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What is Muonium ?

Muonium is a bound state of an antimuon and an electron 
Hydrogen-like atom 
Unstable atom with lifetime 2.2 µs 
Pure leptonic system (1st and 2nd generations) 
No finite size and nuclear effect

µ+

e-
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Gravity of antimatter and 2nd generation particle

Why Muonium ?
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Antimuon Electron

?

Pictures : https://www.psi.ch/media/the-psi-proton-accelerator

How to produce Muonium ?

µ+

e-
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History of Muonium

Ar gas1960

Tungsten foil1986

SiO2 powder  
or aerogel

SiO2   mesoporous 
thin film

Superfluid-He thin film

2012

Now?

1986

Mu

Mu

Mu

Mu

First Mu was discovered by V.W.Hughes 
100% Muonium yield in gas 
No vacuum yieldV.W.Hughes, Phys. Rev. Lett. 5, 20 (1960)

A.P.Mills, Phys. Rev. Lett. 56, 14 (1986)

A.Antognini, Phys. Rev. Lett. 108, 14 (2012)

G. A. Beer, Phys. Rev. Lett. 57, 6 (1986) 
G. A. Beer, Prog. Theor. Exp. Phys., 091C01 (2014)

Muonium emitted into 
vacuum
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Muonium formation processes

Mu

e- e-

e-

e-

SFHe
e-

e-

µ+

D.G. Eshenko, Phys. Rev. B 66, 035105 (2002)

06Narongrit Ritjoho : LTP seminar : 28.05.2018



Superfluid-helium thin film target

Mu
Mu

Mu

SFHe

Muonium beam

Mu experiences a positive chemical potential inside SFHe, E/kb ~ 270 K 

Mu will be emitted out of the surface of a SFHe thin film with mono-energetic energy and narrow divergence
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How to detect Muonium ?

e+
𝜈µ̅

𝜈e
µ+

Muon spin rotation (muSR) technique 

µ+ → e+ + 𝜈e + 𝜈̅µ 
Due to parity violation of weak decay, the direction of emitted positron is distributed asymmetrically with respect to the spin of muon
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The previous study of Mu formation rate in bulk-SFHe shows a high formation rate depending on temperature(T) and mixtures of heliums  
Mu production rate depends on the mobility of muons inside the SFHe

Ob
se

rv
ed

 M
u d

ec
ay

 as
ym

me
try

Temperature (K)
Open circles-Pure 4He; filled circles-4He+0.2%3He; Triangle-pure 3He

R. Abela et al., JETP Lett. 57, 157 (1993) 

Previous Studies of Muonium in Superfluid-Helium

We will also test the electric(E) and magnetic(B) field effect of the Mu formation rate 
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Experimental Setup
Design of a SFHe container
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Momentum = 31.5 MeV/c 
Mean_stop = 2.88 mm  from Ti foil 
RMS_z = 0.70 mm 
97.5% of mu+ stopped in SHe
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Experiment November 2017, PiE1 area at PSI
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Results
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Figure 6: (a) Decay asymmetry of µ+ measured with 50 Gauss B-field in an empty target, with

the beam stopping in the silver electrode and the OFHC copper of the target walls. (b) Decay

asymmetry of Mu in a superfluid helium target, measured with 1.6 Gauss B-field.

muonium production e�ciency due to the stopping e�ciency of the muons. Our measurement

showed that there is no drastic decrease in muonium production in the temperature range of

interest (T< 0.4 K). Based on the earlier measurements at higher temperatures [37], this implies

a muon-to-muonium conversion e�ciency of ⇠ 70% at T = 0.26 K.
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Figure 7: (a) Decay asymmetry of Mu as a function of temperature, normalized to the maximum

asymmetry at 0.7 K (red), including earlier measurements (blue) in [37]. (b) Dependence of the

Mu decay asymmetry on the voltage applied to the electrode, normalized to the data measured at

zero electric field. Electric fields from negative bias voltage attracted µ+ towards the electrode.

Dashed lines are polynomial fits to guide the eye.

