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Abstract. Ultracold muonium (UCMu) is an important muonium (Mu) source for the
generation of ultraslow muon beam for nanotechnological applications and understanding
hydrogen dynamics in materials. In order to search for a new solid material for the generation
of UCMu in vacuum, we have studied polycrystalline SiC using conventional muon spin rotation
and relaxation method at low temperatures (5 K – 300 K). The high relaxation rates of Mu
formed deep inside from the surface (full-stop case) and near the rear surface (half-stop case)
were observed at low transverse field (TF 1.2 G). The relaxation rates of Mu at different
temperatures in full-stop and half-stop cases were found to be the same within error-bars
indicating the less possibility of emission of the UCMu from the surface of the SiC. We plan
further study in KCl, porous silica, and chevron shaped electron rich microporuos materials.

1. Introduction
Muonium (Mu) is a bound state of positive muon (hereafter muon) and an electron. The
ulatracold muonium (UCMu, Mu with low thermal energy) generation material can be used as
source of muonium for nanotechnology and understanding hydrogen behavior in materials. A
new Mu source material that can be operated near 20 K would reduce the energy spread of
an ultraslow muon beam by 100 times compared to that of existing hot tungsten source [1, 2]
operating near 2000 K. UCMu will aid in the achievement of a coherent and low-energy spread
ultraslow muon beam for studies in nanoscience, materials surface science, three-dimensional
material imaging [3, 4], the muon g-2 experiment, and in innovative instrumentation technology
being developed in the Japan Proton Accelerator Research Complex (J-PARC), Japan, such as
the transmission muon microscope and ultraslow muon microscope [4, 5, 6, 7].

Muon behaves as a light proton (mµ ∼ 1/9 mp) with around three times larger magnetic
moment (µµ ∼ 3.2 µp) and acts as a sensitive probe to materials. Depending on the properties
of the material and environment, the injected muon captures an electron and form Mu. Similar
to the H-acceptor in n-type and donor in p-type materials [8, 9], muons can form different charge
states (neutral Mu, Mu+, Mu−, diamagnetic muon, etc) in various samples [10, 11]. The Mu
precessional frequency is around hundred times higher than that of muon at same magnetic field.
Consequently, we can easily distinguish the Mu signal from that of the muon.
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Several studies on the search of Mu production materials have been reported by different
research groups. For example, study on tungsten [2], platinum, iridium [12], silica powder [13],
silica aerogel [14], and SiO2 films [16] are available in literature. Among them, two materials -
hot tungsten [1] and laser ablated silica aerogel [15] are noticed as the Mu production material
with relatively higher yield. Here, we are interested to search a material for the generation of
UCMu to take advantage of the reduced energy spread when used as a source for muon based
optics. We require a material having a large yield Mu at low temperatures (< 100 K). To
search for new materials for generation of UCMu, we have started our study in the materials in
which formation of Mu has already been reported without any information about the diffusion
and emission of the Mu from the surface. First of all, we have studied n-type Si [17] in which
we found the difference in relaxation rates of Mu stopped deep inside from the Si surface and
near the surface indicating the emission of Mu from the surface. However, distance dependent
(distance bewteen the Si surface and silver sheet set downstream) study suggested the origin
of such difference in relaxation rates is ascribed to surface effect [18]. Our second material is
SiC. Previously, Patterson et al [19] reported the formation and states of Mu in β-SiC and
6H-SiC at low temperature around 20 K. Lictchi et al [20] reported the hyperfine spectroscopy
of neutral Mu impurity centers in 4H-SiC and 6H-SiC at field 6 T and temperature below 10
K. Bani-Salameh et al [21] reported the charge-state transitions of Mu in n-type, p-type and
high-resistivity 6H-SiC in wide temperature range (5 - 1000 K). Celebi et al [22] presented the
diamagnetic fraction and Mu behavior in 4H-SiC from low field study in temperature range (10
- 1400 K). Woerle et al [23] reported the fraction of diamagnetic muon and paramagnetic Mu
in proton irradiated 4H-SiC using low energy muon beam available at PSI. Recently, Lord et al
[24] reported the optically induced effects on muons implanted in 6H-SiC using a pulsed laser.
Most of the studies were performed on the hexagonal structures of SiC. Here, we present the
low field (TF 1.2 G) and low temperature (5 K - 300 K) study on polycrystalline SiC to test the
formation and emission of Mu from the surface using conventional µSR method.

