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Abstract8

A number of experiments with muons are limited by the poor phase space quality of the9

muon beams currently available. The muCool project aims at developing a phase-space10

cooling method to transform a surface µ+ beam with 4 MeV energy and 1 cm size into11

a slow muon beam with eV energy and 1 mm size. In this process the phase space is12

reduced by a factor of 109−1010 with efficiencies of 2 ·10−5−2 ·10−4. The beam is then13

re-accelerated to keV-MeV energies. Such a beam opens up new avenues for research in14

fundamental particle physics with muons and muonium atoms as well as in the field of15

µSR spectroscopy.16

30.1 Introduction17

Precision experiments with muons [1] require muon beams with large rates and low energy.18

Thus experiments often make use of secondary beam lines with large acceptance tuned to19

transport surface muons with momentum p = 29 MeV/c (equivalent to 4 MeV kinetic energy).20

These µ+ are copiously created by π+ stopping close to the surface of the pion production21

target. Muons of lower momenta, from π+ decaying below the surface of the target, can also22

be extracted from the production target. However, because of the momentum straggling in23

the target, the intensity of these sub-surface muon beams decreases rapidly with momentum24

(p3.5-dependence [2]).25

The large area of the production target, the scattering in the target, and the large ac-26

ceptance of the secondary beamline result in muon beams with poor phase space quality27

(σx ,y ≈ 10 mm, θx ,y ≈ 100 mrad) [3–5]. The muCool project aims to improve the phase-space28

quality of these secondary µ+ beams by a factor of 109−1010 while reducing the efficiency by29

only 2 ·10−5−2 ·10−4, transforming a standard secondary µ+ beam into a sub-mm keV beam.30

30.2 The muCool compression scheme31

In the proposed muCool scheme [6], a surface muon beam propagating in the −z-direction is32

slowed down in a He gas target featuring a strong electric (E) field inside a strong magnetic33

(B) field as shown in Figure 30.1. In the slowing-down process, the muon energy is rapidly34

reduced to the eV range where the E-field becomes important. The E-field, in conjunction with35

the B-field and gas density gradients, leads to drifting of the slowed-down muons drastically36

reducing their initially large spatial extent. In this drift process in the gas, the muons are37

guided into a sub-mm spot.38
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30.2 The muCool compression scheme

muCool: A novel low-energy muon beam for future precision experiments 3

Fig. 1 Scheme of the proposed muon compression beam line. Muons from the secondary
µ+ beam enter the transverse compression stage, where they are first stopped in the helium
gas and then compressed in transverse (y) direction by using the combination of a vertical
temperature gradient and the electric and magnetic fields. After that, they enter the longitu-
dinal compression stage, where they are compressed in the longitudinal (z) direction and then
extracted into the vacuum.

cyclotron frequency ! = eB/m. However, the presence of the He gas leads to µ+-
He collisions that modify the muon motion. The deviation from the Ê⇥B̂ direction
(averaged over many collisions) will be proportional to the collision frequency ⌫c

between muons and He atoms, as described by the following equation [14]:

tan ✓ =
⌫c

!
, (1)

where ✓ is angle of the muon drift velocity relative to the Ê ⇥ B̂ direction. Thus,
we can manipulate the muon drift direction by changing the collision frequency
⌫c.

The collision frequency can be made position dependent by having di↵erent
gas densities in di↵erent regions of our setup. In the transverse compression target
this is achieved by keeping the upper wall of the target at 12 K and the lower at
4 K which creates a temperature gradient and therefore also density gradient in
the y-direction [15].

In the middle of the target (at y = 0, see Fig. 2 (left)), the gas density is chosen
such that ⌫c

! = 1. According to the Eq. (1), at this condition the muons drift at

45� angle with respect to Ê ⇥ B̂ direction, which in our case corresponds to the
+x�direction (see gray trajectory in Fig. 2 (left)).

In the top part of the target, the gas density is lower, which means that ⌫c

! < 1

and muons move essentially in the Ê ⇥ B̂ direction. With our field configuration,
this corresponds to muons moving �y-direction while drifting in the +x direction
(red trajectory in Fig. 2 (left)).

