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Motivations

Muonium atom (µ+e-) 
Aim : To build a high-brightness muonium beam for the gravity measurement of 
muonium

SPS 2019, Zurich 
26-30 August 2019 

g=9.8 m/s2

Earth = Matter

• Antimatter  (✔Anti-H) (✔Ps) 
• Pure Lepton (✘Anti-H) (✔Ps) 
• 2nd gen. particles (✘Anti-H) (✘Ps)

• Matter µ+e-

g=? WANTED 
Vacuum Muonium

 ⊕ No strong interaction 
⊖ Unstable, Lifetime=2.2 µs
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High Mu yield 
Positive chemical potential

SFHe film
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Experiments regarding muonium
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Vacuum muonium from Aerogel, 
Zeolite, Semiconductor-CNT

Muonium emission into helium gas

Vacuum muonium from SFHe film 
coated nanostructure materials, and 

free-surface

1

2
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This project: 
Development of  

a high-brightness 
muonium beam
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1. Vacuum muonium from Aerogel, 
Zeolite, Semiconductor-CNT
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Experimental Setup

Aim To observe the vacuum muonium atoms from alternative porous materials at 
room temperature 
To test the detection technique of vacuum muonium by exploiting atomic 
electrons
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Detection methods 
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Targets

1. Laser ablated aerogel

2. Zeolite powder

3. Semiconductor carbon nanotubes
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Extra - Aerogel targets
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Extra - SFHe coated nanoscopic targets / carbon nanotubes (CNT)
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Concept: nanostructured targets coated with SFHe 
Large μ+  stopping power and surface area for Mu 
escape 
SFHe film prevents atoms sticking to the wall

SFHe is climbing (wetting) vertical walls easily 
But, a single SFHe film (few ~10 nm) has little μ+ stopping power

carbon
nanotubes
(CNT)
d~5 nm

CNT forest (h ~ 500 um)

Spatially ordered 
carbon nanotubes 
(CNT forests)

CNT forests with prefabricated structures and holes
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Extra - Zeolite targets

�24

Zeolite 2:  
Alkaline treated CBV 712 faujasite zeolite 
(CBV712-B)

Zeolite 1:  
alkaline treated MFI ZSM-5 Z40 (HZ40-AT2)

Courtesy of L. Gerchow, P. L. Begona,  P. Crivelli ETHZ

- Silicon, oxygen, hydrogen and aluminium composites with intrinsic 
nanoporosity (~nm sized voids) 

- Alkaline treatment removes silica from the framework, leaving voids up 
to 10 nm  

(a)

(b)

(c)

(d)
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Results of vacuum muonium Triple coincidences of middle detectors  
from different types of targets tDiff [ns]
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Results of vacuum muonium Triple coincidences 

Near Middle

Far

 / ndf 2χ  95.44 / 97
beta      43.2±  1215 
mu        60.8±  1686 
constant  3.357e+03± 7.041e+04 

tDiff [ns]
4000− 2000− 0 2000 4000 6000 8000 10000 12000

C
ou

nt
s

0

5

10

15

20

25

30

 / ndf 2χ  95.44 / 97
beta      43.2±  1215 
mu        60.8±  1686 
constant  3.357e+03± 7.041e+04 

Run 0687 Atomic_highGain / NearCloseLeft / NearAwayLeft coinc3 tDiff (all cuts)

 / ndf 2χ  83.27 / 97
beta      48.1±  1164 
mu        63.4±  2122 
constant  3.082e+03± 5.937e+04 

tDiff [ns]
4000− 2000− 0 2000 4000 6000 8000 10000 12000

C
ou

nt
s

0

5

10

15

20

25

30  / ndf 2χ  83.27 / 97
beta      48.1±  1164 
mu        63.4±  2122 
constant  3.082e+03± 5.937e+04 

Run 0687 Atomic_highGain / FarCloseLeft / FarAwayLeft coinc3 tDiff (all cuts)