2. Experimental
The µSR experiments were performed in S1-area, S-line, Material and Life Science Facility
(MLF), J-PARC using positive muon (∼4 MeV). The polycrystalline silicon carbide (SiC) of
dimension 10 mm × 10 mm × 0.3 mm was purchased from Ferrotec Material Technologies
Corporation. Four pieces were tiled-up and the muon beam was injected into the sample through
a thin Al foil (window of Ag thermal shield) as shown in Fig. 1. A silver (Ag) sheet (thickness
0.3 mm) was set downstream to SiC. The Ag sample holder is connected to helium cryostat
placed in vacuum (10−5 Pa) connected to a flypast chamber. To achieve the two cases - stop
all muons deep inside from the SiC surface (hereafter full-stop case) and half of the muon stop
near the rear surface of SiC and half in Ag sheet (hereafter half-stop case), we tuned the muon
beam momentum. Those two momentum were used for all half-stop and full-stop cases of other
temperature dependent measurements. The beam collimetor size was φ15 mm. Transverse field
(TF) measurements at 1.2 G and 20 G in the temperature range 5 – 300 K were performed.

3. Results and discussions
Figure 2 shows the superimposed time spectra of muon and Mu signals at TF 1.2 G at two
selected temperatures (5 K and 100 K) in half-stop and full-stop cases in the SiC. The Mu
formed in the SiC is quickly relaxed (within 1 µs) in both half-stop and full-stop cases. The
spectra at 5 K and 100 K depicted that there is no significant temperature dependent effect
on Mu relaxation. The spectra were analysed using a function composed of muon and Mu
contributions (Eq. 1).

A(t) = Aµexp(−λµt)cos(ωµt+ φµ) +AMuexp(−λMut)cos(ωMut+ φMu) +B, (1)



The 15th International Conference on Muon Spin Rotation, Relaxation and Resonance
Journal of Physics: Conference Series 2462 (2023) 012016

IOP Publishing
doi:10.1088/1742-6596/2462/1/012016

3

Figure 1. (a) Schematic diagram of the set-up. The distance d between SiC and Ag sheet
kept 0 mm, (b) view from the muon side. The four square SiC pieces were tiled-up and hold by
Ag holder inside the Ag thermal shield, (c) rear view image of the set-up. The thermal sensor
position close to SiC is shown.

Figure 2. Superimposed time spectra of muon and muonium at TF 1.2 G. (a) half-stop at 5
K, (b) half-stop at 100 K, (c) full-stop at 5 K and (d) full-stop at 100 K.

where B is the time-independent background. The terms Aµ and AMu are the amplitudes of the
spin precession corresponding to the polarization asymmetry for the µ+ in diamagnetic states
and Mu, respectively. The parameter λMu is the muonium relaxation rate. The relaxation
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rate of µ+ in diamagnetic species (λµ) is negligibly small with respect to λMu. ωµ and ωMu

are the muon and Mu precession frequencies, respectively, and φµ and φMu are the respective
initial phases of their precessions. Under the transverse field of H(G), the spins of µ+ and
Mu take precession with the angular velocities of ωµ(kHz) = 2π×13.553×H(G) and ωMu =
2π×1390×H(G), respectively.

The temperature dependent relaxation rate of Mu (λMu) in both full-stop and half-stop
cases were presented in Fig. 3. The half-stop and full-stop values lie within error-bars at all
temperatures. If the Mu would have emitted from the SiC surface then those will be stopped
in the adjacent Ag sheet in which Mu converts into muon. In such situation, the difference in
relaxation rate of Mu inside and in Ag is expected. It points out that there is less possibility
of coming out of Mu from SiC surface. We will perform further study on porous silica, KCl,
chevron shaped electron rich micro-porous materials, etc to continue the search of new material
for generation of ultracold muonium.

