopy [3]. The Lamb shift spectroscopy
of muonium (Mu) atoms has been performed using a similar MW apparatuses with the borehole
diameter of 20 mm and similar circuit components [13–15]. Also, the H Lamb shift measurement
was demonstrated in the GBAR beam line employing a proton gun and a carbon foil [16].

Towards the H Lamb shift spectroscopy, the MW apparatuses with a larger borehole diameter of
30 mm were developed in order to reduce the loss of the H or p̄ beams at the MW apparatuses [11].
The geometry was optimized for both the HFS and MWS to gain the MW E-field amplitude even
with the larger separation of the upper and lower electrodes. Furthermore, the HFS was designed
to resonate at the fixed frequency of 1.1 GHz, enhancing the MW E-field amplitude and efficiently
removing the 2𝑆1/2(𝐹 = 1) state.
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Figure 3: Structure of MW apparatus and the associated MW circuit components.

The MW signal is produced by a signal generator at 0.5 mW and amplified to 10 W by a
Mini-Circuits ZHL-10W-2G+ amplifier with a typical gain of 43 dB. The amplified signal is then
split by a 180-degree phase-inverting high power divider (TRM HS101fc900). This setup enables
the highest signal transmission around the resonant frequency for the 2𝑆1/2 (𝐹 = 0, 𝑚𝐹 = 0) state.
The phase-inverted signals are fed to the upper and lower electrodes of the apparatus to form an
oscillating E-field between the electrodes to interact with the H(2𝑆1/2). The MW signals passing
through the MW apparatus are combined and attenuated, and the power is measured at the end.

The total input powers into the MW apparatuses were evaluated in situ by correcting the value
monitored at the power meter using the S-parameters of the circuit components, which had been
measured in advance by a vector network analyzer. Figure 4 shows the spectra of the total input
powers when the signal generator outputs −3 dBm (0.5 mW).

Figure 4: Measured MW powers at the entrance of the HFS and MWS when the output power of the signal
generator was set to −3 dBm.

The total input power on the MWS is more than 37 dBm (5 W) from 700 MHz to 1300 MHz
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and the spectrum peaks around 900 MHz. A part of this dependency is due to the frequency
characteristic of the high power divider. Another part of the dependency is due to the characteristic
of the amplifier, which guarantees the typical gain of 43 dB in the range from 800 MHz to 2000 GHz.
For the HFS, the total input power peaks at 1135 MHz, which is considered due to the resonant
property designed around 1.1 GHz.

Concerning the temporal stability of the MW power, the measured power value was observed
to decrease by approximately 1% over a few minutes before reaching a plateau. For the planned
spectroscopy experiment, the power drift will be monitored to account for the associated systematic
uncertainty.

4. Detection efficiency of the Lyman-𝛼 detector

The detection efficiency of the MCP of the Lyman-𝛼 detector itself was characterized as
22(2)%, including the quantum efficiency of the CsI coated on the surface [12, 17]. The geometrical
acceptance of the MCPs, taking into account the spatial distribution of the H beam and the DC
E-field to quench the H(2𝑆1/2), was re-evaluated to compute the overall detection efficiency of the
detector in the planned H Lamb shift spectroscopy.

In the H production experiment in 2022, the 100 keV p̄ beam from ELENA was slowed down
to 6.1 keV by the drift tube type decelerator. The beam transmission efficiency from the Ps target to
the H detector was evaluated by SIMION simulations to be 68% as an upper limit for the H and 74%
for the p̄, respectively [7]. The trajectories of the H atoms are calculated to evaluate the detection
efficiency of the Lyman-𝛼 detector, which reproduces the transmission efficiency of 68%.

For the DC E-field formed by the two ring electrodes, we have been testing a scheme to keep
the upstream electrode grounded and apply a high voltage only to the downstream electrode to have
a higher geometrical acceptance of the MCPs for the emitted Lyman-𝛼 photons than the case where
an anti-symmetric set of voltages is applied on the electrodes.

