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The feasibility study for Nano-Infiltration and Transient Eutectic phase process SiC/SiC
(NITE SiC/SIiC)NITE SiC/SiC as a potential novel target material for pions/muons production
at high-power proton accelerators facilities is in progress. Compared with graphite that is the
principal target material for pions/muons production, higher transport efficiency and higher
oxidation resistance can be expected. However, the residual radiation dose of NITE SiC/SiC
is 400 times higher than that of graphite a year after the irradiation. To validate the simulation,
the residual radionuclides of the irradiated samples have been analyzed by gamma-ray
spectroscopy. To understand the thermal shock behavior, NITE-SiC/SiC was included in the
HRMT35 experiment at CERN’s HiRadMat facility. In these studies, NITE SiC/SiC is proved
to be a promising material for pions/muons production with the higher transport efficiency
and the oxidation resistance, though the maintenance scenario has to be carefully designed
due to higher residual radiation dose. The thermal shock resistance and proton-irradiation
resistance of NITE SiC/SiC will be confirmed to be applied for the pions/muons production.
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1. Introduction

Intensity of the proton accelerator facility is increasing in order to obtain more intense
pions and/or muons (hereafter, pions/muons) to make further discoveries in the new fields
of fundamental physics and material science. The pions/muons are produced through
collisions between the high-energy proton and nuclei of the target material. The high
intense proton irradiation leads to a high thermal load and radiation damage to the target
material. Consequently, the requirement for the target material is getting more and more
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demanding. Polycrystalline graphite is principal candidate for production of pions/muons
under high-intense proton beam irradiation in different facilities all over the world, such
as J-PARC [1, 2], Rutherford Appleton Laboratory [3], Paul Scherrer Institute [4],
Fermilab [5], CERN [6] and others. Graphite shows an extremely high performance for
these applications due to its thermal, mechanical, and other properties. Furthermore, the
residual radiation dose of graphite after proton irradiation is lower than that of high-Z
material.

However, graphite is easily oxidized at high temperature [7]. If air is unexpectedly
introduced into the primary beamline during the high-power beam operation, the rapid
oxidation of the graphite target and the consequent mass loss could be detrimental to safe
operation. The presence of graphite oxidation contaminants complicates these recovery
procedures. Moreover, the transport efficiency of pions/muons to secondary beamlines
depends on the density of the target material. In general, denser material is preferable to
have a point wise source for secondary beam transport. Therefore, to replace the graphite,
it is important to develop the material that is denser while keeping excellent mechanical
and thermal properties as well as more resistant to oxidation. Now, we started to
investigate new target material with higher performance. Silicon carbide (SiC) is an
excellent candidate because it satisfies the characteristic mentioned above in addition to
good heat resistance and high mechanical strength. However, monolithic SiC cannot be
used as structural material under a
pulsed heating cycle, because it is of a
brittle nature. To avoid brittleness the
investigation of Nano-Infiltration and
Transient Eutectic phase process
SIC/SiC (NITE SiC/SiC) composite
material was started. NITE SiC/SiC has
been developed for the fusion and
fission  reactor  applications  at 0 a0 a0 000 10 SAREER
Organization of Advanced ‘ i
Sustainability Initiative for Energy T
System/Materials (OASIS), Muroran _ ; :
Institute of Technology [8]. Figure 1  Fig- 1. A picture of a specimen of NITE
shows a picture of a specimen of NITE Sl‘C/SIC for the irradiation test at
SiC/SiC for the irradiation test at iRadMatof CERN
HiRadMat of CERN [9] described in
session 2.4. The width, the height, and the depth of the samples were 78 mm, 34 mm, and
20 mm, respectively.

2. Evaluation of NITE SiC/SiC as the target material
2.1 Transport efficiency by the targets made of NITE SiC/SiC

In general, the density of the target material should be higher, because the reduced
spatial volume of the source is beneficial to more efficient transport. The density of
NITE SiC/SiC is ranging between 2.8-3.2 g/cc, while one of graphite is 1.82 g/cc. The
quality and the number of the pions/muons, used for the aimed experiments, depend on
the process of pions/muons production, the fraction of the pions/muons that escapes
from the target material, and the transport efficiency through the secondary beam line.
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The graphite target at MUon
Science  Innovative muon  beam
Channel (MuSIC) [10] of the Research - =i
Center for Nuclear Physics of Osaka ;j } f "
University (RCNP, Osaka) is located in
the capture solenoid magnet composed
of the super conducting magnets. The
maximum energy and the maximum A
current of the proton beam are 392 *'
MeV and 1.1 pA, respectively. The M \ .
length of the graphite target is 200 mm. GRINIHT) Ty 1 S -
Even if the graphite target is replaced oo _ e
with the SiC target with the Fig. 2. Comparison of _the graphite and the SiC
optimizations of diameter and location, targets at MLF, whose thicknesses are 20 mm. The

