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Abstract. At very low energies, a light neutral particle above a horizontal surface can experience quantum
reflection. The quantum reflection holds the particle against gravity and leads to gravitational quantum
states (gqs). So far, gqs were only observed with neutrons as pioneered by Nesvizhevsky and his collabora-
tors at ill. However, the existence of gqs is predicted also for atoms. The Grasian collaboration pursues
the first observation and studies of gqs of atomic hydrogen. We propose to use atoms in order to exploit
the fact that orders of magnitude larger fluxes compared to those of neutrons are available. Moreover,
recently the q-Bounce collaboration, performing gqs spectroscopy with neutrons, reported a discrepancy
between theoretical calculations and experiment which deserves further investigations. For this purpose,
we set up a cryogenic hydrogen beam at 6 K. We report on our preliminary results, characterizing the
hydrogen beam with pulsed laser ionization diagnostics at 243 nm.
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1 Introduction

Quantum bouncers were first predicted in 1928 [1].
Nearly 75 years later, this phenomenon was demon-
strated through the observation of neutron (n) gravi-
tational quantum states (gqs) [2–8]. Confined by the
gravitational- and the mirror potential, the n are set-
tled in gravitationally bound quantum states.

Studies of n gqs have a broad impact on funda-
mental and applied physics. They serve as a unique
method to study the interaction of a particle in a
quantum state with a gravitational field. For example,
paired with more recent measurements of n whispering
gallery states (wgs) - quantum states trapped by the
centrifugal- and the mirror potential [9], they result in
the first direct demonstration of the validity of the weak
equivalence principle for a particle in a pure quantum
state.

The observation of gqs initiated active analysis of
the pecularities of this phenomenon [10–17] and their
application to the search for new physics, such as the
searches for extra fundamental short-range interactions
[18–24], verification of the weak equivalence principle
in the quantum regime [25–27], extensions of quantum
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mechanics [28,29], extensions of gravity and space the-
ories [30–33] or tests of Lorentz invariance [34–36].

New fundamental short-range interactions are pre-
dicted in extensions of the Standard Model such as
grand unified, supersymmetric and string theories that
could alter the weak gravitational potential. They also
appear in certain models explaining dark matter and
dark energy [23]. Additionally, studies on gqs can pro-
vide extremely sensitive measurements of the mirror’s
surface potential and shape, which is of high interest to
the surface physics community.

Spectroscopy and interferometry methods of obser-
vation of gqs of n have been analyzed theoretically
and implemented experimentally over the previous two
decades [37–41]. However, the existence of gqs is pre-
dicted also for atoms and antiatoms [42–50]. Those are
expected to have essentially identical properties for par-
ticles of almost equal mass such as n, atomic hydrogen
(H) or even antihydrogen (H̄).

A major constraint to improve the precision of the
current measurements of gqs of n is the limited den-
sity of ultracold n (ucns). It looks natural to exploit
the much higher fluxes available for atoms, namely the
high densities of existing H-beams [51]. However, all the
projects concerning the use and study of gqs of atoms
are currently based only on theoretical estimations since
those, in contrast to n, have never been observed exper-
imentally. Only a direct experiment can prove the exis-
tence of gqs of atoms, evaluate the systematic and sta-
tistical uncertainties of such experiments and develop
the experimental techniques needed for more precise
measurements in the future.

In Sect. 2, a theoretical derivation of gqs is given.
The method used earlier for the observation of n gqs
and the planned implementation of a measurement with
H is presented in Sect. 3. A detailed description of the
Grasian experimental setup and the recent measure-
ments is given in Sect. 4.

2 Theoretical framework

A sufficiently slow particle trapped by the gravitational
field on one side and a horizontal reflective surface
(“mirror”) on the other side settles in gqs. The par-
ticle’s wave function ψ(z) in the Earth’s gravitational
field above a mirror is governed by the Schrodinger
equation �

2

2m
d2ψ(z)

dz2 + (E − mgz)ψ(z) = 0, where � is
the reduced Planck constant, m is the particles mass,
z is the height, E is the energy of the vertical motion
of the particle, and g is the acceleration in the Earth’s
gravitational field. The only constant related to the par-
ticle’s identity is it’s mass, which is nearly exactly the
same for n, H or H̄. For simplicity, n over an ideal
mirror will be considered in the following derivation.

