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Many methods of plasma diagnostics in a fusion reactor (FR) require the use of so called first mirrors (FM) disposed
inside the vacuum vessel. One reason of FM degradation is the deposition on the FM surface of material eroded from
the inner components subjected to most intensive plasma impact, i.e., deposition of beryllium in the case of
experimental FR (ITER) with Be wall protection. Thus, in ITER only Be mirror can sustain its optical properties for
long time and in the present paper results are presented of the simulation experiments on some ITER environment
effects on FM made of Be. Namely, effects of bombardment by D ions on reflectance, R(A), in the A=220-650 nm range
was studied as modelling the impact of charge exchange atoms. It was found that with high ion energy (600-1350 eV)
the sharp drop of R(A), 5-20 %, rising with decreasing wavelength of reflected light, was observed after ion fluence
~10"ions/cm?. It was supposed that under deuterium ions the BeO surface film was transformed into the Be(OD), film
accompanying by changing the refraction and extinction indices of the film, as was registered by ellipsometry
measurements. Effects of ion energy and ion fluence variation on R(A) of Be mirrors are discussed in detail.
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INTRODUCTION In this paper we give the description of some results
obtained in simulation experiments provided with an aim
Spectroscopic and laser methods of plasma  to get data on behavior of samples of Be mirrors subjected
diagnostics in a fusion reactor (FR) and optical methods  to bombardment by ions of deuterium plasma.
of controlling the state of FR inner components, require to

use the first mirrors (FM) disposqd insidg .th.e vacuum Be film on Cu

vessel. The FMs have to maintain the initial optical 100 —m——— — — ———
properties during the time comparable with whole FR - J—
operational time. The FM longevity will depend on the 90 | // Cu-
resistance to main damaging factors: neutrons and charge 32 i / ]
exchange atoms (CXA) resulting in volumetric swelling iy 80 - / 1
and sputtering, what increases the mirror surface g 70t 5nm. ]
roughness. The optimal choice of FM material is an actual s \ / '53' ]
problem of plasma diagnosing in FR, which is being o 60 | v\ T o ]
solved by providing simulation experiments. One more &= in —— —r Be—]
reason of FM degradation is the deposition on the FM &’ 50 RN e '0: = o .o
surface of material eroded from the inner components 40 L el A #-59-‘53"5} o -20nnr:
subjected to most intensive plasma impact. In the case of T~ ]
ITER FEAT the highly probable deposit on the FMs for _
the core plasma will consist of beryllium because a 200 300 400 500 600 700
beryllium is chosen as the first wall material. If deposit Wavelength, nm

grows with time, beryllium as a material for fabrication of
FMs would have definite advantages compare to other
metals. This is because, according to calculation, only
~20 nm thick Be film coating transfers mirror of any
metal into mirror with optical properties close to ones of a EXPERIMENT
bulk beryllium, as seen from Fig.1 where results of As plasma source a cw Electron Cyclotron
calculation are shown for reflectance of Cu mirrors with ~ Resonance (ECR) discharge in deuterium at the frequency
Be film of different thickness. Thus, due to re-deposition 2.37 GHz was sustained inside the stainless steel vacuum
of eroded beryllium, the optical properties of in-vessel Be ~ chamber placed into a double-mirror type magnetic field.
mirrors would be self-sustained for long time duration. Typical plasma parameters at ~400 W UHF power:
The absolute reflectance of clean Be mirror is close ~ e~10" cm™ and T ~5 eV. The water-cooled holder with
to reflectance of molybdenum and tungsten and rather ~Be mirror samples was placed into the plasma stream

weakly depends on the wavelength in the range 200-700  flowing out of the magnetic trap and kept under a fixed
nm [1]. negative voltage in the range of 0.02-1.35 keV. The

samples were exposed to ion bombardment (with ion

Fig. 1. Effect of Be film coatings (5 and 20 nm thick) on
reflectance of Cu mirror compare to bulk Be mirror
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current density ~1 mA/cm?) step by step with every step
duration from several minutes to one hour.

After every sample exposure the following
characteristics were measured ex sifu: the reflectance at
normal incidence (wavelengths A=220-650 nm), the
resolving power in visible, the optical indices of the
surface film (by ellipsometry at A=632.8 nm), the surface
structure (by means of scanning electron microscopy),
and the mass loss (accuracy ~20 Hg) for controlling the
erosion rate due to ion sputtering. The Be sample
nomenclature included samples of TGP-56, TShP-56,
HIP’d spherical powder, cast beryllium, Be film on quartz
and Cu substrates.