In the lower part of the cell, at larger gas densities, ⌫c

! > 1, the muons drift
mostly in electric field direction, i.e in +y and +x directions (blue trajectory in
Fig. 2 (left)). The result is transverse (in y-direction) compression of the muon
beam.

Figure 30.1: Schematic diagram of the muCool device. A surface muon beam is
stopped in a cryogenic He gas target with a vertical temperature gradient inside a
5 T field. The extent of the stopped muons is reduced first in the transverse (y), then
in the longitudinal (z) direction using a complex arrangement of E-field and gas
density gradient. The compressed muon beam is then extracted through an orifice
into vacuum and re-accelerated along the z-axis.

The drift velocity of the µ+ in a gas with E- and B-fields is given by [7]39

~vD =
µ|~E|

1+ω2/ν2

�

Ê +
ω

ν
Ê × B̂ +

ω2

ν2

�

Ê · B̂
�

B̂

�

. (30.1)

In this equation µ is the muon mobility, ω= eB/m the cyclotron frequency of the muon, ν the40

average µ+−He collision rate, and Ê and B̂ the unit vectors of the electric and magnetic fields,41

respectively.42

The spatial extent of the muon stop distribution decreases by making ~vD position-dependent,43

so that µ+ stopped at different locations in the target drift in different directions, and converge44

to a small spot. This can be achieved by applying a complex E-field pointing in different di-45

rections at different positions, and by making the collision frequency ν position-dependent46

through a height-dependent gas density.47

The muCool setup is conceived as a sequence of stages having various density and electric48

field conditions. In the first stage, which is at cryogenic temperatures, the muon beam is49

stopped and compressed in y-direction (transverse compression). In the second stage, which50

is at room temperature, the muon beam is compressed in z-direction (longitudinal direction).51

In the third stage, the muons are extracted from the gas target into vacuum, re-accelerated in52

−z-direction, and extracted from the B-field.53

The 4 -MeV µ+ beam with σx ,y ≈ 10 mm is degraded in a moderator and then stopped54

in the first stage of the muCool target containing the He gas at cryogenic temperatures and55

10 mbar pressure. In this first stage, the third term in (30.1) is zero because ~E = (Ex , Ey , 0),56

with Ex = Ey ≈ 1 kV/cm, is perpendicular to the B-field ~B = (0, 0,−|B|) and at 45◦ with respect57

to the x-axis. The peculiarity of this stage is the presence of a strong temperature gradient58

in vertical direction from about 4 K to 12 K as shown in Figure 30.1. At lower densities (top59

part of the target) the collision frequency ν ≈ 3 GHz is smaller than the cyclotron frequency60

ω ≈ 4 GHz and therefore ~vD is dominated by the Ê× B̂ term in (30.1). Hence, the muons that61

are stopped in the top part of the target move downwards (in −y-direction) while drifting in62

+x-direction. By contrast, at larger densities (bottom part of the target) the collision frequency63

ν≈ 55 GHz is larger than the cyclotron frequencyω. Therefore, ~vD in this region is dominated64

by the first term in (30.1), resulting in a drift velocity approximately in the Ê direction, so that65

muons stopped in the lower part of the target move upwards (in +y-direction) while drifting66

in +x-direction. Combining these considerations, we see that the first stage is used to stop the67

muons and to compress the vertical extension of the large stopping distribution.68
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30.3 Demonstration of transverse and longitudinal compression

The µ+ drifting in x-direction then enter into the second stage, which is at room tempera-69

ture and has a field ~E = (0, Ey ,±Ez), with Ey = 2Ez = 0.1 kV/cm, with a strong z-component70

pointing towards z = 0. Because ν is small at room temperature, the µ+ motion in this stage is71

dominated by the third term of (30.1) resulting in a fast reduction of the longitudinal extent.72

During this fast compression, the Ey -component (see Ê × B̂ term in (30.1)) drifts the µ+ in73

x-direction towards the extraction stage. From there, the compressed beam can be extracted74

though a small orifice into vacuum, and moved quickly into a region of low gas pressure where75

re-acceleration can occur. Finally the beam needs to be extracted from the solenoid through76

an iron grid that terminates the magnetic field lines.77

30.3 Demonstration of transverse and longitudinal compression78

To demonstrate transverse compression, a cryogenic target as sketched in Figure 30.2 (left) was79

constructed, capable of sustaining the needed temperature gradient in vertical direction [8].80