 / ndf 2χ  91.94 / 97
beta      64.5±  1293 
mu        84.5±  2512 
constant  2.577e+03± 4.147e+04 

tDiff [ns]
4000− 2000− 0 2000 4000 6000 8000 10000 12000

C
ou

nt
s

0

2

4

6

8

10

12

14

16

18

20
 / ndf 2χ  91.94 / 97

beta      64.5±  1293 
mu        84.5±  2512 
constant  2.577e+03± 4.147e+04 

Run 0687 Atomic_highGain / NearAwayLeft / FarCloseLeft coinc3 tDiff (all cuts)

Distance (mm)
14 16 18 20 22 24

Ti
m

e 
(n

s)

1000

1500

2000

2500

3000

3500  / ndf 2χ  0.07792 / 1
constant  211.5±   328 
velocity  0.001324± 0.01081 

 / ndf 2χ  0.07792 / 1
constant  211.5±   328 
velocity  0.001324± 0.01081 

Distance VS Time for Velocity : Triple

�1

1
SPS 2019, Zurich 

26-30 August 2019 

VMu = 11-13 km/s



Experiments regarding muonium

13

2. Vacuum muonium from SFHe film 
coated nanostructure materials, and 

free-surface SFHe bath

SPS 2019, Zurich 
26-30 August 2019 
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Results of vacuum muonium
⇒ No vacuum muonium atoms was observed from different wet targets and film of SFHe 
⇒ Only background from muon decay, e.g.
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3. Muonium emission into helium gas

SPS 2019, Zurich 
26-30 August 2019 
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Results and discussions
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Double coincidences of 
middle detector 

P~10-6 mbar P~0.01 mbar P~0.1 mbar

The number of muonium signals detected by the middle detectors decreased when the 
pressure of helium increased 
These results are consistent with the calculation of  muonium mean free path in 
helium gas   

      

SPS 2019, Zurich 
26-30 August 2019 3

P~10-6  mbar is consistent with Tvap = 0.3 K, Pvap = 5×10-10 mbar 
P~0.01 mbar is consistent with Tvap = 0.5 K, Pvap = 2×10-5 mbar 
P~0.1   mbar is consistent with Tvap = 0.6 K, Pvap = 2×10-3 mbar
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Conclusions

21

Muonium atoms can be formed in an ablated aerogel, zeolite power, 
semiconductor carbon nanotubes 

High vacuum muonium yield observed in aerogel. Zeolite is also a promising 
conversion target 

No vacuum muonium atoms was observed from the SFHe thin film coated 
nanostructure materials or free-surface of SFHe bath due to too high helium 
vapor pressure 

Outlook : development of the cryostat with lower base temperature is necessary 

SPS 2019, Zurich 
26-30 August 2019 

µ+e-
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Velocity of vacuum muonium

Vacuum muonium from  
Aerogel, Zeolite, Semiconductor-CNT

From aerogel : VMu = 11.3 ± 0.6 km/s 
From zeolite  : VMu = 13.3 ± 2.5 km/s

Relative yield of vacuum muonium
The vacuum muonium yield from aerogel was higher than the one from zeolite ~50% 

1
SPS 2019, Zurich 

26-30 August 2019 
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Vacuum muonium from SFHe film  
coated nanostructure materials, and free-surface SFHe
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Detection Regimes

Superfluid 
helium

Positron 
detectors

μ+

Mu
e+

μ+

e+
Mu

Superfluid helium
coated aerogel or
carbon nanotubes

Superfluid helium
coated carbon 
nanotubes

Superfluid 
helium Long positron 

detectors

Short positron 
detectors
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Superfluid helium
coated aerogel or
carbon nanotubes

Superfluid helium
coated carbon 
nanotubes

Superfluid 
helium Long positron 

detectors

Short positron 
detectors
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1. Horizontal vacuum muonium 2. Vertical vacuum muonium

Vacuum muonium signal  
from 

double coincidence of e+

3 SPS 2019, Zurich 
26-30 August 2019 



Vacuum muonium from SFHe film  
coated nanostructure materials, and free-surface SFHe
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Targets
1. Warm aerogel : Ablated aerogel at room temperature 
2. Dry aerogel : Ablated aerogel at 1 K 
3. Wet aerogel : Ablated aerogel coated by SFHe film at 0.66 K  
4. Wet CNT : Conductive carbon nanotubes coated by SFHe film at 0.5 K 
5. Free surface SFHe : Muon beam was slated and impinged on free-surface of SFHe bath

3 SPS 2019, Zurich 
26-30 August 2019 

μ+

Room temp. 