RESULTS AND DISCUSSION

The strongly different dependences of spectral
reflectance, R(A), on ion energy were found. For low
energy (20-70 eV) ions most frequently the increase of R(
M) was registered, probably due to cleaning the surface.
For much higher ion energy (0.2-1.35 keV) the sharp drop
of R(A), 5-20 % absolute, rising with decreasing
wavelength of reflected light, was observed for all
samples tested after ion fluence ~10'%ions/cm® [2]. The
further increase of ion fluence did not result in additional,
comparable in value, decrease of R(A). Because there was
not registered any mass loss of Be samples after such
small fluence at the initial stage of bombardment, the
sharp drop of Be mirror reflectance without any sputter
erosion has to be rated exclusively as the surface effect
due to impact of D ions. The most probable surface
process can be a partial transformation of the BeO film,
covering the Be sample, into a Be(OD), film [3]
according to reaction:

2BeO + 2D 0 Be(OD), + Be + 0.7 eV/D.

This process is accompanied by changing the
refraction and extinction indices of the film, as
ellipsometry measurement showed. Namely, it is known
from [4] that the extinction coefficient, k, of BeO is near
zero, but after D ion bombardment, for the modified film
k=0.1 was measured at A=632.8nm.

The Be hydroxide film is known to disintegrate
slowly at room temperature, and the rate of disintegration
can be accelerated with increasing temperature. In our
experiments the annealing in vacuum of exposed Be
samples at ~300°C during ~2 hours significantly canceled
the effect of BeO layer transformation due to D ion
bombardment, i.e. after annealing the reflectance of Be
mirror was partly restored.

The decrement of sharp drop of Be mirror
reflectance rises with increasing D' ion energy. As an
example, Fig. 2 shows the experimental data on variation
of decrement of the reflectance, i.e. AR=(Rg-Ry) for three
wavelengths (R is reflectance before ion exposure and Rg
- reflectance after bombardment by ions with energy E)
for the same Be sample exposed to ions of different
energy. The time of every exposure was 10 min, and after
each exposure the reflectance was restored using a
procedure described below. It is seen that the decrement
rises with increasing ion energy but trends toward
saturation. Such behavior of AR(E) can be explained by
differences in thickness of transformed layer at different
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ion energy. The small energy ions have the short mean
projected range in the BeO film and correspondingly a
thin BeO outer layer is transformed into the hydroxide
film. With increasing ion energy the thickness of
hydroxide layer rises due to increase of the mean range of
D" ions inside the oxide film and thus the portion of
transformed oxide layer also grows. Fig. 3 shows the
energy dependence of the calculated mean range of
deuterium ions in a BeO environment. From data of Fig. 2
the energy of ions when the reflectance drop (after 10-min
exposure) trends to saturate can be evaluated in the limit
1.2-1.5 keV. The comparison of Fig. 3 data with results of
Fig. 2 gives the approximate thickness of the oxygen
containing layer in the range ~20-25 nm what looks quite
reasonable.
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Fig. 2. Drop of Be mirror reflectance at indicated
wavelengths after 10 minute exposure to D ions with
energies indicated along horizontal axis
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Fig. 3. The energy dependence of projected range of D
ion in the BeO environment

To support the hypothesis that the initial sharp drop
of Be mirror reflectance is only a surface effect and does
not relate to surface microrelief modification, we repeated
several times the operations leading to sharp degradation
of reflectance and following operations resulted in
restoration of R(A\). The corresponding data are presented
in Fig.4. Here the dynamics of reflectance at 220 and 650
nm of one Be sample at different repeated procedures is
presented: (1) — 10min bombardment by D" ions with
energy 1.35keV, (2) — annealing in vacuum during 2



hours at temperature between 100-200 °C, (3) — long-time
bombardment by D ions of 70eV energy.

