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The use of tungsten (W) as the main plasma facing component (PFC) was proposed for fusion reactors many
years ago. Our recent experiments have been focused on spectroscopic studies of tungsten properties under its
irradiation by intense plasma streams. Several samples made of pure W or (90 %W + 10 %Cu) alloy have been
exposed to deuterium and argon plasma streams generated by the RPI-IBIS multi-rod plasma injector at different
experimental conditions. The optical emission spectroscopy (OES) measurements have been carried out as a
function of a plasma-stream energy density. The plasma electron density was estimated on the basis of the Stark
broadening of the Dy and D, spectral lines in a deuterium-plasma stream propagating freely, i.e. without any target,
as well as near the irradiated tungsten surface. In this paper the results of a surface analysis of the tungsten samples
after their irradiation by pulsed plasma-ion streams, and the influence of those streams on physical and mechanical
properties of the irradiated samples, are discussed. A relationship of the structure and properties of the modified
surfaces with parameters of the incident plasma-streams is also analyzed.
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INTRODUCTION The time-resolved spectroscopic measurements were

The use of tungsten (W) is considered as the main ~ carried out by means of a Mechelle-900 optical
plasma facing component (PFC) for fusion reactors few  spectrometer. All these observations were performed
years ago [1, 2]. Tungsten has shown unique physical ~ Pperpendicular to the z-axis.
properties as the PFC. It is a refractory metal with a Time correlations of the discharge current intensity
high melting point and it has an adequate thermal I(t) and voltage U(t) traces with a marker pulse, which
conductivity at a room temperature, although it is a  was used to trigger the Mechelle-900 spectrometer, are
relatively brittle material [3, 4]. In a comparison with ~ presented in Fig. 1,b.
other PFC (e.g., beryllium and carbon) tungsten can be
significantly activated by the neutron irradiation. These a
features have motivated intense research on tungsten
properties and behavior, but many questions have still
remained unsolved. Hence, our recent experiments have
been focused on spectroscopic studies of plasma created
near the tungsten surface under its irradiation by intense ..;\
plasma streams.

W - target
1. EXPERIMENTAL SETUP AND 50x50 mm
DIAGNOSTICS
The recent studies have been performed within the °]  RPHBIS, Mo+D, shot 080531102
RPI-IBIS device [5, 6]. In general, facilities of the RPI- b maxinfum o ! %&
type are often used for material engineering. During the ) ischargelourrent (;\ N @
described experiments the RPI-IBIS device was ;

equipped with two coaxial electrodes, each consisted of
24 thin molybdenum (Mo) rods. The working gas,
injected with a fast acting electro-dynamic valve, was

high voltage (U) \
R |

ww

intensity, a.u

deuterium or argon. A condenser bank was charged up 1 -fmarkerof wectret

to U = 28KV, and the total energy delivered to the “my \

device was equal to 33 kJ. The operational mode of the ° (e of expodition =5 ut — |\

RPI-IBIS facility was varied by changes of a time delay 4 2 0 2 4 6 8 10

time of discharge, ps

(t) between the initiation of the gas puffing and the

application of a high-voltage pulse. The investigated £y 1 General view of an electrode system of RPI-IBIS
targets, made of pure tungsten (W) or W+Cu(10 %)  t4cijity with the W - target fixed inside the chamber (a)

alloy, were placed at a distance of 20 cm from the and an example of the typical waveforms (b)
electrodes outlets, as shown in Fig. 1,a.
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2. EXPERIMENTAL RESULTS AND
DISCUSSIONS

The optical emission spectroscopy (OES)
measurements have been carried out as a function of a
plasma-stream energy density. A significant influence
of that energy on the erosion of the irradiated samples
surfaces has been observed for deuterium-discharges. It
was experimentally proved that many W | and W I
tungsten spectral lines were emitted from a region near
the W-target surface, when the plasma stream energy
amounted to 8 or 10 J/cm?, as shown in Fig. 2.
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Fig. 2. Optical spectra recorded within the RPI-IBIS
device at different plasma stream energies, as measured
near the W target and in a free plasma stream

On the basis of the recorded optical spectra it was
possible to study a temporal evolution of the plasma
emission near the target surface. Analyzing the spectra
measured near the W-target surface irradiated by
deuterium plasma streams of energy equal to 10 J/cm?,
it was found that many W | and W 11 spectral lines
appeared about 5 pus after the current particularity (so
called current-dip). The intense emission of these
spectral lines was very short and it lasted about 5 ps
only, as shown in Fig. 3,a.

Measurements for another W+Cu(10 %) target were
performed at the same experimental conditions, and it
turned out that the visible radiation near the irradiated
surface appeared immediately after the plasma impact
(during the first 5-us period after the dip). The total
intensity of the recorded spectral lines was almost two
times higher due to the radiation from evaporated
copper ions (Fig. 3,b).

