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Abstract. A low energy particle confined by a horizontal reflective surface and gravity settles in gravita-
tionally bound quantum states. These gravitational quantum states (GQS) were so far only observed with
neutrons. However, the existence of GQS is predicted also for atoms. The GRASIAN collaboration pursues
the first observation of GQS of atoms, using a cryogenic hydrogen beam. This endeavor is motivated by the
higher densities, which can be expected from hydrogen compared to neutrons, the easier access, the fact
that GQS were never observed with atoms and the accessibility to hypothetical short-range interactions. In
addition to enabling gravitational quantum spectroscopy, such a cryogenic hydrogen beam with very low
vertical velocity components—a few cm s~ 1, can be used for precision optical and microwave spectroscopy.
In this article, we report on our methods developed to reduce background and to detect atoms with a low
horizontal velocity, which are needed for such an experiment. Our recent measurement results on the col-
limation of the hydrogen beam to 2 mm, the reduction of background and improvement of signal-to-noise
and finally our first detection of atoms with velocities < 72ms™ 1 are presented. Furthermore, we show
calculations, estimating the feasibility of the planned experiment and simulations which confirm that we

can select vertical velocity components in the order of cm s™ 1.

1 Introduction

A particle trapped in a sufficiently deep potential well
settles in quantum states. If this potential well com-
prises the gravity potential on the one side, pressing
the particle toward Earth, and a horizontal reflective
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surface on the other side, pushing the particle away
from Earth, this particle settles in gravitational quan-
tum states (GQS).

A mathematical expression of GQS is obtained by
solving the Schrédinger equation with a linear poten-
tial term. (The linearized approximation of the gravita-
tional potential can be used due to the small distances
of this problem compared to the size of the Earth.)
The derivation of the GQS properties is described in
more detail in several other publications—e.g., in [1],
and will not be discussed here. Nevertheless, it has to
be mentioned that the eigenenergies and spatial widths
of the GQS only depend on the particle mass and grav-
itational acceleration g. As gravity is very weak, the
spatial heights of the GQS wavefunctions are several
tens of wm, while typical eigenenergies of GQS are in
the order of peV for particle masses of ~1 u. The typ-
ical GQS lengthscale makes GQS excellent probes for
hypothetical short-range fundamental interactions [2],
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the verification of the weak equivalence principle in the
quantum regime [3] or tests of Lorentz invariance [4].

It follows from Heisenberg’s uncertainty relation that
observation times have to be larger than 1ms. In the
frame of an in-beam measurement, this translates to the
necessity of low particle velocities. For a characteristic
interaction length of ~0.1 m, particle velocities parallel
to the surface smaller than ~ 100 ms™1 are required.

Due to the constraint of very slow particle veloci-
ties, it is not surprising that GQS were first demon-
strated using ultracold neutrons (UCN), with veloci-
ties < 10ms~ 1. This groundbreaking experiment was
done in 2002 by Nesvizhevsky et al. [5] and paved the
way for many other experiments further investigating
the properties of GQS [6-10]. Recently, the ¢-BOUNCE
collaboration, performing GQS spectroscopy with neu-
trons [11], reported a discrepancy between theoretical
calculations and experiment which calls for continued
investigations [12].

The goal of the GRASIAN collaboration is to demon-
strate for the first time the existence of GQS of atoms.
We aim to achieve this, by using a cryogenic beam of
atomic hydrogen (H). The motivations for this under-
taking are the higher expected statistics and that no
(ultracold) neutron sources are required. There are only
a few facilities which harbor ultracold neutron sources
worldwide, which can only offer a limited amount of
beamtime. Also, the development of a cold hydrogen
beamline would not only be useful for measurements of
GQS, but would also be an excellent setup for in-beam
precision spectroscopy [13]. Furthermore, an extension
to anti-atoms might be an interesting future applica-
tion. Such an experiment would be an excellent probe
of the gravitational force acting on antimatter and pos-
sibly the weak equivalence principle for antimatter [14].
Measurement of GQS with anti-H would allow to reach
higher accuracies as compared to existing results pub-
lished by the ALPHA collaboration [15].

A major difference between H and UCN is their inter-
action with surfaces. While UCN are reflected from
the averaged Fermi potential of the individual nuclei of
the surface [16], H atoms undergo quantum reflection
(QR) from the attractive Casimir-Polder (CP) poten-
tial. This is the quantum mechanical effect where a part
of the matter wave is reflected from a potential step,
whether it is positive (repulsive) or negative (attrac-
tive). The probability of reflection increases for steeper
potentials. The lower the energy of particles approach-
ing a surface, the closer they get to the surface before
they interact with the CP potential. The CP potential
gets steeper for decreasing distances; hence, particles
are reflected more likely, at low energies [17,18]. The
shifts of GQS in the CP potential have to be calculated
for precise measurements [19,20]. QR of H was demon-
strated in 1989 by Berkhout et al., with a measured
reflectivity of 0.91 [21]. In 1993, Yu et al. reported an
even higher reflectivity of > 0.98 [22].