An ideal horizontal mirror at the height z = 0 can be
approximated as an infinitely high and abrupt potential
step. This approximation is justified by the character-
istic values of energies and lengths in our problem. The

g

Fig. 1 Squared modules of the neutron wavefunctions
|ψk(z)|2 as a function of the height z for the five lowest quan-
tum states; they correspond to the probabilities of observing
neutrons at a height z

energy of neutrons in low quantum states ∼ 10−12eV,
is much smaller than the optical potential of the mirror
material ∼ 10−7eV [52], and the characteristic range
of increase in the optical potential for a polished mir-
ror ∼ 10−9m, is much smaller than the wavelength
of neutrons in low quantum states ∼ 10−5m. Such an
infinitely high and abrupt optical potential corresponds
to the zero boundary condition for the wave function,
ψ(z = 0) = 0.

A solution of the Schrodinger equation can be writ-
ten in terms of the Airy function Ai, ψ(z) = CAi(z/z0),
where z0 = [�2/(2m2g)]1/3 = 5.87µm is the charac-
teristic length scale of the problem and C is a nor-
malization constant. The Airy function zeros λk define
the quantum state energies Ek = mgz0λk, where ε0 =
mgz0 = 0.602pe V is the characteristic energy of the
problem and f0 = ε0/(2π�) = 145Hz is its characteris-
tic frequency.

The five lowest zeros of the Airy function Ai are
λk = {2.34, 4.09, 5.52, 6.79, 7.94...}. The eigenfunctions
of the quantum states are ψk(ξ(z)) ∼ CkAi(ξk(z)),
where ξk(z) = z/z0 − λk, and Ck are normalization
constants.

The energy eigenvalues Ek depend only on m, g and
�, and are independent of the ideal mirror properties.
Within the classical description, a neutron with the
energy Ek can rise in the gravitational field up to the
height zk = Ek/mg. In quantum mechanics, the proba-
bility of observing a neutron with the energy Ek in the
kth quantum state at a height z is equal to the squared
modulus of its wave function (see Fig. 1).

3 Measurement method

3.1 GQS measurement with n

In this section, the methods developed for the first
observation of gqs of n at ill will be described. The
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experimental installation is a one component gravita-
tional ucn spectrometer with a high energy and spatial
resolution [3]. The principle of its operation, illustrated
in Fig. 2, is the measurement of the n flux through a slit
between the mirror on bottom and the flat scatterer on
top as a function of the slit height Δz which can be
changed and precisely measured.

The scatterer surface is smooth on a large scale but
rough on the µm scale. The roughness amplitude is
about a few µm, and is comparable to the characteristic
scale z0 of the problem. The scatterer’s surface reflects
n which reach it non specularly, mixing the vertical and
horizontal velocity components of the n. Because the n
horizontal velocity components are much larger than
their vertical velocity components, such mixing causes
numerous collisions of the n with the scatterer, thus
resulting in a prompt loss of those n.

The length of the bottom mirror is chosen based on
the energy time uncertainty relation ΔτΔE ≥ �/2. The
observation of the kth quantum state is possible if the
difference between the Eigenenergies of state k + 1 and
state k, ΔEk+1,k is bigger than the width of the kth

quantum state, δEk: ΔEk+1,k > δEk. As the state num-
ber k increases, ΔEk+1,k ∼ k−1/3 decreases until the
levels pass into the classical continuum. Evidently, mea-
surements of low quantum states are easier and more
convenient. δEk is defined by the time of flight of n
above the mirror. Therefore, the mirror length is deter-
mined by the time interval needed to observe a n in
a gqs: Δτ ∼ 0.5ms. It follows, that the mirror length
should be L ∼ 10cm for low states and for n velocities
vhor ∼ 5− 10m s−1.