It is seen that the Be mirror reflectance, being
sharply dropped after a short exposure (10 min) to high
energy ions, can be significantly restored by combination
of annealing in vacuum (1-2 hours) and by long-term (up
to several hours) bombardment with low energy D ions
(in different experiments the energy of low energy ions
was: 20, 60, or 70 eV). As evident from Fig. 4, the
exposure of Be sample to low energy ions, after its
reflectance dropped due to high energy (1.35 keV) ion
bombardment, is more effective for reflectance restoration
than annealing at temperatures 100-200 °C. The
mechanism of this low energy ions effect is not clear yet
and requires additional investigations. Nevertheless, this
fact allows to hope that in a fusion reactor with low
energy CXA fluxes considerably exceeding high energy
CXA fluxes [5], similar effect will counteract a
reflectance degradation of Be mirrors.
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Fig. 4. Behavior of Be mirror reflectance at two
wavelengths after: (1) 10 min. bombardment by 1.35 keV
energy D ions, (2) annealing at 100-200°C (2 hours),
and (3) bombardment by 70 eV energy D ions (15-90
min)

With much longer time of Be samples exposing to
1.35 keV D" ions the effect of surface modification
becomes apparent, and it is strongly depended on the
initial structure of mirror material. In Fig.5 such data, i.e.,
reflectance at 650 nm as a function of exposure time, are
shown for 4 samples with their types indicated in the
insert. For all samples the sharp drop of R takes place
after a few minute exposure. Later on the R value
decreases much slowly or does not change at all. The
fastest degradation showed the Be sample pressed of
practically spherical grains and the lowest — the Be
samples fabricated as Be film on the Cu substrate, Fig. 5.
According to estimation, the latter sample continued to
maintain a good resolving power after the layer of ~2um
thick was eroded due to ion sputtering.
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Fig.5. Dependence of reflection for mirrors fabricated of

different kind beryllium on exposure time to ions of
deuterium plasma with 1.35 keV energy

CONCLUSION
1. The strong effect on reflectance in UV and Visible
parts of spectrum was found for Be mirrors subjected to D
ion bombardment. The effect depends on the D ion
energy, probably due to difference of D ion ranges inside
the upper BeO layer.
2. The effects of reflectivity change is hypothesized to be
due to partial transformation of the BeO layer into a
Be(OD), film.
3. The annealing in vacuum of Be mirrors exposed to D
ion bombardment reveals in partial restoration of
reflectance probably due to backward disintegration of
Be(OD), film. A significant reflectance restoration was
observed after Be mirror with transformed top layer was
exposed to low energy D" ions (20-70eV).
4. The long-term effect of high energy D ion
bombardment on Be mirror reflectance does strongly
depend on the initial structure of material and is probably
connected with surface morphology modification.
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IMEPCIIEKTUBA 3ACTOCYBAHHSI I3EPKAJI 3 BEPWJIISI B PEAKTOPI CIHTE3Y 3
IEPIHIOIO CTIHKOIO 3 BEPUJITIO

A.®. Bapoamio, A.1. bensaesa, B.H. bouoapenuxo, H.I'. Enicmpamos, A.A. I'any3a, B.I'. Konoeanos, M. Hacayy,
H.B. Pusxckos, A.H. Illanosan, A.®. IlImans, C.HU. Conooosuenxko, A.A. Bacunves, B.C. Boityens, A.M. 3umin

Bbararo mMeToiB AiarHOCTHKHM IUTa3MU B peakTopi cuHTe3y (PC) BHMararoTb BUKOPHCTaHHS TakK 3BAHHUX MEPIINX
m3epkan (I1J]), po3ramoBaHux y BHYTPIITHIA YacTHHI BaKyyMHOI kamepu. OxHa 3 npuunH aerpaxamii [1]] - ocamkeHHs
Ha moBepxHi [1]] Matepiamy epo3ii BHYTpIIIHIX KOMIIOHEHTIB, IO MiAIaBATNCh HAWOUIBII IHTCHCUBHIH TUTa3MOBIH 1il,
TOOTO, Oca/ukeHHs Oepwiito y Bunanky excrnepumenrtanbHoro PC (ITER) i3 3axucrom crinku 3 Be. Takum unHOM,
tinekn B ITERI m3epkano 3 Be moxe 30epiratn onTHYHI BIACTUBOCTI MPOTSATOM JOBrOTO 4acy, 1 B HaBeJeHil poOoTi
Hpe/ICTaBIICH] pe3yIbTaTH SKCIIEPUMEHTIB MOJIelltoBaHHs esikux edekriB cepenonuma ITER ms [1]], BurorosieHoro 3
Be. A came, BB GombapayBanHs ioHamMu D Ha koediuieHT BimoOpakenHs, R(A), y miamazoni A=220-650 uwm
BUBYABCS Y paMKax MOJIEJi YAapHOrO BIUTUBY aToMiB nepe3apsipkeHHs. [Ipu Bucokux eneprisix ioHiB (600-1350 eB)
Oyno BusiBiicHe pizke 3HKeHHS R(A), 5-20 %, 3pocraroue NMpu 3MEHINEHHI JOBXHHU XBHII BiIOWUTOrO CBIT/A, SIKE
croctepiranoch micns ¢uroenca ionis ~10" iomis/cm’. IlepemGavanocs, mo Imix mi€lo iOHIB AEHTEpir0 MOBEPXHEBA
mwriBka Be 6yna meperBopena Ha Be(OD), miiBKy, 0 CyNpoOBOIKYBaJIOCh 3MiHOIO IMOKA3HUKIB pedpakiii i SKCTHHKIIT
IUTIBKH, K OyJI0 3apeecTpoBaHO BUMipaMmu mirncomerpii. JlokaamHo oOroBoproBaioCch BILUTUB CHEPTii 10HIB i Bapiamiid
¢umoency ioniB Ha R(A\) Be m3epkana.

