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The optical methods with the use of in-vessel first mirrors (FMs) are expected to occupy an important place in the
diagnostic complex of the future fusion reactor ITER. As the surface of FMs will be subjected to physical sputtering by
high-energy D and T charge-exchange atoms, this can lead to a decline in the initial FM reflectance. The second factor
of FM reflectance deterioration is the redeposition of contaminants on the mirror surface. In the paper, optical indices
and thickness values of the films deposited on Mo and SS mirrors in the tokamak TRIAM-1M as well as on SS and Cu
mirrors in the torsatron URAGAN-3M were studied by ellipsometry at the wavelength 2=632.8 nm. The spectral
reflectance at normal incidence of light for all the samples was measured in the wavelength range A=253-650 nm. The
optical parameters of TRIAM-1M films were determined as the film was progressively removed by deuterium plasma

ions in the stand DSM-2.
PACS: 52.40.Hf, 52.55.Hc, 52.77.Bn, 78.20.Ci, 78.68.+m

1. INTRODUCTION

The future fusion reactor (ITER) is to be supplied with
a diagnostic complex, where the extensive use will be
made of optical methods with first mirrors (FM) as the
most responsible elements. The FM surface can be eroded
due to physical sputtering by charge-exchange atoms (D
and T) of mean energies up to several hundreds of eV,
that diminishing the initial reflectance of FM. This paper
is concerned with the second factor of the reflectance
deterioration, namely, the occurence of a contaminating
film on the FM far from the plasma [1]. The film is a
consequence of redeposition of eroded material inside the
vacuum vessel or volatile impurities coming close to the
FM. The optical characteristics of films on Mo, SS
(stainless steel) samples of the mirrors exposed in the
tokamak TRIAM-1M (Japan), and also of the films on SS,
Cu samples exposed in the torsatron URAGAN-3M
(Ukraine) were investigated along with the studies of the
most probable places of films deposition.

2. PROCEDURES AND MEASUREMENTS

The basic device for experiments with mirror samples
is the stand DSM-2 with low-temperature deuterium
plasma created in a stationary ECR discharge [2]. The
procedure of gradual removal of the film from the sample
by positive ions of plasma was used. The ion energy e&;
was fixed in the range 15-200eV. The ions are
accelerated to the sample by the negative potential
applied to the sample holder in the stand. The ions attain
the energy €~15 eV at the floating potential of the holder.
The dimensions of samples were 22x22x4 mm. The ion
current density to the sample was 0.3-2.0 mA/cm?, the
duration of one stage of film removal varied from 3 to 20
min.

The spectral reflectance R.n(A) of the samples was
measured at normal incidence of light in the wavelength
range A=253-650 nm. The film thickness d and the
complex optical index 7#;=n—ik at A=632.8 nm were found
using the ellipsometer LEF-3-M1 [1]. The optical para-

meters were measured ex-situ at the following
moments. 1) After removal of the residual film from the
sample, before its placement into the vessel (initial level).
The indices 7s of all cleaned samples were determined at
A=632.8 nm. 2) After film deposition on the sample in the
device and the extraction of the sample (exposed level, or
stage #0). 3) After a single-stage complete removal or
after each stage of step-by-step removal of the film in
DSM-2.

For the samples from TRIAM-IM the optical
parameters Rm(A), d, 7L, AiLs were measured at the initial
and exposed levels, and also, after each stage of the step-
by-step removal. For the samples from URAGAN-3M,
the same parameters were measured at the initial, exposed
levels and after the single-stage removal.

3. THE FILMS DEPOSITED IN TRIAM-1M

In the tokamak TRIAM-IM  (R¢=0.84m,

axb=0.12x0.18 m, B=6-7 T, Pre=10-300 kW, n.~(0.1-
4.0)x10" m™ [3]) the contaminating films were deposited
onto one Mo sample and onto three out of four SS
the vacuum vessel,

samples exposed in in one

experimental campaign.
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Fig. 1. Film removal from Mo and SS#1 samples. The
arrowed dashed lines are drawn to the indices of the
clean mirror
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The film removal from the Mo sample as well as the
reflectance Rm(A) recovery were not attained at &=15 eV.
They occurred at =60 ¢V, starting with stage #3, as is
shown in Fig. 1. The saturation of R()) began from stage
#8. The closest approach to the initial R,(A) and to the
index 7i.s of the clean sample was achieved at stage #10.
At stages # 0 to 7 the average index of the film on the Mo
sample was 7 ,,=2.15-i0.14, which was close to the index
71=2.02—i0.08 of a-C:H film [4]. By analogy with the Mo
sample, the cleanings of other samples were performed
(Tables 1 and 2). The sample SS#2 had traces of a film,
which were easily removed. The films on samples SS#1
and SS#3 could be removed completely only at
€=200 eV, and on SS#4 — at =100 eV, because the films
were more resistant, than on the Mo sample, for which
€=60 eV was sufficient for film removal. The films on
samples SS#1, #3 and #4 had atypical higher extinction
coefficients k than those of a-C or a-C:H films [4].