The vertical scale in the problem is defined by the
relation between momentum p, velocity v and wave-
length λ: p = mv = h/λ and the momentum posi-
tion uncertainty relation ΔpΔz ≥ �/2. The smaller the
n vertical velocity component, the larger the n wave-
length associated with this velocity component. But
the classical height up to which a n can rise in the
gravitational field cannot be smaller than the quantum
mechanical uncertainty of its vertical coordinate, i.e.,
the n wavelength. This relation determines the low-
est bound state of n in the Earth’s gravitational field.
The height uncertainty is then Δz ∼ z0, and the ver-

Fig. 2 Schematic of the experimental setup in the flow
through mode. 1 are the bottom and top entrance collimator
plates, arrows 2 correspond to neutron classical trajectories
between the collimator and the entrance to the slit between
mirror 3 and scatterer 4. Dotted horizontal arrows 5 illus-
trate neutron quantum motion above the mirror. 6 is the
neutron detector. The height of the slit between the mirror
and the scatterer can be varied and precisely measured

Fig. 3 The data points correspond to the measured n flux
through the slit between mirror and absorber versus the
slit width at low width values. The dashed curve is a fit
using the quantum mechanical calculation, where all level
populations and the height resolution are extracted from
the experimental data. The solid curve is the full classical
treatment. The dotted line is a truncated fit in which it is
assumed that only the lowest quantum state - which leads
to the first step - exists. Figure taken from [4]

tical velocity uncertainty is Δvz ∼ v0 =
√

2ε0/m =
1.07cm s−1, the characteristic velocity in the problem.

The method used in the first observation of n gqs
[4] consisted in measuring n transmission through the
narrow slit Δz between the horizontal mirror and the
scatterer above it. If Δz � zk, neutrons in the kth

quantum state pass through the slit with no significant
loss. But as Δz decreases, the neutron wave function
ψk(z) starts penetrating the scatterer, and the n loss
probability increases. If Δz ≤ zk, the slit is practically
nontransparent to neutrons in the kth quantum state.
In an “ideal” experiment with an infinitely high energy
resolution, the n flux NQM(Δz) through the slit would
sharply change at the height Δz ∼ zk. In reality, the
idealized step like dependence is smoothed due to two
factors: the spectrometer experimental resolution and
the smooth shape of n wave functions. The latter is due
to the tunneling of n through the gravitational barrier
separating the classically allowed heights and the scat-
terer height. An example of the experimental data is
shown in Fig. 3.

3.2 GQS measurement with H

The method, developed for the observation of gqs of n,
will be used to demonstrate gqs of H. In the following
section, the feasibility of such an experiment will be
analyzed and the characteristic parameters of the two
experiments will be compared.

The observation time is a key parameter. The time
of observation is defined by the mean particle velocity
and the mirror length. For the characteristic velocity
of n, vn ∼ 10m s−1 and the mirror length Ln = 10cm,
the observation time was τn ∼ 10ms. τn/τ0 ∼ 20, i.e.,
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the observation time is much larger than the forma-
tion time (τn � τ0) and the gqs were well resolved.
In order to provide the same conditions for the reso-
lution of gqs, the time of observation of H has to be
the same τH ∼ τn ∼ 10ms. For the planned gqs mir-
ror length LH ∼ 30cm, the mean velocity of H has to
be vH ∼ LH/10ms ∼ 30m s−1. All H with significantly
higher velocities do not settle in gqs, they only increase
the background and have to be eliminated. Velocities of
up to vH ∼ 100m s−1 can still be tolerated, at the cost
of a worse energy resolution of the experiment. This is
still acceptable for the first observation of gqs of H.
However, low velocities, good control over the velocity
selection and sufficient background suppression is the
key condition for the observation of gqs of H.

A major difference in the behavior of n and H, is
the mechanism of their interaction with the rough sur-
face of the scatterer. Scattered n are lost in the bulk
of the mirror or scatterer after several reflections from
their surfaces. Scattered H atoms have higher chances
to leak through the slit and produce background. They
escape from the slit into a broad angular distribution,
in contrast to H, which pass the slit setteld in a gqs. H
atoms escaping to larger angles have to be eliminated
to decrease the background. Therefore, it is very impor-
tant to implement a proper background suppression.