. upper figures are pions-stop-positions inside the
the number of pions/muons transported targets when 3 GeV protons are irradiated. Ranges

to the experimental area decreases by  of surface muons (4 MeV) in graphite and SiC are
10 percent in the Monte-Carlo  shown in the bottom figures.

simulation, PHITS [11]. On the

contrary, when the graphite target is replaced with the SiC target in the COMET target
[12] of the J-PARC, whose concept is similar to that of MuSIC, the number of
pions/muons transported to the experimental area increases by 30 percent due to higher
8 GeV energy of the proton beam.

In the case of Materials and Life Science Experimental Facility (MLF) of J-PARC,
pulsed muon beams are produced by using 3 GeV protons from the RCS. The muon
production target is made of graphite and its thickness is 20 mm. If the SiC target of the
same thickness is used, the number of pions that stop near the target surfaces increase
about two times as expected due to the increase of nucleon density. The upper two
figures of Figure 2 shows pions-stop-position distributions inside the graphite and SiC
targets when the 3 GeV proton beam is injected. The simulation was performed using
GEANTA4.10.3.p02 with a hadronic model of INCLXX_ABLA. Muons produced from
the stopped pions have to escape from the inside of the target, therefore muon range
inside the target is another important parameter for muon production efficiency and was
also simulated using GEANT4. The result is shown in the bottom of Fig. 2. The range of
surface muons (4 MeV) inside the SiC target is 1.4 times shorter than that of the
graphite target, and as a result, the surface muon production of the SiC target is 1.4
times more efficient.

DeeMe [13] is also an experimental search for muon-electron conversion at MLF.
The signal electrons from the muon-electron conversion in muonic atoms formed in the
muon production target are captured and transported to the spectrometer by the
secondary beam line. Because the conversion takes place inside the target on the proton
beamline, the efficiency strongly depends on the atomic number of the target material.
In this case, the efficiency of SiC is 6 times higher than that of the graphite target when
thickness of both targets is same [14].

Graphite SiC
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2.2 Oxidation resistance of NITE SiC/SiC

SiC exhibits two types of oxidation behavior: active and passive oxidation at high
temperature, depending on oxygen partial pressure. At low partial pressure, active
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oxidation that leads to some mass loss by gaseous SiO formation is observed and no
protective film is formed. On the other hand, passive oxidation characterized by mass
gain and oxide film formation is observed at high oxygen partial pressure. The silicon
dioxide film protects the surface of SiC, and thus results in excellent oxidation
resistance at high temperature [15]. Because NITE SiC/SiC is composed of
reinforcement fibers, matrix and pyrolytic carbon (PyC) as fiber/matrix interphase, the
oxidation behavior is different from that of pure SiC. Since the performance of NITE
SiC/SiC is concerned to degrade due to the oxidation of PyC interphase, it is necessary
to protect the PyC interphase. Therefore, the oxidation behavior of NITE SiC/SiC with
CVD (Chemical Vapour Deposition) -SiC coating was studied, and its high performance
was confirmed [16].

2.3 Residual radiation dose and radionuclides of NITE SiC/SiC

The target material is radlo actlvated by proton irradiation. In the case of NITE
SiC/SiC, the isotope of sodium, ’Na, whose half-life is 2.6 years, leads to high residual
radiation dose. The residual radiation dose of pure SiC or NITE SiC/SiC is 400 times
higher than that of graphite a year after proton irradiation. The handling of the irradiated
NITE SiC/SiC must be carefully considered for the actual operation. To validate the
evaluation through the Monte-Carlo simulation, a 392-MeV proton irradiation test of
NITE SiC/SiC was conducted at the NO beamline of RCNP, Osaka, on July 11 and 12,
2017 (E494 experiment). So far, since graphite is the most popular material for a
pions/muons production target, 1G-430U of TOYO TANSO Co. LTD [17] was
irradiated as reference material. NITE SiC/SiC includes some additives such as
aluminum, yttrium and so on. Pure SiC, manufactured by CVD, was also irradiated to
investigate the effect of the additives. The beam energy, the current, the duration time,
and the beam diameter are 392 MeV, 500 nA, 30-210 min. and about 4 mm, which was
measured by fluorescent profile monitor, respectively. The diameter and the thickness of
the samples were 10 mm and 0.75 mm, respectively. The maximal temperatures of
NITE SiC/SiC and CVD-SIiC during the irradiation was estimated to be 610 K and that
of the graphite was 510 K.