Due to the lack of atomic data of highly-ionized
tungsten lines and a wide instrumental broadening of the
applied spectrometer (which was larger than the half-
width of the recorded tungsten lines), it was difficult to
estimate the electron density on the basis of these W-
lines. Therefore, to investigate the electron density (Ne)
values and their changes near the pure W and
W+Cu(10%) targets, the use was made of the observed
linear Stark broadening of the recorded Dy spectral line
[7, 8].

In the experiments with the pure W-target and that
made of the W+Cu(10%) there were found
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considerable differences in the dynamics of N, changes
(Fig. 4).
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Fig. 3. Optical spectra recorded in the RPI-IBIS device,
at the exposition time of 5 us, during pure deuterium
discharges which irradiated the pure W target (a) or the

W+Cu(10 %) target (b)
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Fig. 4. Electron density (N.) dynamics near irradiated
surface of the pure W and W+Cu(10%) targets exposed
to deuterium discharges in the RPI-IBIS facility

The electron density value near the irradiated
W+Cu(10 %) target during the current dip amounted to
8.5-10" cm™ and was about 4 times higher than that
observed for the pure W-target at the same period. The
pure W-target was characterized by a lower erosion
during 5 us after the discharge current dip, but after this
time the N, dynamics for both targets was very similar.

The next step of the reported experimental series
concerned the irradiation of the investigated targets by
argon-plasma streams. The targets were located at the
same distance of 20 cm from the IBIS electrodes outlets.
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The studies of the W spectral lines emitted from the
evaporated target material during the argon discharges
were performed at the plasma stream energy density
equal to 10 J/cm?, as in the case of the pure deuterium
discharges, in order to compare erosion effects caused
by different working gases.

It was observed that the main difference between the
experiments with deuterium- and argon-discharges was
a period of the W | and W Il lines emission. For the
argon-plasma streams the majority of the W | and W II
lines from the irradiated pure W-target was recorded
about 15 ps after the current dip (Fig. 5,a), while that
from the W+C(10 %) target was observed about 10 ps
after the dip (Fig. 5,b).
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Fig. 5. Optical spectra recorded in the RPI-IBIS device,
at the exposition time of 5 us, during pure argon
discharges which irradiated the pure W target (a) or the
W+Cu(10 %) target (b)

The reported observation can be explained under an
assumption that, in spite of a lower atomic mass of the
deuterons, they could have a higher speed and energy
than the argon ions. Therefore, the next experimental
studies should concern measurements of velocity (and
energy) distributions of the emitted deuterons and argon
ions in the RPI-IBIS discharges.

During the described experimental campaign with
the RPI-IBIS facility the surfaces of the pure W and
W+Cu(10 %) targets after their irradiation by pulsed
plasma-ion streams were investigated by means of the
SEM technique. An influence of the applied plasma
streams on the physical- and mechanical-properties of
the irradiated samples is presented in Table.
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W+D, | WCu+D, | W+Ar | WCu+Ar
Blistering + + + +
Melting — + — +
Cracks — — + —

In the case of the pure W-targets upon the surfaces
irradiated by deuterium or argon plasma streams there
were visible blistering effects only. Upon the

W+Cu(10 %) targets in addition to some blistering there
were observed also other damages, like melting spots
and cracks, caused by the deuterium plasma as well as
by the argon one. These effects can be observed upon
the SEM images shown in Fig. 6.

Fig. 6. SEM images of the W and W+Cu(10 %) targets
irradiated within the RPI-1BIS device by the deuterium
plasma streams (upper pictures) and argon plasma
streams (lower pictures)

A dependence of the structure and properties of the
plasma-modified surfaces on parameters of the incident
plasma streams is analyzed and described in details in
another paper published in the same issue [9].

CONCLUSIONS

Optical emission spectroscopy studies of the
behaviour of different tungsten samples, during their
irradiation by intense plasma streams generated within
the RPI-IBIS device, were performed. Characteristic
features of the deuterium- or argon-plasma impact upon
the pure W and W+Cu(10 %) targets were revealed. A
temporal behaviour of the electron density was
estimated from the linear Stark broadening of the Dy
lines, and a detailed analysis of the recorded optical
spectra showed that W1 and W 11 spectral lines from the
irradiated pure W target appeared later than those from
the W+Cu(10 %) target. Hence, one can deduce that a
Cu-admixture to the pure W did not improve the erosion
resistance of the target to the intense plasma streams.

An influence of the working gas (D, and Ar) on the
irradiated samples was also studied. The main damages
by deuterium plasma streams appeared during the first
5-us period after the current dip (during the 1% half-
period). Plasma-target interactions caused by argon
discharges were characterized by the intense radiation
emission about 15 ps after the current dip (during the
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CHEKTPAJIBHBIE HCCJIEAOBAHUSI BOJIb®@PAMOBBIX OBPA3LIOB, OBJIYYEHHBIX
MHTEHCUBHbBIMHA JEMTEPUEBBIMHU U APITOHOBBIMHU IIJIASMEHHBIMHA ITIOTOKAMMU