In this article, we report on our current status and
the recent improvements in our experimental appara-
tus. The latest measurement results are presented, and
the feasibility of our experiment is discussed.
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2 The GRASIAN H-beam

The GRASIAN H-beam is designed as a fly-through
setup. The experimental apparatus includes a cryogenic
hydrogen source, a beamline and a detection cham-
ber. A schematic is shown in Fig. 1. The setup is
briefly explained in the following paragraphs; for a more
detailed description, see [1].

In the source, molecular hydrogen (Hs) is dissociated
in a microwave discharge cavity (Evenson cavity [23])
and atomic H is formed. The H is guided into the first
vacuum chamber through a glass-Teflon tube.

The first vacuum chamber contains a coldhead, which
is operated at temperatures around 6K, a nozzle [24]
which is attached to the second stage of the coldhead,
a heatshield attached to the 40K first stage of the
coldhead and a chopper. Furthermore, the first two
collimating elements, which define the beamshape, are
located in the first vacuum chamber: A 4 mm pinhole is
attached to the heatshield. A 2 mm skimmer is mounted
closely behind the chopper wheel and acts as the first
pumping restriction. The H is directed through the noz-
zle, thermalizing with the 6 K walls, and passes the
chopper, if it is open. The chopper runs at a frequency
of 10Hz and has a duty cycle of ~5%.

The beamline includes three differential pumping
stages, which are separated by 1mm horizontal slits
which can be varied in height. The last restriction is
a ~1cm orifice which separates the beamline from the
detection chamber.

The part of the pulsed H-beam that passes through
the restrictions is ionized in the detection chamber. The
ionization is performed by a 243 nm laser pulse, which is
generated by a laser system (pulsed at 10 Hz), described
in [1].

The positive ionization fragments—protons (p)—are
guided through a pair of Einzel lenses toward a mul-
tichannel plate (MCP) detector. The p hit the MCP
and generate an electric signal, which is read out and
processed by a Red Pitaya [25].

For the actual GQS measurement, the detection
chamber will be replaced with an experimental chamber
harboring a one component gravitational spectrometer.
The spectrometer will consist of a mirror on the bot-
tom and a flat scatterer on top, separated by a gap h
which can be changed by piezoelectric actuators and
precisely measured. This feature will be used to mea-
sure GQS. As long as h is less than the height of the
smallest GQS (in the order of 10 wm), the probability
is very high, that the particles collide with the scatterer
and are lost from the beam while passing through the
gap. This probability also depends on the efficiency of
the scatterer and the duration of the interaction. For
an ideal, very long scatterer, all of the particles would
be lost, as long as no GQS fits between mirror and
scatterer. As soon as h reaches the height of the small-
est GQS, the count rate behind the spectrometer will
experience a sudden increase, as the smallest GQS now
fits into the gap and the probability of collision with
the scatterer is dramatically decreased for atoms in the
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Fig. 1 Schematic of the H-beam setup. Atomic hydrogen is generated in a microwave discharge cavity (Evenson cavity [23])
and is directed into the first vacuum chamber. It is cooled down to ~6 K while guided through a cryogenic nozzle, connected
to a coldhead (Sumitomo Heavy Industries, 1td. RDK-408D2). A chopper divides the beam into bunches. After passing the
beamline, the H arrives in the detection chamber, where it is ionized by a 243 nm laser. The positive ionization fragments
(the protons) are guided toward a multichannel plate (MCP, GIDS 25-10-40) by a pair of Einzel lenses. The experimental
setup comprises five differential pumping stages which are each pumped with a turbomolecular pump (Leybold TURBOVAC
350 iX 7, Pfeiffer TMU 071 P, Pfeiffer TMH 071 P, Pfeiffer HiPace 300, Edwards Next 400). The vacuum is logged with

four vacuum gauges p;, i = 1...4

first GQS. A sudden increase in the count rate will cor-
respondingly occur, when h reaches the height of the
second GQS and so on for higher states. This measure-
ment principle was used with UCNs and the stepwise
increase in the count rate was recorded, demonstrating
GQS with UCN for the first time [5].

2.1 Evaluation of the signal

A typical MCP signal (SM®TF) is shown in Fig. 2. The
electrical signal is plotted against time. It should be
noted that the signal is recorded with a sample rate of
125MS/s and the individual measurement points sMF
are therefore 8ns apart.

The shape of SMCP shows a peak at i = 10, which
originates from photons of the ionization laser reaching
the MCP. This photon peak is used as a trigger for the
acquisition. The second, broader peak at ¢ € [296, 305]
corresponds to the ionized H which hit the MCP. The
time between the photon peak and proton peak is the
time it takes for the protons after ionization to reach the
MCP. This time of flight of the detected ions enables us
to exclude ions with a larger mass, as these are slower
and would reach the MCP later (e.g., HJ).

For the evaluation of the signal per recorded
which is proportional to the detected atoms, a region
of interest (ROI) and a region of baseline (ROB) are
defined. In Fig. 2, the ROI and the ROB are indicated
by the red and blue dashed lines.