The target walls were lined with conducting tracks held at high voltage to define a homo-81

geneous electric field at 45◦ angle w.r.t. the x-axis. A 13 MeV/c sub-surface muon beam82

was injected into the target and the slowed down muons drifted in the x-direction towards83

the tip of the target, while being compressed in y-direction by the combined action of the E-84

and B-fields, as well as the density gradient. A simulation of the µ+ trajectories is shown in85

Figure 30.2 (middle). To study the µ+ motion, a system of plastic scintillators detecting the86

positrons from muon decay was placed around the target. The recorded time spectra (see Fig-87

ure 30.2 (right)) of these detectors were compared to simulations and good agreement was88

found [8,9].
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Fig. 2 (Left) Sketch of the transverse target. Trajectories of muons for three di↵erent starting
positions are sketched, as described in the text. (Right) GEANT4 simulation of the muon
trajectories in the transverse target. Muons start around x = �15 mm and drift in +x-direction
while simultaneously compressing in the y-direction.

Fig. 3 (Left) Sketch of the setup used to measure longitudinal compression. (Right) GEANT4
simulation of the muon z-position versus time in the longitudinal compression stage.

The GEANT4 simulation of the muon trajectories under such conditions is
shown in Fig. 2 (right). Muons start at around x = �15 mm with about 10 mm
spread in the y-direction and drift in +x-direction while simultaneously compress-
ing in the y-direction. At x = 20 mm, the muon spread in y-direction is reduced
to about 1 mm.

2nd stage: longitudinal compression

After the transverse compression stage, muons enter the second compression stage,
which is at room temperature. The electric field now has a component parallel to
the magnetic field and points towards the center of the target, which causes a muon
drift into the center of the target, giving rise to the longitudinal (in z-direction)
compression of the muon beam (see Fig. 3).

Additionally, there is a component of the electric field perpendicular to the
magnetic field, in +y�direction. Therefore, muons also drift in Ê ⇥ B̂ direction,
which in this case points in +x�direction, towards the final compression stage and
extraction into the vacuum.

96 transverse compression

Figure 46: (Left) Projections of the muon trajectories in the yx-plane for the big
aperture. The trajectories were simulated in Geant4 using the simulated
electric field of Fig. 42 and the simulated density gradient of Fig. 41 (6-
18.6 K at 8.6 mbar) within a 5 tesla magnetic field. The 13.4 MeV/c
muon start in front of entrance detector and after passing through sev-
eral foils (see Fig. 40) they are stopped in the transverse compression
target at around x = -15 mm. After that, the muons start drifting in the
+x-direction, while simultaneously being compressed in the y-direction.
Within ⇡ 3 µs they reach the tip of the target at x = 15 mm, where their
spread has been reduced to only 0.7 mm in the y-direction.
(Right) Projections of the muon trajectories in the yx-plane for the big
aperture and “pure drift” density conditions, i. e., without density gradi-
ent (3.5 mbar and 5 K on average). In this case, the muons also drift in
the +x-direction, but without compressing in the y-direction.

Figure 47: (Left) Initial (black) and final (red) y-distribution of the muons under the
“compression” conditions (corresponding to the trajectory simulation of
Fig. 46 (left)). The final distribution is evaluated at x = 15 mm.
(Right) Initial (black) and final (red) muon energy distribution under the
“compression” conditions (corresponding to the trajectory simulation of
Fig. 46 (left)). The inset shows a zoomed plot of the final muon energy
distribution using a log-scale for the energy axis.

Figure 30.2: (Left) Sketch of the target used to test the transverse compression.
(Middle) GEANT4 simulation of muon trajectories starting at x ≈ −15 mm and drift-
ing with time in+x-direction while compressing in the y-direction. The approximate
positions of two plastic scintillators (red, blue) used to measure decay positrons are
indicated. (Right) Measured and simulated time spectra for the two plastic scintil-
lators indicated in the middle panel. The time zero is given by a counter detecting
the muon entering the target. The counts are lifetime compensated, i.e., divided by
e−t/2.2µs.