Table 1. Stage numbers (#), at which the reflectance
R.(2): S — starts to recover, H— saturates almost up to the
initial value, I — becomes the closest to initial. The energy

&, (eV) is given in parentheses

Sample S H 1
Mo #2 (60) #8 (60) #10 (60)
SS#1 | #7 (100) #9 (200) # 10-12 (200)
SS#2 | #1 (~15) #1 (~15) #2 (~15)
SS#3 | #5 (100) #7 (200) #8 (200)
SS#4 | #1 (~15) | #9-12 (100) #13 (100)

Table 2. The film parameters: d — maximal thickness,
fiLq — averaged index, t - time of complete removal. The
averaging stages are shown in parentheses

Sample d, nm AL ay t, min
Mo 27 2.15-i0.14 (# 0-7) 60
SS#1 11 2.80—i1.60 (# 0-8) 60
SS#2 traces almost clean SS 6
SS#3 5 2.65-i2.50 (# 0-6) 29
SS#4 16 2.22-i1.90 (# 0-8) 68

4. THE FILMS DEPOSITED IN URAGAN-3M

At pulse operation in the torsatron URAGAN-3M
with hydrogen plasma (=3, m=9, Ry=1 m, @ =0.12 m,
B=0.7 T), the line-averaged electron density 7, attains

~10"” m, the electron temperature in the plasma core
T.(0) does not exceed 300—400 ¢V [5]. The SS and Cu
samples were regularly exposed in operational and
cleaning regimes, during annual experimental campaigns
(2002-2007). The samples were installed on the helical
coils and sidewall flanges of the diagnostic ports. The top
view of the vessel for all campaigns is shown in Fig. 2.
The thickest opaque film having 7 =1.88-i0.8,
d>200 nm was deposited in 2002 on the SS sample placed
horizontally on the coil, at a distance of ~0.1 m, ccw from
RF antenna Nel (Fig.2). In 2004, only samples SS#I,
SS#2, Cu#2, Cu#4 showed a decrease in the reflectance
Rum()), but the other 8 samples kept it up (Fig. 2). Sample
Cu#4 was placed on the coil in section “b4”, at a distance
of ~0.09 m, ccw from RF antenna Ne2, at a distance of
Lsx~0.1 m from the plasma separatrix. The sample be-
came coated with a strongly absorbing film having #
1=2.14-i0.38, d=~24 nm. As a result, after the exposure the
reflectance dropped significantly, e.g., the decrement

amounts to AR;=-13.6 % at A=300 nm and AR,=-34.5 %
at A=632.8 nm, as is shown in Fig. 3. The values of de-
posited film thickness were maximal near the both anten-
nas.
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Fig. 2. Positions of samples SS # 15 and Cu # 1-7 in
URAGAN-3M in 2004 (top view),
1 — monochromator, 2 — diagnostic port with a window

The sample SS#1 was fixed vertically on the flange in
section “E3”, at a distance of Lsx=1.5 m. It was coated
with a thin, weakly absorbing film, having 7;=2.22-i0.08,
d=11 nm. The decrements of reflectance for this sample
were AR=-19.5 %, AR,=-5.9 % (Fig.3). For samples
SS#2 and Cu#2 the decrement values AR;=-3.8 %,
AR=-4.4 % and AR=-4.7 %, AR,=-7.9 %,
correspondingly, were probably the result of an apparent
layer, which had appeared after bombardment with high-
energy charge-exchange atoms from plasma. The former
sample was fixed vertically on the coil in section “A8”,
with Lsx~0.1 m, and the latter one was fixed vertically on
the flange in section “B9”, with Lsx=1.5 m.
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Fig. 3. The reflectance R, (%) initially and after the
exposure of samples SS#1 and Cu#4 (2004). The film
thickness is given near the curve

In 2005, only two out of five Cu samples and none of
three SS samples were coated with films. The reflectance
of sample Cu#6 (in position of Cu#4, 2004) changed
moderately, by AR=-6.7 % and AR,=-3.4 %, because the
deposited film was absorbing, 7,=1.88-i0.33, and thin,
d=6 nm. The reflectance at A=632.8 nm of sample Cu#4
(in position of SS#2, 2004) changed strongly in ultra-
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violet, by AR=-15.1 %, and moderately in visible, by
AR>=-1.4 %, due to deposition of a transparent thin film, 7
1=2.61-i0.00, d=5nm. In 2006, very thin films were
deposited. The growth rate of the films in 2002-2007
went down from year to year.

5. CONCLUSIONS

One Mo sample and three out of four SS samples
exposed in the tokamak TRIAM-1M showed a decrease
in the spectral reflectance because of deposition of absor-
bing contaminating films. The thickness and indices of
the films were determined at A=632.8 nm through step-
by-step cleanings. The films on three SS samples had
high coefficients k, higher than k of a-C film [4].
Probably, the absorbing metal atoms implanted into the
film were dominant in the contaminating flow to the SS
mirrors, because the in-vessel structures are metallic (SS
and Mo) [3]. The film on the Mo sample was weakly
absorbing, most likely due to remoteness from metal
sources.