The baseline (b) and the integrated signal (S™!) per
recorded SMCP are calculated as follows:

SMCP

_ .MCP
b=s""" croB

t[ps]
000 050 100 150 200 250 300 350
'T T T T T T T T
0.00 H
A i :HV”V' Y
= [
§ -0.05f
(,) [
-0.10f
100 200 300 400 500

1
Fig. 2 Typical MCP signal S™F. The peak at i = 0 arises
from photons of the ionization laser reaching the MCP. The
broader peak at i € [296, 305] is caused by ionized H hitting
the MCP. The area between the red dotted lines marks the
ROI, while the two areas between the blue dotted lines mark
the ROB

SM = ()P = )| x dt,
1€ROI

with d¢=8ns being the separation between the individ-
ual datapoints sMCF.

A measurement usually comprises a number (V) of
recorded S;V[CP. The integrated signal (S) per measure-
ment is determined through:

@ Springer
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Fig. 3 Sketch of the beam shaping components. The H-
beam is collimated by a 4 mm pinhole on the heatshield, a
2mm skimmer and two 1mm slits. The vertical profile of
the H-beam is measured by scanning the vertical position
of the ionization laser, as indicated by the purple arrow.
The vertical position is defined with respect to the vertical
center of the pinhole and the skimmer

where o is the standard deviation.

It is possible to extract the number of detected pro-
tons from S through the evaluation of the single ion sig-
nal. This calibration is described in detail in appendix
A. The plots presented in this article, which show an
integrated signal vs. a certain variable, will show the
corresponding rate of ions on the secondary y-axis. The
dimension is [counts/pulse] which indicates the number
of detected atoms per pulse of the ionization laser. As
mentioned before, the ionization laser runs at 10 Hz and
has a pulse length of ~10ns.

2.2 Collimation of the H-beam and vertical velocity
selection

Compared to our previous setup, described in [1], we
have installed additional beam shaping components: a
4 mm pinhole at the exit of the heatshield, a 2 mm skim-
mer at the exit of the first vacuum chamber and two
1 x 30 mm horizontal slits, as indicated in Figs. 1 and
3.

The vertical profile of the H-beam was measured, by
scanning the vertical position of the ionization laser,
with a beam waist wy ~ 200pm. For this measurement,
the two horizontal slits were positioned on the verti-
cal center of the H-beam. The recorded beam profile
is shown in Fig. 4. It can be taken from the data that
the H-beam is well collimated and has a vertical size of
approximately 2 mm.

The two horizontal slits are adjustable in their verti-
cal position. This enables a manipulation of the hydro-
gen beam path and a selection of vertical velocity com-
ponents. The vertical velocity component is limited for
the formation of GQS. To reach a quantum reflection
probability of > 90%, vertical velocities in the range of
cm s~ 1 are required [17,18].

@ Springer

Eur. Phys. J. D (2024) 78:132

7.x1070F 1
6.x10-10F )
5.x107"°F ]
4.x107"%F

3.x107"°F 3

Integrated Signal [Vs]
Signal [counts/pulse]

1.x107"F = 12.

8
6
2.x1071°F 14,
2
0

-2 -1 0 1 2
z [mm]

Fig. 4 Vertical profile of the H-beam. The vertical posi-
tion of the ionization laser was varied. 500 waveforms were
recorded per vertical point. The measurement was per-
formed at 6 K and the chopper in open position

Table 1 Dimensions and positions of the beam shaping
components. The vertical position z is measured from the
vertical center of the aperture. The vertical widths, the hor-
izontal positions x and the vertical positions z of the pinhole
and the skimmer are the same as in the experimental setup.
The vertical positions of slit 1 and 2 were estimated with
an optimization algorithm

Vertical width x z (center)
Pinhole 4 mm 0 mm 0 mm
Skimmer 2 mm 68 mm 0 mm
Slit 1 1 mm 498 mm 0.891 mm
Slit 2 1 mm 968 mm 2.035 mm

To simulate the vertical velocity distribution of the
H-beam in the detection chamber, possible trajectories
through the setup were calculated, considering the geo-
metrical constraints imposed by the beam shaping com-
ponents. The initial horizontal velocity was limited to
the interval v, € [50,60] ms~ 1. This limitation is arbi-
trary and can be selected in the experiment by a set
delay between the chopper opening and the ionization.

The positions and dimensions of the beam shaping
components in the horizontal (x) and the vertical (2)
axis are given in Table 1. The z positions are taken
directly from the experimental apparatus. The z posi-
tions of slit 1 and 2 are the result of an optimization
algorithm. The z positions of the pinhole and the skim-
mer are assumed to be on the beam axis.

The trajectories which pass through all of the installed
beam shaping components were added to the list of pos-
sible trajectories through the setup, which are shown in
Fig. 5.