89

To test the longitudinal compression, a room temperature target as sketched in Figure 30.390

(left) has been constructed with a wall-lining defining E-field with components in z- and y-91

direction [10, 11]. A 10 MeV/c muon beam was injected and slowed down in the elongated92

target. Muons drifted towards the target mid-plane at z = 0 using the z-components of the E-93

field while the y-component drifted the µ+ in the x-direction. Such behavior is demonstrated94

by the simulated trajectories in Figure 30.3 (middle). A scintillator telescope (T1&T2), visible95

in Figure 30.3 (left) is used to measure the µ+ accumulating around z = 0. The measured96

time spectrum given in red in Figure 30.3 (right) shows that muons can be attracted in a short97
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30.4 Shortcut: the mixed transverse-longitudinal compression

time to the z = 0 plane. Also in this case, good agreement between simulated and measured98

time spectra has been observed [11].138 longitudinal compression

Figure 88: Muon positions projected in the xz-plane for various times. The time is
given by the color scale. Muon beam centered at x = -6 mm with 3 mm
radius is stopped uniformly along the z-axis. The muons drift in the
+x-direction while compression occurs in z-direction.

According to the simulation, the drift velocity is about 2 mm/µs. This
value can be increased in the final setup by increasing the strength of the
electric field in the y-direction.

5.4 conclusions

The longitudinal compression stage of the muCool device under develop-
ment at PSI has been demonstrated. An elongated muon swarm of 200 mm
length has been compressed to below 2 mm length within 2 µs. Good agree-
ment between the simulation and the measurement has been observed.

Furthermore, the ability to drift the µ+ beam in E ⇥ B-direction towards
the prospective position of the extraction hole has been demonstrated by
performing a measurement with the electric field having also a component
perpendicular to the magnetic field.

In both cases, slightly better agreement between simulations and measure-
ments is achieved by including small additional effective losses in the simula-

Figure 30.3: (Left) Sketch of the setup used to test the longitudinal compression.
The scintillators T1 and T2 in coincidence constrain the µ+ accumulating to z ≈ 0.
The blue curve indicates the region of acceptance for coincident events. (Middle)
Simulated µ+ trajectories. (Right) Measured and simulated time spectra for negative
HV (red), positive HV (green) and no HV (black) at the target mid plane. The counts
are lifetime compensated.

99

Summarizing, both transverse and longitudinal compression have been tested indepen-100

dently [9]. The observed time spectra for various experimental conditions behave as expected101

from simulations, validating the simulations, in particular the assumed cross sections obtained102

from scaling of proton data [9].103

30.4 Shortcut: the mixed transverse-longitudinal compression104

According to the scheme of Figure 30.1 the next step would be to develop a target where the105

transverse compression stage is followed by a longitudinal compression stage. For this pur-106

pose, a connection between the cryogenic and the room temperature parts must be realized,107

with a short µ+ transit time. To avoid this challenge, a cryogenic target has been developed, in108

which both transverse and longitudinal compression occur simultaneously [9]. Such a mixed

xz

y

Figure 30.4: (Left) Sketch of the mixed transverse-longitudinal compression target
with a vertical density gradient, Ex and Ey components as in the transverse compres-
sion target, and an Ez component pointing to the target mid-plane at z = 0. (Right)
Sketch of the muon trajectories in the mixed-compression target.

109

transverse-longitudinal compression target can be realized by adding a longitudinal compo-110
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30.5 Vacuum extraction and re-acceleration

nent to the E-field of the transverse target (see Figure 30.4 (left)). The resulting µ+ motion in111

this target is sketched in Figure 30.4 (right).112

Targets based on this concept have been simulated, developed and commissioned. The113

measured performance confirms the validity of this approach and of the simulations. They114

show that in the target a muon stop distribution with volume∆x×∆y×∆z = 10×10×50 mm3
115

can be transformed within about 5µs into a beam drifting in x-direction in the He gas with116

10 eV kinetic energy and capable of passing an aperture of ∆y ×∆z = 1× 1 mm2 size with117

efficiency larger that 50% (excluding muon decay losses).118

The simplicity of this target and the shortening of the total (transverse + longitudinal)119

compression time is a major advantage of this configuration compared to the original pro-120

posal [6]. Its major downside is the shorter active region in z−direction which is limited by121

the time needed for the longitudinal compression at the much higher gas density compared to122

the scheme in the original proposal with longitudinal compression at room temperature.123