Figure 5 illustrates the map of the DC E-field when 3 kV is applied to the downstream electrode.
An example of the trajectory of the H atom flying from the left and the trajectory of the Lyman-𝛼
photon are represented as the black and green lines, respectively. The MCPs are represented as the
red plates, and the hit point of the photon on the MCP is shown as the blue cross. As shown in
Fig. 6, Monte Carlo simulations have verified that the geometrical acceptance keeps increasing as
the higher voltage is applied to the downstream electrode. Almost all 2𝑆 state H is deexcited above
2.5 kV, and more than 30% of emitted Lyman-𝛼 photons are accepted by the CsI MCPs.

When 3 kV is applied to the downstream ring, the total detection efficiency can be estimated to
be around 7% by multiplying the geometrical acceptance and the detection efficiency of the MCP.

5. Simulation of the resonant line shape

Monte Carlo simulations were performed along the calculated trajectories of H atoms to
estimate the period of measurement needed to achieve a certain precision of the spectroscopy.
The Lamb shift transition was described by integrating the time-dependent Schrödinger equation,
including the obtained characteristics of the MW apparatuses. The Stark mixing in the Lyman-𝛼
detector was also modeled to estimate the probability of Lyman-𝛼 photon emission. The detected
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Figure 5: A map of the E-field formed by Lyman-𝛼 detector and an example of emitted Lyman-𝛼 photon.
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Figure 6: Calculated ratio of the deexcited 2𝑆 state (orange-filled circle) and the calculated detectable
fraction (blue-filled rectangle) against the applied voltage on the downstream ring of the Ly-𝛼 detector.

number of Lyman-𝛼 photons was then obtained for each frequency from the geometrical acceptance
and the efficiency of the detector. Thus, the resonant line shape was simulated.

In the first spectroscopic measurement, the MWS will be used to obtain a spectrum containing
all possible transitions indicated in Fig. 1 rather than a state-selected spectrum. Here, we assume
the production rate of 0.1 H atoms and the ratio of 10% in 2𝑆1/2 state [8], expected to be achieved
in the GBAR H line in 2024. Assuming a few months of the data-taking campaign with 120 s of
the mixing cycle and 80% of the duty cycle of the AD/ELENA facility, a spectrum of the Lyman-𝛼
photon counts is expected as shown in Fig. 7. At each frequency, 300 H(2𝑆1/2) are simulated, and
5 W is input to the MWS.

To fit the spectrum contributed by all sublevels of the 2𝑆1/2 state, i.e., (𝐹, 𝑚𝐹) = (0, 0), (1, 0),
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Figure 7: Monte Carlo simulation of the Lamb shift spectrum and fit to the simulation, assuming a few
months of the spectroscopic measurement with the total MW power of 5 W input to the MWS.

and (1,±1), three Lorentz functions are simply adopted. The fitting results reach a precision of 10%
to determine the Lamb shift. This will be the first direct measurement of the comparable precision
achieved in the precedent indirect measurement [5].

6. Conclusion and Perspective

A direct spectroscopic measurement of the Lamb shift in H atoms has been planned in the
GBAR experiment. The frequency dependencies of the MW power at the entrance of the apparatuses
have been characterized, and the detection efficiency of the Lyman-𝛼 detector has been evaluated.
The Monte Carlo simulation predicts that a few months of data taking would reach the spectroscopy
precision of 10% with the expected H beam intensity in the coming year.

The background for the Lyman-𝛼 detector has been examined with p̄ beams in the 2024 beam
time, and analysis is ongoing. In the following years, the improved production rate of 0.1 H atoms
per AD/ELENA cycle, which is one order of magnitude higher than the results in 2022, is foreseen.
The first measurement should confirm 2𝑆 state H atoms by detecting Lyman-𝛼 photons by switching
the MW frequency on and off, followed by the first line shape measurement.
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