Subsequently, the probabilities of the possible trajec-
tories were calculated by assuming an initial Gaussian
H-beam with o = 2 mm following a Maxwell-Boltzmann
distribution at 6 K. These assumptions are supported
by the fact that the first pinhole on the heatshield,
which defines the initial beam, has a diameter of 4 mm,
and that the velocity distribution of the H atoms was
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Fig. 5 Calculated trajectories through the beam shaping
components. The 4 mm pinhole at x=0m defines the input
beam: a Gaussian beam with ¢ = 2mm. The 2 mm skim-
mer at £ =0.068 m, indicated by the first black slit, serves
as the first aperture and blocks trajectories with high ver-
tical velocity components. Slit 1 at £=0.498 m and slit 2
at £ =0.968 m are indicated by the second and third black
slit. They are set to specific heights to efficiently select tra-
jectories with vanishing vertical velocity components. The
colors of the trajectories are random and just for visualiza-
tion purposes

already measured at a coldhead temperature of 6K and
a fit confirmed the temperature of the beam [1].

The resulting distribution of vertical and horizontal
velocity components at the point of ionization is shown
in Fig. 6. The calculation of the possible trajectories
and their probability shows that we can select trajec-
tories with vertical velocity components in the order
of cm s™1 and block trajectories with higher vertical
velocities.

2.3 Signal to background

In the planned GQS measurement, we aim to measure
a very small signal. Therefore, it is essential that the
background (BG) is reduced and well understood.

BG can be distinguished between vacuum-related BG
(BGv) and beam-related BG (BGb). The SBSY corre-
sponds to S detected when the source is turned off. It
relates to the purity of the vacuum. SBSP corresponds
to S, which is detected while the H source is on, but
the beam is blocked—e.g., when the chopper is closed.
SBGP s a measure for the efficiency of the differential
pumping stages and the “leak tightness” of the chop-
per in the closed state. The measured SPCP is a sum
of the “true” SBGP and the SBEY, as it is impossible to
measure SPEP independently from SBSY. (The H which
is detected when the source is turned off, is also there
when it is turned on.) Both BG are influenced by the
efficiency of the vacuum pumps. H, as a very light gas, is
not easy to be pumped out of a vacuum system. For this
reason, the turbo molecular pumps (TMPs) in the cryo-
genic (TMP1) and the detection chamber (TMP5) are
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Fig. 6 Calculated velocity distribution at the ionization
region (z=1.498m) after trajectory selection. v, is limited
to the interval [50,60] ms™1 by a set delay between the
chopper opening and the ionization in the experiment. Fig-
ure 6a shows the probability density of the horizontal (v,)
and vertical (v.) velocity components. Figure 6b shows the
projected probability density of v.. The simulation confirms
that we are able to select trajectories with vertical velocity
components in the range of cm s 1

not pumped by a backing pump, but by another TMP
(Pfeiffer HiCube). This serial configuration of TMPs
ensures a high vacuum on the backside of TMP1 and
TMP5 and therefore more efficient pumping of H.

The signal S5 corresponds to S while the source is
on and the chopper is open.

A measurement of 10,000 waveforms (corresponds to
a measurement time of ~17min) at 6 K of $%8, SBGP
and SPGY resulted in the following ratios:

Ssie /GBGb — 26.2(1)

@ Springer
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Fig. 7 Average of 5%, SBGP and SBSY for H recorded at
6 K. 10,000 waveforms were averaged. The area between the
red dotted lines marks the ROI, and the two areas between
the blue dotted lines mark the ROB. The zoom shows the
broad BG peaks. The broadness of the BG can be explained
by residual H in the detection chamber being ionized at
random positions on the ionization laser trajectory through
the chamber and hence have a broader distributed time of
flight toward the MCP

5518/ SBGY — 37.9(3)

The average of the S8, SBGP and SBSY measurements
is shown in Fig. 7.

2.4 Time of flight measurement

Time of flight (ToF) measurements are realized by set-
ting and varying a delay between the opening of the
chopper and the detection of the H. In this configura-
tion, the horizontal velocity of the atoms can be cal-
culated from the delay and the distance between the
chopper and the ionization area. The opening of the
chopper is registered by a photodiode, placed at the end
of the setup. It detects an alignment laser that is aligned
coaxially with the H-beam and hence only reaches the
photodiode if the chopper is open. The photodiode sig-
nal is used as a trigger to generate a TTL pulse, after
a set delay. The TTL triggers the detection laser and
hence the ionization.

The signal which is detected for a set delay d corre-
sponds to atoms within a certain velocity interval. The
chopper has a duty cycle of ~ 5%, at 10 Hz, meaning
that the chopper is open for ¢, ~ 5ms. The evalua-
tion of the script, which generates the TTL pulse for
the laser, adds an additional delay of ds ~200us. The
length between the chopper and the detection area is
I = 1.45m. The velocity interval [Umin, Umaz] is calcu-
lated as follows:

l

(d+dy)

Umin =
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Fig. 8 ToF measurement with H at a coldhead tempera-
ture T' = 6 K. Per delay, 500 waveforms were averaged. The
SBC is measured at a delay of 0ms, subsequently the cor-
responding S® measurement. A shows the recorded S
(blue) and S®€ (yellow) for different delays. The corre-
sponding velocity intervals are given on the secondary x-
axis. 558 — §BC v, velocity are shown in (b) on a logarith-
mic scale. The velocity errorbars indicate the corresponding
velocity interval of the datapoint

l
(d+ds—t,)

Umax =

In a ToF measurement, S**® and SBS are recorded
for each delay point. The SB¢ is measured at a delay of
Oms, which means that the ionization laser is shot as
soon as the chopper opens. This corresponds to a veloc-
ity interval of [7250, o], which is very sparsely occupied
at 6 K. This SBY correlates with the previously intro-
duced SBGP,

A ToF measurement is shown in Fig. 8.

