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The surface of molybdenum changes significantly after the proton irradiation process. The sputtering of the
surface leads to a substantial cleaning of oxides. It is also possible to reduce oxides in a hydrogen plasma. The
surface of molybdenum becomes more uneven with the manifestation of the fine structure after treatment.
Molybdenum is sputtering at the rate ~ 0.1 um/hour at the temperature of 300 °C and an ion current density
~ 1.5 mA/cm? The hydrogen content near the surface of molybdenum practically does not increase after irradiation
with protons. The content of hydrogen in molybdenum does not change in depth, it is constant before and after
irradiation. Molecular hydrogen is not observed in the both samples. The masses numbers of metal atoms is
observed, which are part of the stainless steel (12X18N10T) from which the substrate holder is made.

PACS: 52.40.Hf

INTRODUCTION

The research of non-magnetic materials and their
alloys with high melting points and low hydrogen
sorption is one of the most important problems facing
the developers of fusion devices.

In comparison with traditional power plants,
materials in nuclear and especially in thermonuclear
plants operate in much more difficult conditions [1, 2].
When neutrons and protons irradiate the first wall of a
thermonuclear reactor, they are transformed into atoms
of hydrogen. An increase in the diffusion of hydrogen
atoms into the depth of the material occurs at elevated
temperatures (up to 150 °C), high (~ 800 °C) and
especially ultrahigh temperatures (more than 800 °C).
This reduces corrosion resistance. As a result of
interaction with the material of investigation sample, the
protons are converted to atomic hydrogen, which leads
to gas sputtering and the appearance of hydrogen
brittleness of materials.

Also important carry out investigations of structural
materials that will be in contact with thermonuclear
plasma and should be as inert as possible with respect to
it. Molybdenum is one such material. It has a melting
point 2896 K (boiling point 4912 K), high resistance to
deformation and a small cross section for the capture of
thermal neutrons. Therefore, molybdenum was chosen
as one of the materials for research the interaction of
low-energy protons with it.

EXPERIMENTAL RESULTS AND
DISCUSSION

The proton irradiation was carried out on a
modernized source of ions at an RF discharge 5.5 A, a
negative bias voltage 260V [3, 4]. Treatment was
carried out for 11 hours, the temperature of additional
heating was 300 °C, the working pressure in PCR was
0.13 Torr, magnetic field intensity 2.5-10* A/m, the
average energy of protons was 260 eV and the ion
current density was 1.5 mA/cm?.
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The research of the surface were carried out on the
optical microscope after irradiation with molybdenum
protons. The surface of molybdenum changes
significantly after the irradiation process. The sputtering
of the surface leads to a substantial cleaning of oxides.
It is also possible to reduce oxides in a hydrogen
plasma. The surface of molybdenum becomes more
uneven with the manifestation of a fine structure after
treatment (Fig. 1,a,b). The molybdenum is sputtering at
the rate ~ 0.1 pm/hour at the temperature 300 °C and an
ion current density ~ 1 mA/cm?.

Fig. 1. Microscopic photograph of the structure of the
molybdenum surface before treatment (a) and after
treatment with protons (b) (distance between marks

10 um)
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The comparative research of the mass spectra of the
processed and untreated samples in the mass range
m/z = 1... 250 atomic mass units (amu) were carried
out. The samples were sputtering with argon ions with
an energy of 500 eV with a primary ion current 4 mA.
The analysis is based on the INA-3 instrument with a
common ion-optical system, which uses a quadrupole
mass analyzer. More detailed features of the methods of
obtaining and processing of secondary ion mass spectra
shown in [3].

Fig. 2 shows the secondary mass spectra obtained
before and after irradiation a sample with protons (in the
range 90...120 amu). Molecular hydrogen is not
observed in both samples. The seven isotopes of Mo are
separated, and as many of its oxides and dioxides with
amplitudes of 20 and 2000 times smaller. The masses
numbers of metal atoms is observed, which are part of
the stainless steel (12X18N10T) from which the
substrate holder is made. The peaks of the three isotopes
of silicon are increasing, since the part of the sample
was covered with a silicon wafer during treatment. The
number of lines on the mass spectra has drastically
decreased when replacing a stainless steel substrate
holder with an aluminum substrate holder, which greatly
facilitated the processing of spectra (Fig. 3).
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Fig. 2. The comparative secondary ion mass spectra of
molybdenum surface before and after irradiation with
260 eV protons, at the temperature of 300 °C (circles
indicate the masses before irradiation, asterisks after
irradiation with protons)

The amount of impurities on the surface of
molybdenum and their oxides substantially decreases,
which significantly facilitates the processing of
secondary ionic mass spectra with using duralumin
substrate holder. This is due to the fact that aluminum
has only one isotope and the alloying elements are
copper (4.4 % has 2 stable isotopes), magnesium (1.5%,
3 isotopes) and manganese (0.6 %, 1 isotope). The
seven impurity isotopes are manifested in the spectra
from the duralumin substrate holder. The aluminum
emissions in the form of individual droplets arise on the
surface of molybdenum during the combustion of the
discharge on such a cathode.