The expected count rate of H is much higher than
that of n. A simple comparison of the “brightness” of
the n source at ill and the H source at the Grasian
experiment at eth Zurich is the following. The total
number of the particles produced at ill is ∼ 1019s−1,
while it is ∼ 1017s−1 at eth. A characteristic temper-
ature of n spectrum at ill is ∼ 40Kt, while it is ∼ 6K
at eth. An effective surface area of the source at ill
is ∼ 105cm2, while it is ∼ 1cm2 at eth. These values
result in a ∼ 104 higher flux of particles at eth. This
estimation does not account for the velocity and spa-
tial distributions of the particles at the two sources, the
detection efficiencies, the transport losses, the experi-
ment geometries etc. but gives a fair overall gain factor
and the conclusion that H fluxes are much higher than
those available at the best existing ucn sources. A more
detailed calculation provides the same estimate of the
count rate for this setup: ∼ 103 Hs−1 for the lowest
gqs, over four orders of magnitude larger than mea-
sured with n. With these increased count rates, and
the minimal background with the H detection method
based on the photoionization described in Sect. 4.1, one
can measure the height distribution covering the first
four gqs with a 1µm resolution and 5% accuracy in
a matter of hours (compared to several days with the
original n experiment). These robust statistics will give
fast feedback, enabling us to solve experimental chal-
lenges quickly and efficiently.

4 Grasian cryogenic H-beam

In this section the Grasian cryogenic H-beam, located
at eth Zurich, will be described. It was originally devel-

Fig. 4 Rendering of the eth cryogenic H-beam setup

oped in the context of the ASACUSA [53], MuMASS
[54,55] and GBAR [56] experiments to test and com-
mission detectors, microwave- and laser-setups. It will
be used for our attempt to demonstrate gqs of atoms
for the first time.

The eth H-beam consists of an H source, a cryo-
genic chamber, a beamline and a detection chamber.
A schematic of the setup is shown in Fig. 4. The gqs
chamber, which will contain the mirror-absorber sys-
tem described in Sect. 3, will be installed in the near
future.

In the H source, molecular hydrogen gas (H2) is
injected into a microwave cavity with a flow of ∼
0.8mL/min. Within the cavity, microwaves with 20-
30W at 2400MHz, dissociate the H2 into atomic H. The
cracking efficiency was measured to be ∼ 80%, resulting
in an H flux of more than 1017atoms/s.

The generated atomic H is directed into the cryo-
genic chamber through a glass-teflon tube. The tube is
inserted into a bent nozzle, directly connected with a
coldhead to thermalize the atoms to ∼ 6K with minimal
recombination. After the cryogenic chamber, the beam
of atomic H is divided into bunches of ∼ 1014atoms/s
by a rotating chopper wheel. The H bunches flow
through a system of velocity selecting apertures into
the detection chamber at the end of the beamline.

A 243nm ultraviolet (UV) laser is directed into the
detection chamber in a perpendicular direction with
respect to the atomic beam and is retro reflected by a
mirror on the other side. This setup creates two counter
propagating beams, as required to excite the hydrogen
atoms from the 1 S to the 2 S state via a two photon
transition. A third photon from the same laser induces
photoionization, the resulting protons can be detected
by a microchannel plate (MCP).

4.1 The laser system for hydrogen detection

The H 1 S-2 S transition is dipole forbidden, hence
it is only possible to drive it with two photons. The
energy of this transition is split between the two pho-
tons involved, meaning that the wavelength of the laser
driving this transition has to be ∼ 243nm. As a dipole
forbidden transition is very unlikely, a high photon den-
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Fig. 5 Schematic of the laser system. The pda is pumped
with a pulsed Nd:YAG laser and seeded with a CW diode
laser. The generated 486nm pulsed beam is frequency dou-
bled in the shg unit and afterward sent into the detection
chamber to ionize H. The wavelength of the fundamental
of the seeder laser, is determined and controlled by a wave-
length meter

sity and hence a high intensity laser is needed for effi-
cient excitation and subsequent ionization of H atoms.
The most efficient realization is a pulsed laser. Such a
laser system has been set up at eth Zurich. It will be
described in the following section.