30.5 Vacuum extraction and re-acceleration124

The mixed-compression target can be modified to allow µ+ extraction from the gas target125

into “vacuum” through an orifice of about 1 mm diameter. To compensate for the He atoms126

leaving the target through the same orifice, new He gas has to be continuously injected into the127

system. We plan to inject the He gas right at the orifice, perpendicular to the µ+ motion (see128

Figure 30.5 (left)), so that the injected gas acts as a barrier for the target gas. The injected gas129

needs to be efficiently evacuated through a system of differentially pumped regions, so that130

the µ+ leaving the target experience a rapid decrease of the collision rates with the He atoms,131

which is necessary to maintain a good beam quality.132

We plan to define the electric field for the µ+ transport out of the target by adding six133

electrodes at the tip of the target as shown in Figure 30.5. The two electrodes at z = 0,134

connected to the high-voltages HV2 and HV5, define an E-field pointing in y-direction to drift135

the muons in +x-direction from the gas target to the re-acceleration region. The other two136

pairs of electrodes connected to the high-voltages HV3,6 and HV1,4 are kept at a slightly137

larger potential compared to HV2 and HV5 to define a V-shaped potential in z-direction with138

minimum at z = 0. This V-shaped potential confines the µ+ around z ≈ 0 while they drift in139

+x-direction from the target to the re-acceleration region. A small electrode could be located140

in the re-acceleration region acting as a pulsed gate: for a short time it cancels one side of the141

V-shape potential barrier so that µ+ in the gate region can escape the confinement and be re-142

accelerated in −z-direction to a kinetic energy given by HV2'HV5≈ 10 kV. Switching of this143

gate-electrode with high repetition rates up to about 1 MHz is needed to minimize losses in the144

accumulation and re-acceleration processes. Alternatively, the muon could be re-accelerated145

in −z-direction in a continuous way (without any pulsed gate) simply by modifying the six146

electrodes so that at a position along the x-axis (with sufficiently good vacuum conditions)147

one side of the V-shaped confinement (in −z-direction) is absent.148

30.6 The new beam149

The muCool target transforms an input beam of 4 MeV energy beam, 1 cm diameter, 100 mrad150

divergence and 500 keV energy spread into a beam moving in He gas with 10 eV energy151

and about 1 mm diameter. Using the already-commissioned mixed-compression target, this152

transformation occurs within 5µs with efficiencies of 90%, for a target with an active region153

of 50 mm length. This observed performance can be used to estimate the total conversion154

efficiency from muons entering the He gas target at 4 MeV energy to muons exiting the B-field155

of the solenoid with a kinetic energy of about 10 keV. Several other losses occurring prior or156

after the muon compression in the gas target have to be included as summarized in Table 30.1.157
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30.6 The new beam
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Figure 30.5: Schematic diagram (not to scale) of the baseline setup performing
mixed longitudinal-transverse compression followed by vacuum extraction and re-
acceleration. The electrodes are in red, the He gas flow is indicated by blue arrows,
and muon trajectories are sketched in green. (Left) In the x y-plane the compression
in vertical direction and the drift in x-direction is visible. In the orifice region, an
E-field in y-direction, defined by the electrodes HV2 and HV5, is used to extract
the muons from the gas target and to guide them in +x-direction due to the ~E × ~B
drift. The electrode shown in orange is used as a pulsed gate to accelerate the muons.
(Right) Similar to left panel, but for the xz-plane where the longitudinal compression
and the re-acceleration in −z direction are well visible.