The data indicate that we are limited by S®%, which
is approximately 1 atom per laser pulse. The signal van-
ishes under the BG at a delay of 13 ms, corresponding
to a velocity interval of [110, 177] ms™1.

As explained in Sect. 1, our planned GQS measure-
ment requires horizontal velocities < 100ms~1. The
presented velocity spectrum does not show a significant
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Fig. 9 Squared modules of the H (a) and D (b) wavefunc-
tions as a function of the height z above the mirror for the
five lowest GQS. They correspond to the probabilities of
observing the particle at a height z

signal at these velocities. Therefore, we decided to try
two alternative methods to reduce BG and to detect
atoms with lower horizontal velocities. These are the
new results of our experimental development as com-
pared to [1].

3 Measurements with D

The first approach to show a significant reduction of BG
and the detection of atoms with velocities < 100ms—1
was to exchange H with its heavier isotope deuterium
D. This idea is motivated by the fact that D is rare com-
pared to H which should reduce the SBSY immensely.
Moreover, due to the doubled mass of D compared to
H, the velocity distribution is expected to be shifted
toward lower velocities, and the characteristic time of
formation of GQS decreases.

As the properties of GQS depend on the mass of
the particle, naturally they are different for H and D.
While the spatial widths decrease by a factor of /22,
the eigenenergies increase by a factor of ¥/2. A compar-
ison of the first five states is shown in Fig. 9.

The smaller spatial heights of the states will increase
the sensitivity for roughness on the scatterer surface,
which increases its efficiency and might make the exper-
iment easier in that regard.

Experimentally, the exchange of H with D is simple.
The Hy bottle was replaced by a bottle of molecular
D5, and the microwave discharge cavity did not have
to be altered. The frequency of the ionization laser was
moved to the 1.5 — 25 resonance of D. (More details on
the laser system can be found in [1].)

3.1 Signal to background

D recombines more easily on cold surfaces than H.
Therefore, the temperature T of the coldhead was
scanned to find the optimum of S5 /SBGP. Ag shown
in Fig. 10, this optimum is at 7' = 8k.
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H measurement shown in Fig. 7

With this result, a S%%8 /SBS measurement of 10,000
waveforms was performed at 8 K and resulted in:

58 /PGP = 63(2)
Ssie ) §BGY — 398(30) .

The averaged 5%, SBGP and SBSY are shown in Fig.
11.

These results already show an improvement of a fac-
tor of 2.4(1) for SBEP and 10.5(8) for SBEY.

3.2 Time of flight measurement

In order to estimate the velocity distribution of D,
ToF measurements were repeated in the same way as
described in Sect. 2.4. The temperature of the coldhead
was set to 8 K, as the optimal $%8 /SBG is expected at
this temperature. The results are shown in Fig. 12.
This ToF measurement confirms a significant reduc-
tion of BG by a factor of 2.65(7). Approximately,
0.40(1) BG atoms per laser pulse were detected. At
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Fig. 12 ToF measurement with D at a coldhead temper-
ature T = 8 K. Per delay, 500 waveforms were averaged.
The SB€ is measured at a delay of Oms, subsequently the
corresponding S*'® measurement. a shows the recorded S
(blue) and SBC (yellow) for different delays as well as the
corresponding fit function (dashed curve). The correspond-
ing velocity intervals are given on the secondary x-axis.
Ssie _ §BC ys. velocity are shown in (b) on a logarith-
mic scale. The velocity errorbars indicate the corresponding
velocity interval of the datapoint

a delay of 20ms, which corresponds to a velocity of
[72,95] ms~1, a rate of 0.53(4) atoms per laser pulse
is measured. This means that in total 267(20) D atoms
with velocities in [72,95] ms~1 were detected during
the measurement of 500 waveforms, which takes 50s.
The data were fitted to a convolution of a Maxwell—
Boltzmann distribution and the chopper kernel. The
resulting temperature of the H-beam is T = 7.96 K,
which agrees well with the set coldhead temperature
of 8 K. The evaluated temperature of the beam can
be used to estimate the expected rate. Considering
geometrical constraints, the efficiency of the MCP as
well as the size, shape, duration and energy of the
ionization laser yields an estimated rate of atoms in
the velocity interval [72, 95] ms™1 of 0.11 atoms per
laser pulse which is consistent with the background-
subtracted rate of 0.14(7) resulting from the calibration
described in appendix A. The fitting procedure and the
rate estimation are described in more detail in [1].
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Fig. 13 ToF measurement with H and D. The temperature
was 6K for the H- and 8K for the D measurement. Per
delay, 500 waveforms were recorded. a shows the recorded
H and D S8 (blue and yellow) and S®¢ (green and red)
for different delays. The corresponding velocity intervals are
given on the secondary x-axis. The BG of D is 2.65(7) times
lower than the BG of H. S8 — §B% ys_ velocity for H (blue)
and D (yellow) are shown in (b) on a logarithmic scale.
The velocity errorbars indicate the corresponding velocity
interval of the datapoint. The higher recorded rate of H at
84 ms™ 1 is most likely due to statistical uncertainties