We also investigated the Mu production e�ciency under the influence of external electric

fields by applying voltage to the back electrode (Fig. 7 (b)). This extended the measurements

of Refs. [38, 23] to T= 0.26 K temperatures. A clear decline in Mu asymmetry was observed

with both positive and negative electrode biases, which coincided with the re-appearance of free

µ+ when measured using 50 Gauss B-fields. Changes were more drastic when the electric field
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Empty cell 
Muon stopped at the silver electrode 
Muon decay asymmetry at B = 50 G 
Aµ = 0.0555±0.0015
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Figure 7: (a) Decay asymmetry of Mu as a function of temperature, normalized to the maximum

asymmetry at 0.7 K (red), including earlier measurements (blue) in [37]. (b) Dependence of the

Mu decay asymmetry on the voltage applied to the electrode, normalized to the data measured at

zero electric field. Electric fields from negative bias voltage attracted µ+ towards the electrode.

Dashed lines are polynomial fits to guide the eye.

We also investigated the Mu production e�ciency under the influence of external electric

fields by applying voltage to the back electrode (Fig. 7 (b)). This extended the measurements

of Refs. [38, 23] to T= 0.26 K temperatures. A clear decline in Mu asymmetry was observed

with both positive and negative electrode biases, which coincided with the re-appearance of free

µ+ when measured using 50 Gauss B-fields. Changes were more drastic when the electric field

10

Full cell with superfluid He-4, T = 0.5K 
Muon stopped in the superfluid and formed muonium 
Muonium decay asymmetry at B = 1.6 G 
AMu = 0.0136±0.0005
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Cell full                                                     
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Full cell with superfluid He-4, T = 0.5K 
Muon stopped in the superfluid and formed muonium 
Muonium decay asymmetry at B = 50 G 
Disappearance of muon signal

Scanned Parameters 
- Temperature 
- Electric field (Voltage) 
- Magnetic field 
- Which configuration will give the highest yield of Mu ? 

Results
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Temperature scan 
First measurement of muonium formation in SFHe at T<0.5K

0 1 2 3 4 5 6 7 8
s)μTime (

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

As
ym

m
et

ry

0.5 1 1.5 2 2.5 3 3.5 4
s)μTime (

0.06−

0.04−

0.02−

0

0.02

0.04

As
ym

m
et

ry

(a) (b)

Figure 6: (a) Decay asymmetry of µ+ measured with 50 Gauss B-field in an empty target, with

the beam stopping in the silver electrode and the OFHC copper of the target walls. (b) Decay
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showed that there is no drastic decrease in muonium production in the temperature range of

interest (T< 0.4 K). Based on the earlier measurements at higher temperatures [37], this implies

a muon-to-muonium conversion e�ciency of ⇠ 70% at T = 0.26 K.
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Figure 7: (a) Decay asymmetry of Mu as a function of temperature, normalized to the maximum

asymmetry at 0.7 K (red), including earlier measurements (blue) in [37]. (b) Dependence of the

Mu decay asymmetry on the voltage applied to the electrode, normalized to the data measured at

zero electric field. Electric fields from negative bias voltage attracted µ+ towards the electrode.

Dashed lines are polynomial fits to guide the eye.

We also investigated the Mu production e�ciency under the influence of external electric

fields by applying voltage to the back electrode (Fig. 7 (b)). This extended the measurements

of Refs. [38, 23] to T= 0.26 K temperatures. A clear decline in Mu asymmetry was observed

with both positive and negative electrode biases, which coincided with the re-appearance of free

µ+ when measured using 50 Gauss B-fields. Changes were more drastic when the electric field

10
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showed that there is no drastic decrease in muonium production in the temperature range of

interest (T< 0.4 K). Based on the earlier measurements at higher temperatures [37], this implies

a muon-to-muonium conversion e�ciency of ⇠ 70% at T = 0.26 K.
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Figure 7: (a) Decay asymmetry of Mu as a function of temperature, normalized to the maximum

asymmetry at 0.7 K (red), including earlier measurements (blue) in [37]. (b) Dependence of the

Mu decay asymmetry on the voltage applied to the electrode, normalized to the data measured at

zero electric field. Electric fields from negative bias voltage attracted µ+ towards the electrode.

Dashed lines are polynomial fits to guide the eye.