Ablated aerogel 
(Warm aerogel) 

1 K 

Ablated aerogel 
(Dry aerogel) 

Ablated aerogel 
coated by SFHe 
(Wet aerogel)

0.66 K 

CNT 
coated by SFHe 

(Wet CNT)

0.5 K 



Vacuum muonium from SFHe film  
coated nanostructure materials, and free-surface SFHe
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Results of muonium formation
⇒ We observed the muonium spin rotation signals (Mu-SR) 
⇒ Took an advantage of stray magnetic field  
⇒ Detected by individual positron detector 
⇒ An evidence of muonium formation in the targets but do not emit into vacuum

500− 0 500 1000 1500 2000 2500 3000
tDiff [ns]

0

200

400

600

800

1000

Run 0470 NearCloseLeft tDiff (all cuts)Run 0470 NearCloseLeft tDiff (all cuts)

500− 0 500 1000 1500 2000 2500 3000
tDiff [ns]

0

50

100

150

200

250

300

350

400

450

Run 0875 NearCloseLeft tDiff (all cuts)Run 0875 NearCloseLeft tDiff (all cuts)

500− 0 500 1000 1500 2000 2500 3000
tDiff [ns]

0

500

1000

1500

2000

Run 0266 NearCloseLeft tDiff (all cuts)Run 0266 NearCloseLeft tDiff (all cuts)

500− 0 500 1000 1500 2000 2500 3000
tDiff [ns]

0

200

400

600

800

1000

Run 0513 NearCloseLeft tDiff (all cuts)Run 0513 NearCloseLeft tDiff (all cuts)

500− 0 500 1000 1500 2000 2500 3000
tDiff [ns]

0

50

100

150

200

250

300

Run 0807 NearCloseLeft tDiff (all cuts)Run 0807 NearCloseLeft tDiff (all cuts)

�1

Target He vapor

e+ detectors

Stra
y-B

Mu

Mu

e+

Mu

μ+

3 SPS 2019, Zurich 
26-30 August 2019 



Vacuum muonium from SFHe film  
coated nanostructure materials, and free-surface SFHe
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Results of muonium formation

Warm aerogel  
(Room temp.) 
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Dry aerogel  
(1 K) 

Wet aerogel  
(0.66 K) 
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Vacuum muonium from SFHe film  
coated nanostructure materials, and free-surface SFHe
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Results and discussions
1. Warm aerogel : No vacuum muonium was observed but Mu-SR existed. The target 

was not in vacuum due to the pumping difficulty. 

2. Dry aerogel (1 K) : No vacuum muonium and no Mu-SR were observed. The 
helium vapor pressure was too high at 1 K and the formed muonium atoms 
probably were frozen at the surface of the aerogel.  

3. Wet aerogel (0.66 K) : No vacuum muonium was observed due to the high helium 
pavor pressure. The introduced SFHe film coated the dry aerogel presumably 
lubricated the frozen muonium atoms to be precessing again   

4. Wet CNT (0.5 K) : No vacuum muonium and no Mu-SR were observed. Muonium 
atoms cannot be formed inside the conductive-CNT and the SFHe film was too 
thin to stop and form muonium atoms   

5. Free surface SFHe (0.5 K) : No vacuum muonium and no Mu-SR were observed. 
Too high background was measured because of a possibility that muon did not 
stop inside the SFHe bath only but also on backside target and the target container 
was too small.