Figure 3. Relaxation rates of Mu at different temperatures in half-stop and full-stop cases in
SiC.

4. Conclusion
We have performed conventional µSR measurement in polycrystalline SiC to study the ultracold
Mu generation for Mu target materials. The temperature dependent relaxation rates of Mu
stopped deep inside from the surface and near the rear surface of the sample shows the less
possibility of emission of Mu from the SiC. We will continue our further study in porous silica,
KCl, chevron shaped electron rich micro-porous materials, etc.

Acknowledgments
We would like to thanks Mr. S. Makimura, Dr. J. Nakamura, and Dr. S. Kanda for their help
during experiments. The muon experiments were performed at the Materials and Life Science
Experimental Facility of the J-PARC under a user program (Proposal No. 2020B0363). This



The 15th International Conference on Muon Spin Rotation, Relaxation and Resonance
Journal of Physics: Conference Series 2462 (2023) 012016

IOP Publishing
doi:10.1088/1742-6596/2462/1/012016

5

work was supported by Grants-in-Aid for Scientific Research by the Ministry of Education,
Culture, Sports, Science and Technology, Japan (Grants 17H01133, 19H05606 and 20H05646).

References
[1] Nagamine K, Miyake Y, Shimomura K, Birrer P, Marangos J P, Iwasaki M, Strasser P, and Kuga T 1995

Phys. Rev. Lett. 74, 24, 4811-4814
[2] Mills A P, Imazato J, Saitoh S, Uedono A, Kawashima Y, and Nagamine K 1986 Phys. Rev. Lett. 56 14,

1463-1466
[3] Miyake Y, Nishida N, Yoshino J, Higemoto W, Torikai E, Shimomura K, Ikedo Y, Kawamura N, Strasser P,

Makimura S, Fujimori H, Nakahara K, Koda A, Kobayashi Y, Nishiyama K, Kadono R, Ogitsu T, Makida
T, Sasaki K, Adachi T, and Nagamine K 2011 Journal of Physics: Conference Series 302 012038

[4] Higemoto W, Kadono R, Kawamura N, Koda A, Kojima K M, Makimura S, Matoba S, Miyake Y, Shimomura
K, and Strasser P 2017 Quantum Beam Science 1 11, 1-24

[5] Pant A D, Adachi T, Ikedo Y, Oishi Y, Nakamura J, Strasser P, Kojima K, Makimura S, Kawamura N, Koda
A, Ito T, Higemoto W, Shimomura K, Kadono R, Miyake Y, and Torikai E 2018 JPS. Conf. Proc. 21,
011060

[6] Pant A D, Adachi T, Strasser P, Ikedo Y, Oishi Y, Nakamura J, Higemoto W, Shimomura K, Kadono R,
Miyake Y, and Torikai E 2019 Nuclear Instruments and Methods in Physics Research Section A, 929 129-133

[7] Abe M, Bae S, Beer G, Bunce G, Choi H, Choi S, Chung M, da Silva W, Eidelman S, Finger M, Fukao Y,
Fukuyama T, Haciomeroglu S, Hasegawa K, Hayasaka K, Hayashizaki N, Hisamatsu H, Iijima T, Iinuma
H, Ikeda H, Ikeno M, Inami K, Ishida K, Itahashi T, Iwasaki M, Iwashita Y, Iwata Y, Kadono R, Kamal S,
Kamitani T, Kanda S, Kapusta F, Kawagoe K, Kawamura N, Kim B, Kim Y, Kishishita T, Kitamura R,
Ko H, Kohriki T, Kondo Y, Kume T, Lee M J, Lee S, Lee W, Marshall G M, Matsuda Y, Mibe T, Miyake
Y, Murakami T, Nagamine K, Nakayama H, Nishimura S, Nomura D, Ogitsu T, Ohsawa S, Oide K, Oishi
Y, Okada S, Olin A, Omarov Z, Otani M, Razuvaev G, Rehman A, Saito N, Saito N F, Sasaki K, Sasaki
O, Sato N, Sato Y, Semertzidis Y K, Sendai H, Shatunov Y, Shimomura K, Shoji M, Shwartz B, Strasser
P, Sue Y, Suehara T, Sung C, Suzuki K, Takatomi T, Tanaka M, Tojo J, Tsutsumi Y, Uchida T, Ueno
K, Wada S, Won E, Yamaguchi H, Yamanaka T, Yamamoto A, Yamazaki T, Yasuda H, Yoshida M, and
Yoshioka T 2019 Progress of Theoretical and Experimental Physics, 2019 (5), 053C02