We also investigated the Mu production e�ciency under the influence of external electric

fields by applying voltage to the back electrode (Fig. 7 (b)). This extended the measurements

of Refs. [38, 23] to T= 0.26 K temperatures. A clear decline in Mu asymmetry was observed

with both positive and negative electrode biases, which coincided with the re-appearance of free

µ+ when measured using 50 Gauss B-fields. Changes were more drastic when the electric field

10

Voltage scan 
Perform the electric field scan at low temperature 0.26 K 
Muonium formation rate decreases when the voltage increases
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showed that there is no drastic decrease in muonium production in the temperature range of

interest (T< 0.4 K). Based on the earlier measurements at higher temperatures [37], this implies

a muon-to-muonium conversion e�ciency of ⇠ 70% at T = 0.26 K.
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Figure 7: (a) Decay asymmetry of Mu as a function of temperature, normalized to the maximum

asymmetry at 0.7 K (red), including earlier measurements (blue) in [37]. (b) Dependence of the

Mu decay asymmetry on the voltage applied to the electrode, normalized to the data measured at

zero electric field. Electric fields from negative bias voltage attracted µ+ towards the electrode.

Dashed lines are polynomial fits to guide the eye.

We also investigated the Mu production e�ciency under the influence of external electric

fields by applying voltage to the back electrode (Fig. 7 (b)). This extended the measurements

of Refs. [38, 23] to T= 0.26 K temperatures. A clear decline in Mu asymmetry was observed

with both positive and negative electrode biases, which coincided with the re-appearance of free

µ+ when measured using 50 Gauss B-fields. Changes were more drastic when the electric field

10

Voltage scan 
Perform the electric field scan at low temperature 0.26 K 
Muonium formation rate decreases when the voltage increases
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Conclusions
The first measurement of the Mu formation rate was done at T<0.5 K 
The highest Mu formation rate is at T=0.7 K  
The Mu formation rate at lower temperature is still reasonably high  
An applied electric field prevents the muonium formation rate

Next episode…
In this year, our experimental goal is to measure emission of muonium into vacuum from SFHe
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Cold Mu production 1: thin SFHe
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The muCool experiment @ PSI: cryogenic He gas target with complex E-
fields and density gradients inside a 5 T solenoid B-field: 

~10 keV μ+  beam with sub-mm (~100 μm) waist, 10-3 efficiency  
Compression: demonstrated. Vacuum extraction, reacceleration and B-
field extraction needed
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Mu gravity: especially challenging

Trajectory selection by collimation: large losses in atom number!
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 Increasing intensity: series of collimators = gratings. 
 Effects of gravity: vertical shift in the periodic pattern of shadows 
 If this effect is small, small grating period (d) needed

 Challenging: Mu falls  less than 
1 nm during its few us flight!
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Small grating period

Interaction time              
~ ! = few μs !

Many atoms                                
Large contrast 

N ⇠ N0b
3e�(tD+T )/⌧ ⇠ 105/s

C = A/A0
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Next goal - extraction of Mu from SFHe

15

SFHe surface: A horizontal target…  
Even for a test, we would need a special μ+ beam (vertically bent 
LEM, or surface muon beam) 

New concept: nanostructured 
targets coated with SFHe 

Large μ+  stopping power and 
surface area for Mu escape 
SFHe film prevents atoms 
sticking to the wall

If we don’t bend the beam, can we bend the surface?  
SFHe is climbing (wetting) vertical walls easily 
But, a single SFHe film (few ~10 nm) has little μ+ stopping power

e.g. coating 
mesoporous SiO2 
with SFHe?
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carbon
nanotubes
(CNT)
d~5 nm

CNT forest (h ~ 500 um)

Spatially ordered 
carbon nanotubes 
(CNT forests)
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The potential of SFHe coated CNT forests
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significant stopping power in SFHe vs carbon 
forest: ~5% graphite density, quasi-ordered 
structure - fast Mu escape?
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for:

Prefabricated holes for 
better Mu extraction

Free-standing structures 
for back-implantation





than (M /m!)VL"2.4!106 cm/s #where M /m!"400 is the
snowball to muon mass ratio$, or if the snowball receives
momentum due to the repulsion from track cations on the
first stage of track motion, then all the muons with a positive
energy 1

2MVL
2"e2/(%Re!)#0 will escape muonium forma-

tion. An appropriate estimate gives a ‘‘critical’’ value rc #all
the muons with initial conditions Re!$rc will eventually
capture an electron$ of rc%2e2/(%MVL