When the ToF spectra of D and H are compared (see
Fig. 13), the improvement in resolving lower velocities
is evident. Nevertheless, we explored one more idea to
reduce BG with H.

4 Measurements with H using a cryopump
in the detection chamber

As we have demonstrated in Sect. 2.4, our possibility
of detecting slow atoms was limited by the fairly large
background signal of H, which was present even when
the H-beam was turned off. The situation was not sub-
stantially changed with improvements in the pumping
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system to reach a somewhat better vacuum. We think
that the main reason for the presence of H atoms in the
detection chamber is the slow outgassing from the walls.
It is well known that molecular and atomic hydrogen
may be present in the bulk of metal walls and adsorbed
on their surface. Slow desorption from the walls at UHV
conditions may provide a residual H background. To
verify this assumption, we decided to enclose the ion-
ization region inside a double-layer cold shield, which
serves as a cryopump. We used a continuous flow helium
cryostat ST-100 by Janis Research Company, Inc [26],
which can reach temperatures down to 3K and has a
second radiation shield at ~ 40 K. Two cylindrical cop-
per shields were anchored thermally to these tempera-
ture stages. The shields were fixed vertically, enclosing
the ionization area, the Einzel lenses and the path of the
p toward the MCP (see Fig. 14). Under normal operat-
ing conditions, we were able to reach temperatures of
~6K and ~ 50 K for the inner and outer shields, limited
by the radiation heat coming through several openings
in the shields. Two slots of 4 x 30 mm were cut in the
shields for the incoming H-beam. For the laser beam,
two 4-mm-diameter orifices were cut at 90° with respect
to the H-beam axis. Einzel lenses were installed inside
the shields. The MCP was located horizontally ~10 cm
above the upper lens.

4.1 Signal to background

The change of the geometry for detection of protons
(90° turn of their path) led to a change of the shape
of the detected peaks. An average of 10,000 waveforms
recorded for a 558, SBGP and SBGY measurement are
shown in Fig. 15. However, we also observed a full sup-
pression of the background signals. As one can see in
the inset of Fig. 15, no peaks of H signal are discernible
from the noise in the ROI. For the S/BG ratios, we
obtained:

Ssie /GBGP — 107(10)
Ssis /GBGY — 212(27)

These results show an improvement by a factor of
2.8(3) and 8(1) to previous H S%8 /SBGY and Ssie / §BGP
measurements, respectively. Particularly, the SBGP is
used to be a limiting factor, as a high SPGP greatly
reduces the resolution of a time of flight (ToF) mea-
surement. The results and analysis of our recent ToF
measurements will be presented in the next subsection.

4.2 Time of flight measurements

A ToF measurement performed with the cryopumped
detection chamber is shown in Fig. 16.

For this measurement, an average of 500 waveforms
were taken per delay point.

This result already shows a dramatic improvement
as compared to our previous setup. 0.09(1) BG atoms
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Fig. 16 ToF measurement with H at a coldhead temper-
ature T=6 K with a cryopumped detection chamber. Per
delay, 500 waveforms were averaged. The SP€ is measured
at a delay ofOms, subsequently the corresponding S*& mea-
surement. a shows the recorded 5% (blue) and SB¢ (yellow)
for different delays as well as the corresponding fit func-
tion (dashed curve). The corresponding velocity intervals
are given on the secondary x-axis. $% — SEC vs. veloc-
ity are shown in (b) on a logarithmic scale. The velocity
errorbars indicate the corresponding velocity interval of the
datapoint

were measured per laser pulse, which is 12(1) times less
than with our previous setup. The measurement shows
a significant signal at a delay of 19 ms, corresponding to
a velocity interval of [76, 102] ms~1. 0.19(4) H atoms
in this velocity interval were detected per laser pulse,
which is a total of 96(17) detected atoms during the
measurement of 500 laser pulses.

