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Experimental simulations of thermal stage of ITER disruptions with relevant surface heat loads (energy density
up to 30 MJ/m®) were performed with a quasi-steady-state plasma accelerator QSPA Kh-50. It was found, that the
melt motion driven by plasma pressure gradient dominates in tungsten macroscopic erosion, resulting in droplet
splashing and formation of the craters with rather large edge ridges of displaced material. The contribution of mass
loss to surface erosion is negligible in comparison with surface profile development caused by melt motion.
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INTRODUCTION

The lifetime of the divertor and first wall armor
against high heat loads during off-normal events
(disruption and Vertical Displacement Event (VDE)) is
of concern in the design of a tokamak fusion reactors
like ITER and DEMO. The materials at the ITER-
divertor surfaces will be exposed to a steady-state heat
load with a power density of 5...10 MW/m? as well as
transient heat loads applied during plasma disruptions
(several 10 MJ/m? for several ms), VDE (up to 200
MJ/m? for 0.5..5ms) and large edge localize modes
(ELMs, in the order of 1 MJ/m? for 0.5 ms) [1, 2].

For the transition events, the heat loads to ITER
divertor components are far above of that in available
tokamaks. Therefore, at present the results obtained
with powerful plasma accelerators [3, 4] and e-beam
facilities [5, 6] are used for experimental simulation of
targets erosion under high heat loads and for validation
of predictive models [7-10]. Experimental and
theoretical investigations [3, 4, 7-9] have shown that
disruption heat loads result in a sudden evaporation of a
thin surface layer and produce a cloud of dense vapor
plasma, which acts as a thermal shield. Dense vapor
plasma stops the incident plasma stream and transforms
the incoming energy flux into photon radiation thereby
reducing a surface heat load. Due to the vapor shielding
effect, material vaporization decreases considerably.

This paper presents the characteristics of QSPA Kh -
50 plasma streams and analysis of contribution of
different erosion mechanisms to the material damage
under plasma heat loads expected for ITER disruptions.
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1. EXPERIMENTAL FACILITY AND
DIAGNOSTICS

Experiments were carried out in QSPA Kh-50
device (Fig.1) the largest and most powerful device of
this kind [3, 10]. Plasma streams, generated by QSPA
Kh-50 were injected into magnetic system of 1.6 m in
length and 0.44 m in inner diameter consisting of 4
separate magnetic coils. The maximum value of
magnetic field By,=0.54 T was achieved in diagnostic
chamber Zs = 2.3 m from accelerator output (in the
region between 3 and 4 magnetic coils) [10, 11].

Values of plasma stream energy density were
determined on the basis of time resolved measurements
of the plasma stream density and its velocity. Pressure of
plasma stream was measured of piezodetectors [12]. The
energy density in the shielding layer was measured by
displacing the calorimeter through a hole in the center of
the sample. The calorimeter could be moved into the
near-surface plasma up to the distance of 5 cm from the
target. A surface analysis was carried out with an MMR-4
optical microscope equipped with a CCD camera. Targets
were exposed to perpendicular and inclined plasma
irradiation with various numbers of pulses. The scheme
of the experiment is presented in Fig.1.

2. EXPERIMENTAL RESULTS

2.1. PARAMETERS OF IMPACTED PLASMA
STREAMS

QSPA plasma stream parameters were varied by both
changing the dynamics and quantity of gas filled the
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Fig. 1. Scheme of experiment
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accelerator channel and changing the working voltage
of capacitor battery of the main discharge. To achieve
the working regimes for simulation the disruption-like
plasma impacts, the main attention in these experiments
was paid to possibility of effective variation of plasma
stream energy density in wide range and determination
of target heat load in dependence on plasma stream
energy density.

Special efforts were done to increase the plasma
pressure in QSPA plasma stream. As it follows from
temporal dependence of plasma stream pressure
measured at the target position (Fig. 2), maximum value
of plasma pressure achieved 1.6...1.8 MPa. Energy
density is up to 30 MJ/m?.

Injection of powerful plasma streams into magnetic
field is accompanied by magnetic field displacement out
of plasma. The magnetic field displaced by plasma is of
order AB/By~ 0.7. The temporal behavior of the signal
of displaced magnetic field is not differs from the
temporal dependence of the plasma pressure (Fig. 2).
Average B = 8nP/By’ value, calculated on the basis of
plasma pressure and vacuum magnetic field is about
0.4...0.6.
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Fig. 2. Time dependencies of plasma pressure (P) and
displaced magnetic field (AB), normalized by the value
of vacuum magnetic field (B,=0.54 T), in diagnostic
vacuum chamber

2.2. FEATURES OF PLASMA-SURFACE
INTERACTION

Protective screens of 12 cm in diameter with central
holes of 1 and 3 cm in diameter were used to impose a
pressure gradient along the target that mimics the
pressure gradient found at the strike point locations in a
tokamak disruption [7]. Measurements of plasma
pressure distribution along the target in the presence of
diaphragm are performed with a piezodetector inserted
instead of the target. It shows a steep decrease of pressure
value at the 5mm peripheral zone and a practical
constant pressure value in central region of about 2 cm in
diameter (Fig. 3). Availability of diaphragm allowed to
make clear the influence of plasma pressure gradient on
melt motion even for QSPA plasma pulse duration and to
achieve the melt velocities comparable with ones
expected for ITER disruptions [11].