The SS and Cu mirror samples were exposed in the
torsatron URAGAN-3M every year, during experimental
campaigns of 2002-2007. The thickness and optical
indices of the films on the samples, for which the spectral
reflectance has decreased, were measured at A=632.8 nm.
All the films deposited on samples in campaigns had
unequal thickness values. The thickest absorptive or even
opaque films were deposited on the samples near the RF

antennas. The majority of indices of the films were close
to those of a-C:H films [4]. The cleanest places were
inside the diagnostic ports of optical spectroscopy. The
film growth rate decreased every year due to the
improvement of vacuum regime.
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OIITUYECKHUE XAPAKTEPUCTHUKMU 3AT'PA3HAIOIINX IIVIEHOK HA OBPA3LAX Mo, SS u Cu
3EPKAJI, DKCIIOHUPOBAHHBIX B YCTAHOBKAX C ILJTA3MOM

B.H. Bonoapenxo, A.H. bennesa, A.A. I'anysa, B.I. Konoeanos, A./]. Kyoneuxo,

HU.B. Pouickos, A.@. IlImans, C.H. Conooosuenxo, B.C. Boiiuens

OnTHyecKre METObI C UCTI0Ib30BaHNEM BHYTPHUKaMEpHBIX mepBbix 3epkai (I13) OymayT 3aHUMAaTh Ba)KHOE MECTO B
JMarHOCTHYECKOM KoMIulekce Oyamymiero peakropa cuHreza ITER. Tak kxak moepxnocts II3 Oyner moasepraTbest
(U3HMUECKOMY PACTIBUICHUIO BBICOKO3HEepreTHdecknuM D n T aromMamu niepe3apsiiky, 3TO MOKET IIPUBECTH K CHUKEHHIO
ucxogHoro kodd¢uumenra otpaxkenus (KO). Bropeim dakropom yxymmenunss KO Oynmer nepeocaxneHue
3arpsi3HUTENeH Ha MOBEPXHOCTH 3epKaia. J{Js mieHoK, ocaxaeHHbIX Ha Mo u SS 3epkana B Tokamake TRIAM-1M, a
takke Ha SS u Cu 3epkana B Topcatpone YPAT'AH-3M MeTOI0M 3JIITUTICOMETPUH U3Yy4aTUCh TOJIIHMHBI U KOHCTAHTHI
Ha JuinHe BoyiHBI A=632.8 HM. Crekrtpanbbiii KO Bcex 00pa3noB npu HOPMaJIBHOM MaJCHHH CBETa ObUT U3MEPEH B
muamazoHe A=253-650 uM. OnTtmueckue mnapamerpsl IwieHOK u3 TRIAM-1M Opum ompeneneHsl Ha CTagusax
MTOCTENICHHOTO yIaJCHUS TUICHKH HOHAMH JIeHTepreBoi mia3msel B crenae JJCM-2.

OIITUYHI XAPAKTEPUCTHKHU 3ABPYJHIOIOYHX IIVIIBOK HA 3PA3KAX Mo, SS i Cu A3EPKAJIL,
EKCIIOHOBAHUX B YCTAHOBKAX 3 IIJTABMOIO

B.M. Bonoapenxo, A.1. bBenaesa, O.A. I'anysa, B.I'. Konoeanos, A./]. Kyonenxo,

LB. Pusxckoe, A.@. IlImans, C.I. Conooosuenko, B.C. Boiyens

OnTryHi METOOM 3 BHKOPHCTAaHHAM BHyTpikamepHuHX mepmux n3epkan (I13) OyayTs 3aiiMaTe BaykImBe Micie B
JiarHOCTUYHOMY KOMIUIeKci MaiOyTHporo peaxropa cuntedy ITER. Tomy mo mosepxus I3 Oyame mimnmaBatucs
($i3MYHOMY PO3NMIICHHIO BUCOKOCHEPTETUYHUMH atoMaMu nepesapsupkeHHs D 1 T, e Moke npUBECTH A0 3HMKEHHS
novatkoBoro koedinienrta Binourts (KB). Apyrum ¢akropom noripennas KB Oyne nepeocakeHHs 3a0pyAHIOBaiB
Ha MOBEPXHIO J3epkana. Jis miiBok, ocapkenux Ha Mo i SS m3epkana B Tokamaky TRIAM-1M, a takox Ha SS i Cu
n3epkana B topcatpoHi YPAT'AH-3M, metoaoM emirncomMeTpii BUBYAIUCS TOBIIMHU 1 KOHCTAHTH Ha JOBXHHI XBHWII
A=632.8 um. Cnexrpanbhuit KB ycix 3pa3kiB npu HOpMaJbHOMY IMaJiHHI CBiTJIa OyB BUMIpSHHMHN y Hmiama3oHi A=253—
650 aM. Ontnuni mapamerpu TriBoK i3 TRIAM-1M Oynu BH3HauYeHI HA CTaAigxX MOCTYIIOBOTO BUAAJCHHS IUTiBKH
ionamu neiitepieBoi masmu B crerni JCM-2.
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