A schematic of the laser system is shown in Fig. 5.
It consists of two lasers - a continuous wave1 (CW)
and a pulsed laser,2 a pulsed dye amplifier3 (pda) and
a second harmonic generation (shg) unit. The funda-
mental of the CW laser has a wavelength of 972nm. An
internal shg cavity creates the output CW laser beam
with a wavelength of 486nm and an average power of
∼250m W. With exactly double of the desired wave-
length for the two photon 1 S-2 S transition, the CW
laser acts as the seeder laser. The pulsed laser is the
355nm third harmonic of a 10 Hz pulsed Nd:YAG laser.
In the Q-switch mode, the pulses are 10 ns long and
have a pulse energy of ∼100 m J.

Within the pda, three quartz cuvettes are circulated
with the dye, Coumarin 102, dissolved in ethanol. The
absorption and fluorescence of Coumarin 102 fit the
application well: when pumped with 355 nm light, the
emission is centered around 473 nm. The pulsed laser is
split up and focused onto the three cuvettes, and pumps
the Coumarin molecules. The CW beam seeds the pda
by passing through the three cuvettes overlapping with
the pumped dye molecules. This stimulates the emission
of 486nm photons with every pulse that pumps the dye.
After three cuvettes, ∼ 10–12 mJ of 486 nm pulsed laser
light is generated. Like the pulsed pump laser, it runs
at 10 Hz with a pulse length of ∼ 10ns.

1 Toptica TA-SHG pro.
2 Spectra-Physics Quanta-Ray Lab 190.
3 Radiant Dyes NarrowAmp.

Fig. 6 Waveform captured by the oscilloscope showing the
H+ signal. The purple region determines the offset in the
signal strength evaluation. The magenta curve corresponds
to the signal induced by the UV light in the detection cham-
ber. The red curve corresponds to the H+ induced voltage
change in the expected time-of-flight window between 640ns
to 1.15µs

In the shg unit, the output of the pda is frequency
doubled with a barium borate (bbo) crystal to generate
∼1-2mJ of pulsed UV radiation at 243nm. The 243nm
beam is then sent into the detection chamber. A mirror
is mounted behind the photo ionization region to pro-
duce counter-propagating beams for the doppler free
two photon excitation. The 243 nm photons efficiently
ionize the H and the H+ ions are detected by an MCP.
The MCP creates a voltage signal, which is read out by
an oscilloscope. In Fig. 6, such a waveform of H+ signal
is shown.

As indicated in Fig. 5, the frequency of the fundamen-
tal of the seeder laser is determined and controlled by a
wavelength meter.4 While the wavelength meter is reli-
able for relative measurements, the absolute values are
shifted by ∼ 230MHz, due to outdated calibration. The
CW fundamental frequency corresponds to 1/8 of the
1 S-2 S transition frequency, due to two shg processes
and the two photon excitation.

Scanning the laser frequency around the resonance
shows that we are capable to resolve the hyperfine
splitting (HFS) of H. The two peaks, shown in Fig. 7,
correspond to the difference of the HFS of the 1 S
and the 2 S state. The measured value is Δνmeas. =
1.23 ± 0.02GHz, which agrees with the literature value
Δνlit. = 1.24GHz (which can be calculated from [57])
within 1σ. This proves, that we detect H atoms, and not
any other potential pollutant in the detection chamber.