The research of the distribution of many impurities
over the depth of the molybdenum sample were carried
out. In Fig. 4 shows the results of the distribution of
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impurities of hydrogen, oxygen, chromium and
aluminum over the depth of the molybdenum sample
before and after its treatment with protons.
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Fig. 3. The SIMS mass spectrum of molybdenum with
using the duralumin holder
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Fig. 4. The distribution of some materials by depth in
molybdenum (a — before irradiation; b — after
irradiation with protons)

The depth distribution of atomic hydrogen in a
sample of molybdenum is almost uniform before and
after proton irradiation. Moreover, the amount of
hydrogen after irradiation becomes three times less than
before irradiation with protons. The amount of
impurities of oxygen, chromium and aluminum
increases of two orders of magnitude on the surface of
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molybdenum after irradiation. This indicates their
reprecipitation on the surface after sputtering from the
substrate holder. The hydrogen content near the sample
surface practically does not increase after molybdenum
is irradiated with protons.

The depth distribution of other impurities behaves
similarly to the above (Fig. 5).
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Fig. 5. The depth distributions of individual materials
after molybdenum treatment with protons (holder of
stainless steel substrates)

The distribution of individual masses over the depth
of penetration into the samples during their sputtering
with a beam of argon ions up to 1200 s (to a depth of
2 um) was also investigated (see Fig. 3). The research
were conducted on the depth of H, O, Al, Cr, Mo, Ta,
Nb, Al, Cu, etc.

In Fig. 6 shows the results of the distribution of
several impurities in depth with using the holder of the
substrate of duralumin.
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Fig. 6. The distributions of molybdenum, hydrogen,
oxygen, and other impurities in depth with using a
duralumin substrate holder

The similar pattern is observed, but the deposition of
impurities on the surface substantially increases. The
molybdenum and hydrogen are distributed almost
evenly from the surface itself. Other impurities are
distributed mainly on the surface, which indicates their
reprecipitation from the surface of the substrate holder.
In the case of aluminum, chromium, iron and calcium,
their amount on the surface increases by three orders of
magnitude compared with their amount in molybdenum
itself.

CONCLUSIONS

The content of hydrogen in molybdenum does not
change in depth, it is constant both before and after
irradiation. The surface of molybdenum changes
significantly after the irradiation process. The sputtering
of the surface leads to a substantial cleaning of oxides.
The surface of molybdenum becomes more uneven with
the manifestation of a fine structure after treatment. The
molybdenum is sputtering at the rate ~ 0.1 um/hour at
the temperature 300°C and an ion current
density ~ 1.5 mA/cm®. Molecular hydrogen is not
observed in the both samples. The masses numbers of
metal atonmass, m/z  d, which are part of the stainless
steel (12X18N10T) from which the substrate holder is
made.
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OCOBEHHOCTH B3AMMOJIENCTBHS HU3KOHEPTETUYHBIX TIPOTOHOB
C TIOBEPXHOCTBIO MOJIMBAEHA

0.A. @edoposuu, B.B. I'naokoeckuii, b.I1. Ilono3zoe, .M. Boiimenko, E.I'. Kocmun, A.A. Poxuukuii,
A.C. Odepemox