The residual radiation dose was sufficiently low that, one day after the irradiation,
the samples could be handled manually at Radio Isotope (RI) Building in RCNP. The
production of the radionuclides was anticipated through the Monte-Carlo code, PHITS.
Actually-obtained radionuclides by the irradiation were measured by the gamma-ray
spectroscopy using the high-purity germanium callbrated with a standard 2*Na source.
The measured values of the induced activity of *’Na generated in NITE SiC/SiC and
CVD-SIC were both 1.8 kBqg, and the calculated results using PHITS were 4.4 kBg. The
difference between the experimental value and the calculated value is considered to be
the fluctuation of the proton beam current, the measurement error, and the error of the
nuclear reaction model used for the PHITS calculation. The experiment and the
calculation agree with the factor, and it was confirmed that PHITS can accurately
evaluate the radiation induced by proton irradiation of 392 MeV.

2.4 Thermal shock resistance of NITE SiC/SiC

Highly-cyclic and volumetric heating with extremely short-time width is induced by
high-energy and pulsed proton beam. The temperature of the beam spot increases and
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the volume is constrained by the surroundings at low temperature. Consequently, the
compressive-to-tensile stress causes the propagation of the displacement. The wave
propagation could severely damage the target material. At first, the mechanical
properties of a pressure-less sintering SiC, SC-1000 of Kyocera Co. LTD [18] as typical
monolithic SiC material are compared with those of 1G-430U to simplify the discussion,
because the mechanical properties of NITE SiC/SiC depend on the structure and the
orientation of the composing fabric. The Young’s modulus of SiC is 440 GPa and that of
IG-430U is 11 GPa: SiC has 40-times larger Young’s modulus than that of the graphite.
The heat generated on SiC by the proton beam is 1.8 times higher than that on graphite
according to higher density. Because thermal stress is proportional to temperature
difference and Young’s modulus, the approximately 72-times stronger thermal stress on
SiC will take place than that in the case of graphite. The bending strength of SiC is 450
MPa, and that of the graphite is 59 MPa: SiC has 7.5 times larger strength than graphite.
This means SiC has almost 10-times larger risk than graphite in terms of thermal shock
[19].

NITE-SIC/SiC is expected to resist thermal shock because of the pseudo ductility.
However, the actual damage behavior must be confirmed because the pseudo ductility is
essentially based on a complicated destructive process. HiRadMat facility at CERN has
dedicated to the study of the impact of intense pulsed beams. On August 14 and 15,
2017, NITE-SIC/SiC was included in the HRMT-35 experiment that was including
several graphite material with or without functional coating. The beam energy was 440
GeV. The beam radius was ox= 0,=0.3 mm. The time width of one bunch was 25 ns. One
bunch included 1.2x10™ protons. 288 bunches irradiated the target material for one
position. After the irradiation test, slight damage with three stripe-lines, where the beam
was irradiated, was observed on the surface through the visual test taken by the
remote-controlled camera. After cooling of the residual radiation dose, further
post-irradiation examination was conducted. The results will be reported soon.

3. Conclusion

The feasibility study for NITE SiC/SiC as the target material for pions/muons
production is in progress. Compared with the graphite that is the principal target material
for pions/muons production, higher transport efficiency can be expected in some cases.
Moreover, NITE SiC/SiC has much higher oxidation resistance than graphite. However,
the residual radiation dose of NITE SiC/SiC irradiated by high-energy proton is 400 times
higher than that of graphite a year after the irradiation. To validate the simulation, the
samples made of CVD-SIC, NITE SiC/SiC and the 1G-430U were irradiated at RCNP,
Osaka University. Then the residual radionuclides of the irradiated samples have been
analyzed by gamma-ray spectroscopy using high-purity germanium detectors. To
understand the effect of highly-cyclic and volumetric heating with extremely short-time
width induced by high-energy and pulsed proton beam, NITE-SiC/SiC was included in
the thermal impact testing facility, HiRadMat at CERN. Further post-irradiation
examination will be reported soon.

In these studies, NITE SiC/SiC is proved to be a promising material for pions/muons
production with the higher transport efficiency and the oxidation resistance, though the
maintenance scenario has to be carefully designed due to higher residual radiation dose.
The thermal shock resistance and proton-irradiation resistance of NITE SiC/SiC will be
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confirmed to be applied for the pions/muons production.
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