A fit to the data results in a temperature of
T=4.71K, which does not agree very well with the set
coldhead temperature of 5.8 K. This could either be
explained by the fact that too little data points were
recorded for higher velocities or that the geometry of
the setup favors slower atoms. If a velocity distribution
at T=4.71K is assumed, a count rate of 0.11 atoms
per laser pulse is estimated for the velocity interval
[76, 102] ms~1, which agrees well with the recorded
background-subtracted rate of 0.10(6) atoms per pulse.
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Fig. 17 High statistic ToF measurement with H at a cold-
head temperature T=5.8 K with a cryopumped detection
chamber. Per delay, 10,000 waveforms were averaged. The
SBC is measured at a delay of Oms, subsequently the cor-
responding S*'® measurement. a shows the recorded S°&
(blue) and SB€ (yellow) for different delays as well as the
corresponding fit function (dashed curve). The correspond-
ing velocity intervals are given on the secondary x-axis.
Ssie _ §BC ys. velocity are shown in (b) on a logarith-
mic scale. The velocity errorbars indicate the corresponding
velocity interval of the datapoint

We proceeded with a delay measurement using higher
statistics. The number of waveforms per delay was
increased to 10000. The result of this high statistics
measurement is shown in Fig. 17.

It shows that we are able to resolve a signal with a 2.6
sigma significance at a 25 ms delay corresponding to a
velocity interval of [58, 72] ms™!. At this delay, 0.122(4)
atoms per laser pulse were detected, which is 1225(40)
detected atoms within the 10000 waveform measure-
ment, which took ~17m.

It was not possible to find a reliable fit with the
recorded data points. The fit shown in Fig. 17a results
from a fit with a fixed temperature of T=5.8K, cor-
responding to the set coldhead temperature. Assuming
a velocity distribution at T=5.8K results in an esti-
mated rate of 0.022 atoms per laser pulse in the velocity
interval [58,72] ms™1, which does not agree well with
the recorded background-subtracted rate of 0.010(8)
atoms per pulse. This could be explained by the fact
that the temperature of the beam might be well above
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the set coldhead temperature or the effect that intra-
beam collisions lead to a depletion of the slowest atoms
(“Zacharias effect”) [24]. This will be investigated fur-
ther in future measurements.

5 Estimation of the experiments feasibility

The results presented in Sects. 3 and 4 show definite
improvements in the signal-to-background ratios and in
the resolution of atoms with low horizontal velocities.
Now, it has to be established, if we can proceed to a
GQS measurement with the current setup.

In order to show the feasibility of our experiment,
the number of hydrogen and deuterium atoms that
pass through the gravitational spectrometer described
in Sect. 2 was simulated for different particle masses (H
and D) and horizontal velocities. The calculations are
analogous to the calculations for neutron GQS experi-
ments [27,28]. The results of the simulation are shown
in Fig. 18.

The difference between the classical expected trans-
mission and the transmission in the presence of GQS is
most distinct at small distances h between mirror and
scatterer. While classical transmission curves follow a
h3/2 behavior at any distance, quantum transmission
curves are exponentially suppressed at distances which
are smaller than the first GQS. The height of the first
GQS is z1 = —A1lg, where \; = —2.34 is the first zero

B2 .
SmZg 18 the

length scale of the GQS, which depends on the mass
of the particle m and the (gravitational) acceleration
toward the mirror g. For H, z; & 13.7um, and for D,
z1 = 8.6pm.

To demonstrate GQS, it is essential to measure the
transmission curves at distances h < z;. This requires
setting the scatterer to very small heights above the
mirror, which is challenging. The roughness amplitude
and the alignment accuracy of the scatterer are lim-
iting factors. Based on experience with the neutron
GQS experiment, we know that both are on the order
of ~ 1um. Additionally, dust particles estimated to
be up to 8-10pm in size could prevent the piezo-
controlled movement of the scatterer to lower heights.
To address this issue, a cleanroom-like environment will
be installed around the experimental chamber.

The height of the scatterer at which the transmis-
sion curves begin to rise (the “first step”) not only
depends on z; but also on the scatterer efficiency and
the horizontal velocities of the particle. The first step
would shift to greater heights for higher scatterer effi-
ciencies. The scatterer efficiency used for the simulation
was obtained from a fit to the data of the neutron GQS
experiment [8]. This serves as a conservative estima-
tion, as the scatterer which will be used in the present
experiment has a higher expected efficiency. Further-
more, the first step is located at higher scatterer heights
for slower velocities, due to the fact that the particles
settle in GQS within a finite time.

crossing of the Airy-Ai function and [y = §
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Fig. 18 Simulated GQS curves of H (a) and D (b) for dif-
ferent horizontal velocities vs. the height of the scatterer
above the mirror A in pm) for H and D, respectively. The
GQS curves show the count rate after the gravitational spec-
trometer N normalized to the initial count rate No. The BG
was assumed to be similar to the measured BGv and was set
to 0.54counts/s for H and 0.39counts/s for D. The curves
of D are shifted toward smaller scatterer heights, since the
lengthscale of the GQS of D is smaller due to the increased
mass

The simulations show that the resolution of the first
step is possible for H at 100 ms™1 or lower, even in the
presence of dust particles (Fig. 18a). Also, measure-
ments for D could be possible with velocities we have
already measured (Fig. 18b). The first step is resolvable
for velocities < 100ms~1 but located at more critical
heights compared to H.