3 SPS 2019, Zurich 
26-30 August 2019 
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Results and discussions
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The Mu-SR results were fitted with N = N0 Sin(𝜔Mut+𝜙Mu) + NBG 

The muonium phase (𝜙Mu) can tell whether muonium atoms were formed inside the ablated aerogel 
or SFHe film coating. 
Assuming that muonium atoms formed in the aerogel follow the direct capture processes, while 
muonium atoms formed in the SFHe time-dependently, the 𝜙Mu of the warm aerogel should differ 
from the one of the wet aerogel  (𝛥𝜙Mu = |𝜙Mu,Warm - 𝜙Mu,Wet| ≠ 0). 

At temperature = 0.5 K, magnetic field = 1.55 G, mean formation time (𝜏) ≈ 47 ns,   
the expected 𝛥𝜙Mu ≈ 30 degree. 

However, from the analyzed data we found that 𝛥𝜙Mu ≈ 0. This gave a hint that the muonium atoms 
were probably formed in the aerogel (not SFHe film).

SFHe
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Mu

μ+
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Temperature of superfluid helium (K)

Muonium in liquid helium isotopes 
R. Abela, et al., JETP Letter, Vol. 57, No. 3, 10 Feb 1993 
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Hydrogen isotopes and 3He impurities in liquid 4He  
R. Abela et al., Journal of Low Temperature Physics, 
Vol. 90 (1993)
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Mu from various targets
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(Pmuon=23 MeV/c)

19±6% vacuum yield  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Necessity for a new μ⁺→ vacuum Mu
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Extra - Methods with thick SFHe layers
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Extra - Contingency extraction methods 
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Experiment 1 : Detector layout of the DOLLY
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The number of muonium signals detected by the middle detectors decreased 
when the pressure of helium increased 
The mean free path (lMu) of muonium can be calculated by 

P~10-6  mbar, lMu~100 m  
P~0.01 mbar, lMu~1 cm     
P~0.1    mbar, lMu~1 mm       



muCool
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muCool principle

ω = eB/m: cyclotron frequency
μ = muon mobility
νcol = collision frequency

6
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muCool: Transverse compression

• 5 mbar He gas
• Cryogenic temperature
• Crossed E- and B-fields (E~ 1.5 kV/cm, B ~ 5 T)
• high density -> vcol large -> Ê dominates
• medium density -> vcol intermediate -> Ê x B dominates

7
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muCool: Longitudinal compression

• 5 mbar He gas
• Room temperature
• Parallel E- and B-fields (E~ 60 V/cm, B ~ 5 T)
• low density -> vcol small -> B dominates

8



Interferometer
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Experimental challenges

�6

μ⁺→ vacuum Mu 
conversion 

efficient bulk production 
fast diffusion to surface 
vacuum emission 
horizontal beam geometry

Interferometer 
nm-precise fabrication 
over few mm 
alignment in cold 
stabilization in cold 
… 

Detection 
efficient e+ tracking 
coincident detection of 
atomic e–   
high overall efficiency and 
low background
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Gravity experiment using atomic Mu beams

�3

Small grating period 
(~100 nm) to measure 
sub-nm shifts

Interaction time with gravity           
as ! = 2.2 μs  ~ few μs !

Many atoms                                
Large contrast 
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Inertial sensitivities
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d = 100 nm, 70% loss on grids, 
interaction time T = 8 μs

Determining sign of g:  
1-2 days with Mu source of N0 =5·104/s, C=0.3
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Effects of beam quality on the gravity measurement

model used here based on:  
McMorran et al., PRA 78 (2008) 

 Unrealistically narrow, fully 
coherent beam  (#0 = ℓ0 = 30 
μm)

realistic beam width and 
coherence length (#0 = 1 mm, 
ℓ0 = 10 nm)

Same interferometer parameters 
(optimized for gravity): 
L0=5 mm, L=20 mm, d=100 nm

C ~ 1 

C ~ 0.3 



Mu formation 
processes
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Mu formation processes in SFHe



Why Silica-types 
materials ?
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Kim Siang Khaw Thesis ETH Zurich

Why SiO2 pourous thin film 



SFHe -> show the delay formation time -> need to ionize electron 
and mobility, come close to each other 