A scan of the laser pulse intensity dependency of
the signal resulted in the same conclusion, showing the
expected behavior. The intensity I is determined by
the pulse energy E and the beam waist ω0 ∼ 0.75mm:
I = E/(ω2

0π).
The data can be taken from Fig. 8.
The signal shows an I3 dependence as expected for

a three photon process. The two photon 1 S-2 S excita-

4 HighFinesse WS7-60.
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Fig. 7 Laser frequency sweep - Observation of the 1 S and
2 S HFS of H. The frequency values on the abscissa corre-
spond to the measured frequency of the seeder laser fun-
damental, shifted by 230MHz (outdated wavelength meter
calibration) and multiplied by a factor of 8 (two SHG pro-
cesses, two photon excitation). This was done to to match
the absolute literature values [57]

Fig. 8 Laser intensity scan - Observation of the I3 and I2

dependency of H ionization

tion is I2 dependent and the ionization of the 2 S state
adds another I dependency to the overall process. At
∼ 107W cm−2, the 2 S ionization process starts to sat-
urate, as the ionization rate Γi = (I/hν)σ, where σ
is the 2 S H ionization cross section and hν the pho-
ton energy, reaches 1/τ2 S, where τ2 S is the lifetime of
the 2 S state. From here, the overall process follows an
I2 dependency. At ∼ 3 × 107W cm−2, also the 1 S-2 S
excitation process will start to saturate and the overall
process becomes I independent [58].

It would be ideal to run the H detection on satu-
ration, because the ionization process would become
independent of energy- or frequency instabilities of the
laser. In order to reach the point of saturation, the laser
beam size has to be decreased. Different combinations
of convex and concave lenses were already used to com-
press the beam. But, the mirrors did not withstand
the increased intensity for long and were damaged. It
seemed like the point of saturation overlapped with the
damage threshold of the UV mirrors, which were used
at that point. We replaced the mirrors and will hope-
fully be able to increase the intensity until saturation
is reached.

Fig. 9 Upper figure: ToF data and fit. The fit results in
a temperature of T = 6.07 + −0.74K. t100 and t50 corre-
spond to the ToFs of H with velocities of 100m s−1 and
50m s−1, respectively. In the small figure, the correspond-
ing cumulative velocity distribution for v ∈ [0, 200] m s−1 is
shown. Lower figure: Standardized residuals of the fit and
corresponding histogram

4.2 Hydrogen beam characterization and rate
estimation

To characterize the velocity distribution of the H-beam,
a time of flight (ToF) measurement was performed. The
delay between the opening of the chopper and the fir-
ing of the laser was varied while the H count rate was
measured.

The expected signal S(t) is a convolution of the chop-
per kernel h(t) and the atomic ToF distribution Pt(t)
(assumed to follow a Maxwellian distribution) and is
given by

S(t) = h(t) ∗ Pt(t) , (1)

Pv(t) ∝ v3 exp
(

−mv2

2kT

)
, (2)

Pt(t) = Pv

(
Δx

t

)
Δx

t2
, (3)

where Δx is the distance between chopper and detec-
tion region, m is the H mass, k is the Boltzmann con-
stant and T the temperature.

The data taken in 2021 and a fit are shown in Fig. 9.
The fit resulted in a temperature of T = 6.07 + −0.74K,
meaning, that the H gas thermalizes well with the cryo-
genic nozzle at 6K.

The measurement shows that the maximum of the
atom flux appears after around 5ms delay, relating to an
atomic velocity of 250m s−1 with a significant fraction
of atoms below 100m s−1.
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As mentioned in Sect. 3.2, H velocities of up to
100m s−1 can be tolerated. For the upcoming gqs mea-
surement, a certain velocity interval will be selected by
setting the delay between chopper opening and firing of
the laser to a certain value. The width of this interval
is determined by the duration of the chopper opening
topen ∼ 6.1ms. With the current velocity distribution of
the H beam, it makes sense, to set the upper bound of
the velocity interval to vmax = 100m s−1 which leads to
a lower bound of vmin = Δx/(t100 + topen) = 62m s−1.
The mean velocity of this interval is v̄ = 81 m s−1 with
a corresponding ToF of tv̄ = 12.3 ms.