The initial count rate Ny can be estimated by apply-
ing geometrical constraints to the measured count rates
for H and D in, e.g., the velocity interval v,, € [76, 102]
ms~ 1, taken from the measurements shown in Figs. 12
and 16. The geometrical constraints include the part
of the beam with trajectories which pass through all
of the beam shaping components and enter the grav-
itational spectrometer with the scatterer at a height
of 100 wm. Furthermore, only vertical velocity compo-
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nents in the interval v, € [-10, 0] cm s~1 (QR proba-
bility § 90%) are considered. These exclusions lead to a
reduction of the signal by a factor of ~ 1.91. The beam-
related BG is expected to decrease at the same rate as
the signal, leaving the vacuum-related background as
the limiting factor. This results in initial count rates of
NI =~ 1.0(2)counts/s and NP = 2.9(2)counts/s, and
expected background rates of BGv 22 0.54(9)counts/s
and BGvP 22 0.39(9)counts/s for H and D, respectively.
Together with the simulation results, these expected
initial count rates and BG confirm the feasibility of our
experiment.

6 Conclusion and outlook

In Sect. 2.2 we showed that the recently installed
beam shaping components form a well-collimated H-
beam with a width of ~2mm. Simulations confirm that
height-adjustable horizontal slits can be used to select
velocity trajectories with vertical velocity components
in the range of ~ cm s~ 1.

The results presented in Sects. 3 and 4 are very
promising concerning the contrast of signal and BG and
the selection of horizontal velocity components. We suc-
cessfully reduced the vacuum-related BG by more than
one order of magnitude by exchanging H with its heav-
ier isotope D. This improvement and the fact that the
velocity distribution of D is shifted toward slower veloc-
ities due to its heavier mass led to the detection of <
95ms~ 1 D atoms. We saw a rate of 0.53(4)counts/pulse
of atoms within the velocity interval [72,95] ms™ 1, while
the BG was 0.38(4)counts/pulse. The installation of
a cryopump in the detection area resulted in a sig-
nificant reduction of the beam-related BG by a fac-
tor of 8(1) and the vacuum-related BG by a factor
of 2.8(3). We succeeded in the detection of H atoms
with velocities < 72ms™1. At a delay of 25ms, which
corresponds to the velocity interval [58,72] ms™1, we
recorded a rate of 0.122(4)counts/pulse with a BG of
0.113(4)counts/pulse. The major effect of the exchange
of H with D was in the reduction of vacuum-related BG;
the introduction of the cryostat led to a disappearance
of the beam-related BG. Measurements with D in this
configuration will be performed in future.

In Sect. 5, the feasibility of the experiment was
estimated. The transmission through the gravitational
spectrometer in the presence of GQS was simulated for
different available particle velocities of H and D. We
found that resolving the difference between classically
expected and quantum transmission is possible for H
and D with velocities v, < 100ms™1, thus proving the
existence of GQS of atoms.

The presented results demonstrate the feasibility of
the planned experiment and leave us optimistic and
ready to proceed to actual measurements of GQS. The
detection chamber will be replaced by a custom-made
experimental chamber which will harbor the gravita-
tional spectrometer, described in Sect. 1.
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Appendix A

When a measurement of a very low signal (e.g., back-
ground) is recorded and the integrated signals Sijnt are
calculated, it can be expected that most events corre-
spond to single ion events.

An MCP amplifies the signal of an impinging ion via
secondary emission. Due to this stochastic process, a
single ion signal does not have a defined value, but a
corresponding distribution. In Fig. 19, the distribution
of Sijnt of a BG measurement is shown. The most proba-
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Fig. 19 Histogram of Sij'“ of a background measurement.
The Sij“t are distributed around ~4.5E-11Vs, which corre-
sponds to the most likely single ion integrated signal
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Fig. 20 Histogram of Sij“t of a dark count measurement
with the vacuum gauge turned off (yellow) and on (blue).
The lowest Si"* are distributed around ~3.8E-11Vs; the mul-
tiple ion events are also clearly distinguishable around the
integer multiples of the single ion value. The single and mul-
tiple ion events are indicated with yellow and blue arrows

ble value is ~4.5E-11Vs, which corresponds to the most
likely integrated signal of a single ion event and can be
used to calibrate the integrated signal.

To validate this approach, the dark counts of the
MCP were analyzed. The dark counts were measured
in two modi: with an ion vacuum gauge turned off and
on. Their distribution is shown in Fig. 20. The distri-
bution of S of the measurement with the ion gauge
turned off sfwows a pronounced peak between ~0Vs and
~T7E-11Vs and a smaller one between ~6.8E-11Vs and
~1.1E-10Vs. The distribution of Sijnt of the measure-
ment with the ion gauge turned on shows many smaller
peaks separated by ~4.5E-11Vs. It is expected that
more multiple ion events occur in the “on”-modus, as
the ion gauge produces ions when switched on. It can be
assumed therefore that the smaller peaks correspond to
multiple ion events. The spacing between these multiple
ion events confirms the estimated single ion calibration.
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