Solid (SiO2, Zeolite powder,…) -> No delay time, electron is loosely-
bounded by the solid and can form the bound-state with muon 

easily 

Gas (Ar,Kr) -> Binding energy of Mu ~ 13.5 eV, Ionization energy of 
Ar ~ 15.8, of Kr ~ 13.9 eV, of Xe ~ 12.1 eV, no delay muonium 

fromation 

Gas (He) -> Too high ionization energy ~ 24.5 eV, No muonium 
formation in He gas

63

Formation processes



Zeolite Powder
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Name ->  lkaline treated CBV 712 faujassite zeolite 
(CBV712-B)  

Normal Fabrication -> Slow crystallization of a silica-
alumina gel in the presence of  alkalis and organic 

templates, Sol-gel processing  

Why? -> Nicely source of Ps, high yield  

65
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Extra - Aerogel targets
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Courtesy of S. Kamal & G. Marshall TRIUMF
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Extra - Aerogel targets
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Courtesy of S. Kamal & G. Marshall TRIUMF
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Extra - SFHe coated nanoscopic targets / carbon nanotubes (CNT)

�22

Concept: nanostructured targets coated with SFHe 
Large μ+  stopping power and surface area for Mu 
escape 
SFHe film prevents atoms sticking to the wall

SFHe is climbing (wetting) vertical walls easily 
But, a single SFHe film (few ~10 nm) has little μ+ stopping power

carbon
nanotubes
(CNT)
d~5 nm

CNT forest (h ~ 500 um)

Spatially ordered 
carbon nanotubes 
(CNT forests)

CNT forests with prefabricated structures and holes
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Extra - Zeolite targets

�24

Zeolite 2:  
Alkaline treated CBV 712 faujasite zeolite 
(CBV712-B)

Zeolite 1:  
alkaline treated MFI ZSM-5 Z40 (HZ40-AT2)

Courtesy of L. Gerchow, P. L. Begona,  P. Crivelli ETHZ

- Silicon, oxygen, hydrogen and aluminium composites with intrinsic 
nanoporosity (~nm sized voids) 

- Alkaline treatment removes silica from the framework, leaving voids up 
to 10 nm  

(a)

(b)

(c)

(d)

†

†

§

¶

�1



Ablated Aerogel
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~100 um dimeter of holes 
~250 um pitch 

by TRIUMF

67

Anna Soter 29.01.2019 BVR

Extra - Aerogel targets

�23

Courtesy of S. Kamal & G. Marshall TRIUMF
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Extra - Aerogel targets

�23

Courtesy of S. Kamal & G. Marshall TRIUMF
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Extra - SFHe coated nanoscopic targets / carbon nanotubes (CNT)

�22

Concept: nanostructured targets coated with SFHe 
Large μ+  stopping power and surface area for Mu 
escape 
SFHe film prevents atoms sticking to the wall

SFHe is climbing (wetting) vertical walls easily 
But, a single SFHe film (few ~10 nm) has little μ+ stopping power

carbon
nanotubes
(CNT)
d~5 nm

CNT forest (h ~ 500 um)

Spatially ordered 
carbon nanotubes 
(CNT forests)

CNT forests with prefabricated structures and holes

Anna Soter 29.01.2019 BVR

Extra - Zeolite targets

�24

Zeolite 2:  
Alkaline treated CBV 712 faujasite zeolite 
(CBV712-B)

Zeolite 1:  
alkaline treated MFI ZSM-5 Z40 (HZ40-AT2)

Courtesy of L. Gerchow, P. L. Begona,  P. Crivelli ETHZ

- Silicon, oxygen, hydrogen and aluminium composites with intrinsic 
nanoporosity (~nm sized voids) 

- Alkaline treatment removes silica from the framework, leaving voids up 
to 10 nm  

(a)

(b)

(c)

(d)

†

†

§

¶

�1

~240 um dimeter of holes



Helium Vapor Pressure
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The observed  saturated vapor pressure of liquid helium 
R.J. Donnelly and C.F. Barenghi 

Journal of Physical and Chemical Ref Data 27, 1217 (1998)



2nd Generation Particles
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3He Cryostat Cooling Power
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Slanted muon beam
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