2)"6!10"5 cm,
which is comparable with the typical muon-electron distance
estimated from the rate of muonium formation in normal
helium, Re!"7!10"5 cm.
In the mixture 4He&0.2%3He, where #because of scatter-

ing by 3He impurities$ the low temperature cation mobility
cannot exceed 20 cm2 V"1 s"1, the motion of the muon
snowball is described by a viscous model and the final muo-
nium fraction is constant throughout the temperature interval
0.5 K$T$4.2 K.14
The electric field dependence of the muonium precession

amplitude in a dilute mixture (4He&0.2%3He) at 0.5 K
measured14 in the limit of low magnetic field (B%0.4 G) is
represented in Fig. 2 by open circles. Under such conditions
this amplitude tends towards the final muonium fraction.
At higher temperatures close to the lambda point, the time

of muonium formation in l-He is about 5!10"6 s and the
amplitude of the muonium signal is low even at fields of 0.4
G. To represent the final muonium fraction at 1.7 K, the
amplitude of the relaxing signal at the muon frequency is
plotted in Fig. 2 as solid squares. Despite the huge difference
in the mobilities of the charges at these temperatures (b
%20 cm2 V"1 s"1 at 0.5 K and b%0.2 cm2 V"1 s"1 at
1.7 K$, the electric field dependences of the muonium frac-
tions are very similar.
This behavior suggests a similar distribution of the track

products #in other words, a similar initial electron-muon spa-
tial distribution$ at temperatures T#0.5 K in the liquid
4He&0.2%He mixture. The case of the mixture is important
since the main mechanism of muon cluster scattering at low
temperature is governed by impurity (3He) atoms with mo-
menta pi"!m3 kBT . Therefore a cluster’s mean path be-

tween collisions is L%&pb/e"3!10"7 cm #where &p
"pi is the change of cluster momentum in a single colli-
sion$; this is small in comparison with the typical length in
the problem. In this case the motion of the muon cluster will
have a ‘‘viscous’’ character, so that the direction of the clus-
ter motion will coincide with the direction of any electric
field that acts upon it.
For any given configuration of local electric field, an elec-

tron starting at a given position will follow a trajectory along
the net electric field line and either arrive eventually at the
!& or escape. Thus the neighborhood of the initial electron-
muon pairs will be separated into two spatial regions. In the
first region, where the electric field lines start at the muon,
the muon will capture the electron to form muonium. In the
second region, where electric field lines approach from infin-
ity, the muon will escape muonium formation.
In the case of a single electron-muon interaction, the

muon will capture the electron if

r$
!e/%E
cos#'/2$ , #10$

where r and ' are spherical coordinates ('%0 defines the
direction of the external electric field$. The solid line in Fig.
2 represents the best fit of the calculated (using criterion
#10$) muonium fraction to the measured values at T
%0.5 K in the 4He&0.2 %3He mixture. The initial mutual
muon-electron spatial distribution was varied in the form of a
three dimensional Gaussian:14
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where ẑ is parallel to the external electric field, point (0,0,a)
is the center of the distribution of electron positions relative
to the muon #remember that a positive z position is behind
the muon$ and ,z and ,xy are appropriate dispersions of the
initial muon-electron position. The best fit gives a%4
!10"5 cm #the maximum of the muon’s probability density
is shifted forward in the direction of p!! with respect to the
electrons$, ,z%4!10"5 cm and ,xy%2!10"5 cm.
In pure helium at low temperatures, the electric field has a

stronger effect than in the mixture. The electric field depen-
dence of the muonium amplitude in pure 4He is shown in
Fig. 2 by the solid circles. This difference is due to the high
mobility (b&#200 cm2 V"1 s"1) of the clusters in pure
helium. For this huge mobility the viscous approach to muon
cluster motion is not valid and one should take into account
the initial momentum of the cluster. In the case when the !&

starts with a velocity pointing away from the e" it can travel
far from the electron. For an initial distance Re!
#2e2/(%MvL

2)#6!10"5 cm #where the kinetic energy of
the cluster is greater than the electrostatic potential energy$
the maximum separation of the charges will amount to rmax
"Re!&MvLb/e"2!10"4 cm, and the effect of the field will
already be seen at an electric field magnitude E#e/rmax

2

"5 V/cm.

FIG. 2. Electric field dependence of the muonium fraction in
liquid helium: pure 4He at T%1.7 K #solid squares$; pure 4He at
T%0.7 K #solid circles$; 4He&0.2%3He at T%0.5 K #open
circles$. Positive electric field is in the direction of the initial muon
beam momentum. The solid line represents the best fit of the vis-
cous model to the data in the mixture at T%0.5 K #see text$.
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