NEPCIIEKTUBA UCIIOJIb30OBAHUS 3EPKAJI U3 BEPWIJIUS B PEAKTOPE CUHTE3A C
MNEPBOM CTEHKOM U3 BEPULJIUST

A.®. Bapoamuo, A.U. Bensesa, B.H. bonoapenxo, H.I'. Enucmpamos, A.A. I'any3a, B.I'. Konosanos, M. Hazauy,
HU.B. Pouckos, A.H. Illanoean, A.®. IlImans, C.H. Conooosuenxo, A.A. Bacunwves, B.C. Boituens, A.M. 3umun

MHorue MeToJbl THarHOCTUKH ILTa3Mbl B peakrope cuHTe3a (PC) TpeOyloT MCronb30BaHHS TaK Ha3bIBAEMBIX
niepBbIxX 3epkai (I13), pactonoskeHHBIX BO BHYTPEHHEH yacTh BakyyMHON Kamepsl. OnHa u3 npuyuH Aerpagammu 113 —
OocaxkJieHWe Ha mnoBepxHocTH [I3 Marepuana »>po3uM BHYTPEHHMX KOMIIOHEHT, IIOJBEpPraBIIUXCS HauOoee
WHTCHCUBHOMY BO3JICHCTBHIO ILIa3Mbl, TO €CTh, OcaxxaeHue Oepuwuins B skcnepumentansiom PC (ITER) ¢ 3amuToit
crenkd 3 Be. Takum o6pazom, Tonbko B ITERe 3epkano u3 Be MOXeT cOXpaHATh ONTHYECKHE CBOHCTBA B TEUCHHE
JOAroro BpeMeHH. B nmaHHON paboTe mpeacTaBieHBl pPE3yNbTaThl SKCIEPUMEHTOB MOJEIMPOBAHUS HEKOTOPBIX
a¢¢exros BrusHUA cpeasl ITER ma I13, uzrotoBnennoe u3 Be. A mMmeHHo, BnusHMEe O0MOapanpoBku moHamu D Ha
Koo ument orpaxkenus, R(A), B anamaszone A=220-650 HM H3y4asoCh B PaMKax MOJEIH YIapHOTO BO3IECHCTBHS
aTomoB niepe3apsiaku. [Ipu Beicokux 3Heprusix nonos (600—1350 3B) Obu10 06HapyX)eHO pe3koe cHmkenue R(A), 5-
20%, Bo3pacTarolee Mpy yMEHBIICHUH JUTMHBI BOJIHBI OTPa’KEHHOTO CBETA, KOTOPOE HAOII0JaIoCh TOCie BO3ACHCTBIS
(umoenca nonos ~10" nonor/cm’. Tpeanonaranock, 4To Mo JAeHCTBMEM HOHOB JIEHTEPHs OBEPXHOCTHas MiieHka BeO
npeodpazoBanack B Be(OD), 1uieHKy, 4TO CONPOBOXAAIOCH M3MEHEHHEM II0Ka3arelied pedpakiMu W SKCTHHKIHMN
IUIEHKH, KaK ObUIO 3aperucTpUpOBAHO W3MEpEHUs MU diuiuncoMerpud. [1ogpoOHO 00CYXIanoch BIMSHHE SHEPIUU
HOHOB U Bapuaruii ¢uroerca nonos Ha R(A) Be 3epkarna.
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