HOBerHOCTB MOJ'[I/I6,Z[€Ha 3HAYUTCJIBbHO H3MCEHACTCA IIOCJIE ITpolecca 06J'Iy‘{CHI/I$I MpOTOHAMMU. HpOI/ICXOIlI/IT
CYHIECTBEHHAA OYUCTKAa TOBCPXHOCTU OT OKCHUAOB H3-3a PACIBUICHHUA TTOBECPXHOCTHU. Bo3moxkHO Takke
BOCCTAHOBJICHUEC OKCHIOB B BO)lOpO,Z[HOﬁ ia3me. HOBerHOCTB MOJ'II/I6I[CH3. IocCJIec O6pa6OTKI/I CTaHOBHTCS Ooiiee
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HEPOBHOU C TPOSIBJICHHEM MEIKOH CTPYKTYphI. [IpOUCXOIUT pachbuieHHe MOJIHOIEHa CO CKOpocThio ~ 0,1 MKM/4
npu temmeparype 300 °C ¥ IUIOTHOCTH HOHHOTO TOKa ~ 1,5 MA/cM?. CofepaHne BOZOPOAA BOIM3H TOBEPXHOCTH
obpa3ma mociie 00Iy4eHHs MOJIMOJeHa NPOTOHAMHU IMPAKTHYECKH He yBenmdmBaercs. ConaepikaHue BOIOPOAa B
MOJIHO/IeHE IO TIIyOWHE HE MEHSETCS, a SIBJISETCS MOCTOSHHBIM KaK 0 OOJydeHHUs, TaKk ¥ mocie. MojeKynsapHbIi
BoJIopo He Habmomaercs B obomx oOpasmax. Pasmemsrorcs 7 m3oTomoB Mo W CTOJNBKO XK€ €ro okcuaoB. Ha
moBepxHOCTH Mo mocie o0paboTKU HaOMIOaeTcsl P Macc aroOMOB, MPHHAAJICKANIMX MaTepuany IepiKaTels
MOAJTIOKKH u3 Hepxkasetouieit cranmu (12X18H10T) (u3oromsr Cr, Fe, Ni, Ti, Mn u np.). HaGmonatotest takxke
W30TOIBI JPYTHX HPUMECEH, KOTOphIE MOTYT NEPepacHbUIIThCS C AEpKaTeNs IOJUIOKKH M KPEMHHUS, KOTOPBIM
MIPUKpBIBaeTCs He0OpabaThIBaeMbIll y4acTOK 0Opasua.

OCOBJIMBOCTI B3AEMO/IIi HU3bKOEHEPTETUYHUX MMPOTOHIB 3 IOBEPXHEIO
MOJIIBJIEHY

0.A. ®edoposuu, B.B. I'naokoscvkuii, b.11. Ilonozoe, .M. Boiimenxo, €.I. Kocmin, O.A. Poxuyskuil,
0.C. Obepemox

IToBepxHs MOMiOAEHY 3HAYHO 3MIHIOETHCSA TICIS TPOIECY ONMpOMiHEHHS. BinOyBaeThcsl iCTOTHE OYHMICHHS
MTOBEPXHI B OKCHIIB depe3 pO3MHIICHHS MOBEPXHi. MOXIIMBE TaKOX BiTHOBJICHHS OKCHAIB y BOIHEBill IUIa3Mi.
IMoBepxHsi MomiOAcHY micias OOpOOKK cTae OLIBII HEPIBHOI 3 MPOSBOM APIOHOT CTPYKTypH. BimOyBaerhes
posmnopotieHHs Momnioaeny 31 mBuakictio ~ 0,1 mxm/ron npu temmeparypi 300 °C i miIBHOCTI 1OHHOTO CTPYMY
~ 1,5 MA/cM%. BmicT BOJHIO MOGNH3Y MOBEPXHI 3paska MiC/s OMPOMIHEHHS MONIGAEHY MPOTOHAMH MPAKTHYHO HE
301TBIIYEThCS. BMICT BOHIO B MOJTIO/ICHI 32 TJIHOWHOIO HE 3MIHIOETHCS, @ € MOCTIHHUM SK JI0 ONPOMIHEHHS, TaK i
miicasi. MoJiekyJsipHUI BO/IEHb HE CIIOCTEPIraeThesi B 000X 3paszkax. Po3ainstorscst 7 i30ToniB Mo i CTUIBKH K HOTO
okcuniB. Ha moBepxni Mo micns 0OpoOKH criocTepiraeThCs psil Mac aTOMIB, SIKi HaJeKaTh MaTepially yTpuMyBada
migknaaky 3 Hepkasirouoi ctami (12X18H10T) (i3otomu Cr, Fe, Ni, Ti, Mn i in.). CrocTepiraroTbcsi TAKOK 130TOMH
IHIIUX JOMIMIOK, SIKi MOXYTh IEPEepO3NMWIATHACS 3 TpUMada INHIKIATKA 1 KPEMHII0, SIKHM MPHKPUBAETHCS
HeoOpoOIroOBaHa JiNITHKA 3pa3Ka.
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