As can be seen from this table, the total baseline (that assumes the commissioned gas target as158

a reference point) compression efficiency is estimated to be 7.5 ·10−5. Note that this efficiency159

does not include possible losses at the incoupling of the solenoid and also does not account160

for the transverse (geometrical) acceptance of the gas target.161

A muCool setup with this baseline efficiency applied to theπE5 beamline delivering surface162

µ+ at a rate of 2.1·108 s−1 (for the “slanted” target and 2.0 mA proton current), can yield a keV-163

energy beam with a rate of 2·104 s−1 and small phase space (40 mm mrad at 10 keV). Here, we164

assumed 25% incoupling losses due to reflections at the solenoid and transverse acceptance165

of the muCool target. Applied to the envisioned High Intensity Muon Beam HiMB, delivering166

µ+ with a rate of 1 · 1010 s−1, a muCool output rate of 3 · 105 s−1 could be reached, provided167

the operational stability of the target is not disrupted by the higher degree of ionization of the168

high intensity muon beam (we assume 60% in-coupling losses).169

The above-described baseline compression efficiency can be improved by extending the170

active region in z-direction, by increasing the longitudinal E-field strength, and by decreasing171

the gas temperature. At the cost of additional complexity, the stopping probability can be172

greatly increased by using a target with multiple active regions in z-direction, each having its173

own extraction orifice. In this case, the various beams exiting the target at different z-positions174

but same x- and y-positions, can be merged in the re-acceleration process into a single beam.175

The original scheme of Figure 30.1 can also be used to significantly extend the active region176

in z-direction. A moderate increase by a factor of 2 of the baseline efficiency would result in177

competitive beam rates of 4 · 104 s−1 and 5 · 105 s−1 when applying the muCool setup to the178

πE5 and the HiMB, respectively.179
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30.7 Selected possible applications

Efficiency
6 · 10−3 Stopping probability in He gas within the active region of the target
1 · 10−1 Compression towards the orifice including muon decay losses (within 5 µs)
6 · 10−1 Extraction from the orifice
4 · 10−1 Drift from orifice to re-acceleration region (in about 2 µs)
8 · 10−1 Muon decay from re-acceleration region to iron grid
7 · 10−1 Transmission through iron grid terminating the B-field
7.5 · 10−5 Total baseline compression efficiency

Table 30.1: Estimate of the muCool baseline efficiency using the commissioned
mixed-compression target as a reference point for the compression towards the ori-
fice. We thus assume here a target having an active region of 50 mm length operated
at 10 mbar pressure with a 6-20 K temperature gradient. The stopping probability of
0.6% has been simulated assuming a surface muon beam with 10% (FWHM) momen-
tum bite. A 3% (FWHM) momentum bite would increase the stopping probability to
1.6%. All the other entries have only been estimated and depend strongly on the
upcoming R&D results.

30.7 Selected possible applications180

This new beam opens the way for next generation experiments with muons where the reduced181

phase-space is of great advantage.182

The search for a muon EDM represents a well motivated channel for physics beyond the183

Standard Model [12]. While muon EDM searches with a sensitivity of 10−21 e cm are ongoing184

at Fermilab and J-PARC as a “by-product” of their efforts to measure the muon g-2 [13], a185

muon EDM experiment has been proposed at PSI based on a frozen-spin technique applied186

to a compact muon storage ring [14]. Preliminary studies show that a sensitivity of 6 · 10−23
187

e cm could be reached in the PSI experiment using the µE1 beam at 125 MeV/c delivering188

2 · 108 µ+/s. Because of the small phase space acceptance of the storage ring, the coupling189

efficiency for the µE1 beam is only 2.5 ·10−4 so that only 5 ·104 µ+/s are stored in orbit. The190

muCool beam with a rate 5 · 105 s−1 accelerated to 125 MeV/c or 200 MeV/c would result in191

a larger rate of stored muons as it avoids the coupling losses into the storage ring due to its192

small phase space.193

The muCool beam can also greatly improve µSR investigations of sub-mm samples. Be-194

cause the pile-up effects in the typically 10 µs-long observation time window become increas-195

ingly unsustainable for rates exceeding 5 · 104 s−1, the full HiMB-muCool potential could be196

exploited by switching the keV-energy sub-mm beam between several µSR instruments oper-197

ating simultaneously.198

Muon to vacuum-muonium conversion is very efficient for keV-energy muons [15]. Hence,199

the sub-mm muCool beam at keV-energy could be converted into a high-brightness muonium200

source. This novel muonium source could be exploited to improve on the precision of muonium201

spectroscopy by orders of magnitude (e.g. the 1S-2S with a relative accuracy of 10−12 [16]),202

and could be used to study the influence of gravity on the muonium to investigate the grav-203

itational interaction of antimatter and second generation leptons in the earth’s gravitational204

field [17].205
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