[8] Chris G Van de Walle 2006 Physica B: Condensed Matter, 376-377 1-6
[9] Van de Walle, Chris G and Neugebauer J 2003 Nature, 423, 626-628
[10] Kreitzman S R, Hitti B, Lichti R L, Estle T, and Chow K H 1995 Phys. Rev. B, 51, (19), 13117-13137
[11] Lichti R L, Chow K H, and Cox S F J 2008 Phys. Rev. Lett. 101 13, 136403
[12] Matsushita A and Nagamine K 1998 Physics Letters A, 244 174 - 178
[13] Beer G A, Marshall G M, Mason G R, Olin A, Gelbart Z, Kendall K R, Bowen T, Halverson P G, Pifer A

E, Fry C A, Warren J B, and Kunselman A R 1986 Phys. Rev. Lett., 57, 671-674
[14] Bakule P, Beer G A, Contreras D, Esashi M, Fujiwara Y, Fukao Y, Hirota S, Iinuma H, Ishida K, Iwasaki M,

Kakurai T, Kanda S, Kawai H, Kawamura N, Marshall G M, Masuda H, Matsuda Y, Mibe T, Miyake Y,
Okada S, Olchanski S, Olin A, Onishi H, Saito N, Shimomura K, Strasser P, Tabata M, Tomono D, Ueno
K, Yokoyama K, and Yoshida S 2013 Progress of Theoretical and Experimental Physics 2013 10, 103C01

[15] Beer G A, Fujiwara Y, Hirota S, Ishida K, Iwasaki M, Kanda S, Kawai H, Kawamura N, Kitamura R, Lee
S, Lee W, Marshall G M, Mibe T, Miyake Y, Okada S, Olchanski K, Olin A, Ohnishi H, Oishi Y, Otani M,
Saito N, Shimomura K, Strasser P, Tabata M, Tomono D, Ueno K, Won E, and Yokoyama K 2014 Progress
of Theoretical and Experimental Physics,2014 9 091C01

[16] Antognini A, Crivelli P, Prokscha T, Khaw K S, Barbiellini B, Liszkay L, Kirch K, Kwuida K, Morenzoni E,
Piegsa F, Salman Z, and Suter A 2012 Phys. Rev. Lett. 108 (14), 143401

[17] Pant A D, Ishida K, Kawamura N, Matoba S, Koda A, Nishimura S and Shimomura K 2021 Physica B:
Condensed Matter 613 412997

[18] Pant A D, Ishida K, Koda A, Matoba S, Nishimura S, Kawamura N, and Shimomura K in preparation
[19] Patterson B D, Baumeler H P, Keller H, Kiefl R F, Kündig W, Odermatt W, Schneider J W, Choyke W J,

Estle T L, Spencer D P, Blazey K W, and Savicand I M 1986 Hyperfine Interactions 32 1,625–630
[20] Lichti R L, Nussbaum W A, and Chow K H 2004 Physical Review B 70 16, 165204
[21] Bani-Salameh H N, Meyer A G, Carroll B R, Lichti R L, Celebi Y G, Chow K H, King P C J, and Cox S F

J 2007 Physica B 401-402 631-634
[22] Celebi Y G, Lichti R L, Carroll B R, King P J C and Cox S F J 2009 Physica B 404 23, 5117-5120
[23] Woerle J, Prokscha T, Hallen A, and Grossner U 2019 Phys. Rev. B 100 11,115202
[24] Lord J S, Yokoyama K, Mengyan P W, Goeks M R, Lichti R L, Vilao R C, and Alberto H V 2020 Journal

of Applied Physics 127 9, 095702