A. Mapuenko, B. Maxnaaii, E. Skladnik-Sadowska, K. Nowakowska-Langier, D. Zaloga, M.J. Sadowski

[TpoBeneHHbIE SKCIIEPUMEHTHI OBUTH HATIPABJICHBI HA CIIEKTPAILHBIC HCCIIEJOBAHHS CBOMCTB BOJIb(pamMa Mpu ero
00JIly4YeHNW WHTEHCUBHBIMU IUIa3MEHHBIMH NOTOKamH. Vcmonb3oBanue Bosibppama (W) B kauecTBe OCHOBHOI'O
KOMITOHEHTa JUBEPTOpa IJIsi TEPMOSAEPHBIX PEAKTOPOB OBUIO MPEIUIOKEHO MHOro jer Hazax [1, 2]. Heckonbko
o00pasnoB u3 umcroro BoibPpama u 90%W+10%Cu obiydannuce MOTOKaMH ACHTEPHUEBOW M aprOHOBOM IUIa3MEI,
KOTOpasi TeHEPUPYETCs CTEP)KHEBBIM IIJIa3MEHHBIM HHXeKTopoM IBIS, py pa3sHbIX 3KCIIepUMEHTAIbHBIX YCIOBHUIX.
CnexTpajbHble W3MEPEHUS H3JIyYeHUS IUIa3Mbl IPHUIIOBEPXHOCTHOTO CJIOS IPOBOAWINCH B 3aBUCHMOCTH OT
IUIOTHOCTH DJHEPTHU IIIa3MEHHOTO II0TOKAa. OJEKTPOHHas IUIOTHOCTh IUTa3Mbl OIIEHMBAjlach Ha OCHOBE
IITAPKOBCKOIO YIIMPEHHUs CMEKTpalbHbIX NUHUHA Dg u D, kak B cBOOOJHOM MOTOKE, TaK M BOJM3H MOBEPXHOCTH
Bosib(hpama. OOCYKIAOTCS TaKKe Pe3yJIbTaThl MOBEPXHOCTHOTO aHalW3a OOJY4YEeHHBIX 00pa3loB Bosib(pama u
BJIMSHHME IUJIa3MEHHBIX IOTOKOB Ha (DM3MKO-MEXaHMYECKHE CBOWCTBa Bosib(pama. BrlsiBieHa B3auMOCBS3b
rapamMeTpoB HaJIETAIOIEr0 MIA3MEHHOT0 TOTOKA M CBOWCTB MOJU(MUIIMPOBAHHBIX TOBEPXHOCTEH.

CHHEKTPAJIBHI JOCJIIKEHHSA BOJIb®PAMOBHUX 3PA3KIB, 11O OITPOMIHIOBAJINCH
IHTEHCUBHUMM JIEUTEPIEBUMU TA APTOHOBUMM IJIA3SMOBUMM MOTOKAMHA

A. Mapuenko, B. Maxnaii, E. Skladnik-Sadowska, K. Nowakowska-Langier, D. Zaloga, M.J. Sadowski

ExcriepumenTH Oynu HaliJieHl Ha CHEKTPaJibHI JOCHIIPKEHHS BIaCTHBOCTEH BOJIb(paMy MpH HOro ONpOMiHEHHI
IHTCHCUBHUMH IUIa3MOBHMH MOTOKamH. BukopucranHs Boibdpamy (W) B SKOCTI OCHOBHOTO KOMIIOHEHTY
JMBEPTOpa ISl TEPMOSZEPHUX PEaKTOpiB Oyllo 3amporoHoBaHO Oarato pokiB Tomy [1, 2]. [lexinbka 3pa3kiB
yuctoro Bonbppamy Ta 90%W+10%Cu ompomiHIOBaJMCH IOTOKaMH JIeWTepieBOI Ta aproHOBOi IuIa3M, II0
TeHEPYEThCSl CTPIDKHEBUM IIIa3MOBHM iHkekTopoM IBIS, nmpu pisHux excrniepumeHTanbHuX ymoBax. CriekTpanibHi
BUMIpIOBaHHS BUIIPOMIHIOBAHHS IUIa3MH IIPUIIOBEPXHEBOTO IIapy MPOBOAMINCS B 3aJIEKHOCTI BiJl TYCTHHH €HEprii
IUIA3MOBOTO IOTOKY. EJeKTpOHHA T'ycTHHA IUIa3MH OLIHIOBAJACh 33 IITAPKIBCBKUM PO3IIMPEHHSM CIEKTPAIBHUX
niniki Dy Ta D, gk y BiIbHOMY HOTOL, TaK i MoOaM3y MoBepxHi Boib(pamy. IIpencraBieHi Takox pe3yJbTaTH
ITOBEPXHEBOTO aHANI3y OMPOMIHEHHX 3pa3KiB BOJb(ppaMy Ta BIUIMBY IIa3MOBHX TOTOKIB Ha (i3MKO-MEXaHidHi
BJIACTHBOCTI BOJIb(paMy. BHsBIEHO B3a€MO3B’ 430K NMapaMeTpiB HANITAIOYOTO TIA3MOBOTO IIOTOKY Ta BIIACTHBOCTEN
Moau(iKOBaHMX TTOBEPXOHb.
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