With the fit result, it is possible to estimate the rate
of H atoms passing through the future gqs region. It
is composed of the H input rate Rin ∼ E17s−1, the
chopper duty cycle dc ∼ 0.061, the form of the distribu-
tion after the chopper, assuming a cone like distribution
with an opening angle of θ ∼ 3

4π, the cross-sectional
area of the gqs region A ∼ 0.5mm2 (Δz ∼ 20µm,
Δy ∼ 25mm), the beam waist of the laser ω0 ∼ 0.75mm
and the probability of the atoms with the given veloc-
ity distribution to have a velocity within the selected
velocity interval, Pv(vmin ≥ vx ≥ vmax) = 3.9 × 10−3.
These parameters yield an estimated rate of H passing
through the gqs chamber of

R = RindPv(vmin ≥ vx ≥ vmax)
A

2πΔx2 (1 − cos θ/2)
2ω0

(vmax − vmin)tv̄
∼= 104 s−1.

(4)

Multiplying R by the ionization efficiency of εion ∼
8% (determined by ω0 and an assumed laser energy of
1mJ) and the MCP efficiency εMCP ∼ 50% yields the
signal rate Rsig

∼= 400s−1. This is 4 × 103 times more
H signal, as compared to the ucn signal.

5 Outlook

There are currently three major improvements being
implemented and tested.

New UV mirrors with a higher damage threshold
were installed. It can be expected, that the laser inten-
sity will be improved by an order of magnitude: when
the beam size is compressed to ω0 ∼ 0.3 mm, with
a UV laser energy of ∼ 1mJ, the intensity becomes
∼ 3.6×107 W cm−2. At this level, saturation is reached
and the signal becomes independent of laser energy- or
frequency fluctuations. Furthermore the ionization effi-
ciency will be improved dramatically. A beam size of
0.3 mm yields an ionization efficiency of εion = 98.22%,
which would improve the estimated rate by a factor of
12.

The estimated rate will further be improved, by the
installation of a new coldhead and an additional heat-
shield. This is currently being implemented, and first
measurements show, that temperatures around ∼ 4K
can be expected. This would improve our estimated rate

for the velocity interval [62 m s−1, 100 m s−1] by a fac-
tor of ∼ 2.2. It would alternatively be possible to select
slower velocities in the interval [55 m s−1, 83 m s−1]
while maintaining the same countrate as with the old
cryo system.

It would be preferable to go to even lower velocities.
But, as shown in Fig. 9 at around 20ms, the residual
hydrogen gas in the chamber prevents the measure-
ments to be sensitive to atoms with lower velocities.
This could be improved by an aperture system between
the source and the chamber where the gqs region will
be installed. Such a system is currently being installed
and tested. It consists of three height adjustable, verti-
cal slits with a width of 200µm for the first slit and 1mm
for the second and third. Two more vacuum pumps will
be installed in between the first and the second and the
second and the third slit. This system has two pur-
poses: It will decrease the background, due to the sepa-
ration of the different vacuum regions of the cryogenic
chamber, the beamline and the detection chamber. It
will also act as a velocity selecting aperture. As the slit
height is adjustable, different trajectories of the atoms
can be selected. With the three slits, it will be possible
to select the low energy tail of the H atoms with a ver-
tical velocity component vz ∼ 0 at the entrance of the
gqs spectrometer as described in section 3.1.

As soon as those new implementations are completed
and characterized, the gqs chamber will be installed at
the end of the beamline replacing the detection cham-
ber. It will contain the gqs spectrometer and the view-
ports for the UV laser. In this way, the atoms passing
through the spectrometer will be photo ionized at the
end of the mirror and the H+ detected in the MCP.

6 Conclusions

We conclude that a gqs measurement with H is a
very promising but challenging endeavor. The expected
count rate exceeds the count rates accessible with ucns
by orders of magnitudes.

An extension and improvement of the existing gqs
measurements are highly interesting for multiple fields.

In the course of realizing a gqs measurement with
H, we set up a cryogenic H-beam. A highly efficient
H detection system was developed. New UV mirrors,
an improved cryogenic system and an aperture system
which will reduce the background and select ideal veloc-
ity components are currently being implemented and
tested.

We aim to demonstrate the existence of gqs of H
within the next measurement campaign, starting in
2023.
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