Measurements of target heat load have been
performed with small calorimeter inserted into the target
surface. In this case, the fraction of plasma energy
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density delivered to the target surface is monitored (Fig.
3). As it was shown earlier [4] the main feature of high-
power plasma interaction with targets is possibility of
dense plasma shield formation close to the target
surface.

For inclined exposure of the different targets, the
diminution of energy density delivered to surface is
observed with decrease of incidence angle and diameter
of diaphragms' central hole (Fig. 4).
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Fig. 3. Radial distributions of plasma stream pressure
(1), energy density (2) delivered to surface target
through the diaphragm with central hole of 3 cm and
pressure of free plasma stream (3)
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Fig. 4. Heat load to the target surface thought
diaphragm of deferent diameter (D) versus the
incidence angle of an impinging plasma stream at an
energy density of 30 MJ/m?

2.3. MECHANISMS OF TUNGSTEN EROSION

As it is found from profilometry, the ridges of
resolidified material, indicating the melt motion,
appeared at the melt edge (Fig.5). For perpendicular
impacts, the height of the ridge achieves 48 um after
20 pulses (see Fig. 5,a). The distance between ridge peaks
achieves 1.4 cm. The high value of the surface roughness
masks the erosion crater between the ridge peaks. The
melt motion is accompanied by splashing of the metal
droplets of the sizes up to 100 um onto unexposed target
surface [13]. The plasma pressure gradient is the main
force initiating the melt motion [11].

For inclined exposure of the tungsten target under
the angle of 30° to the surface, the formation of a mound
of resolidified material is observed only at the
downstream part of the melt spot (see Fig. 5,b). The
mound height is 26 um, which is almost twice less than
that found for perpendicular plasma impact. Mass loss

127



measurements indicated that the contribution of
evaporation to the target erosion remains below
0.1 um/pulse.
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Fig. 5. Melt layer erosion profiles for tungsten targets

under perpendicular (a) and inclined (b) impact of
plasma stream. Hole diameter is 1cm

For surface cracking the balance of the 2 processes is
observed for increased number of exposures: the cracks
become completely covered by the molten material but
new thin cracks meanwhile appear.

CONCLUSIONS

Operation regime of QSPA Kh-50 with plasma
energy density of about 25...30 MJ/m® was used for
experimental simulation of disruptive heat loads. The
value of energy density absorbed by the target surface is
not exceeded 0.7 MJ/m? for incident plasma energy
density up to 30 MJ/m This is an influence of a vapor

shield formation close to the surface under the plasma
impact.

The melt motion driven by plasma pressure gradient
dominates in tungsten macroscopic erosion, resulting in
droplet splashing and formation of the craters with
rather large edge ridges of displaced material.
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XAPAKTEPUCTHUKA KCITY IIOTOKOB IIJIA3MBbI B O KCIIEPUMEHTAX 110 IIJIA3BMO-
IIOBEPXHOCTOMY B3AI/IMOIIEI71CTBI/IIO: MOAEJIMPOBAHHUE CPBIBOB TOKA B UTEP
B.A. Maxnaii

OKcnepuMeHTaNIbHOE MOJICTIMPOBaHKe TeTIoBoH a3kl cpriBa Toka B ITOP ¢ cOOTBETCTBYIOIIMME TETUIOBBIMH
HATPY3KAMH Ha TOBEPXHOCTH (INIOTHOCTb 3Heprum 10 30 MJLk/M?) GBUIO BBIIONHEHO B KBA3MCTALHOHAPHOM
wrazmenHoM yckopurese KCITY X-50. Bouto ycraHOBIIEHO, 4TO JBMXKEHHE paciijiaBa, 00YCIOBICHHOE IPaieHTOM
JTaBJICHUS TUTa3MBbI, JOMHHUPYET B MAaKPOCKOIMIECKOH 3pO3UH BOJIb(ppaMa U MPUBOINUT K Pa3OpPBI3TUBAHUIO Kalelh
¥ 00pa30BaHUIO KPaTepoB C OOJBIIMMU TOpaMH MEPEMEIIEHHOTO MaTepHaia Ha WX IpaHMIax. Bkiag MaccoBBIX
MOTEPh B JPO3HMI0 ITOBEPXHOCTH NPEHEOPEKMMO Maja MO CPaBHEHHWIO C Pa3BUTHEM MPOGMIS IOBEPXHOCTH,
00YCIJIOBIICHHBIM JBIKCHUEM PACILIaBa.

XAPAKTEPUCTHUKA KCIIII TIOTOKIB IIVIASMH B EKCITIEPUMEHTAX I10 IIJIA3ZMO-
MOBEPXHEBII B3AEMO/IIi: MOJEJIOBAHHS 3PUBIB CTPYMY B ITEP

B.O. Maxnaii

ExcriepuMenTanpHe MoOJeNfOBaHHSA TeruioBoi (a3 3puBa crpymy B ITEP 3 BignmoBimHUMHU TETUIOBUMH
HABAHTAXKCHHSAMHM HAa MOBEpXHi (ryctumma emeprii o 30 MJDk/mM?) Gyno BHKOHAHO B KBasiCTALiOHAPHOMY
razmoBoMy npuckoproBaui KCIIIT X-50. bByno BcraHOBiEeHO, IO PyX pO3ILIAaBY, OOYMOBIICHHI I'PaJliEeHTOM THCKY
IUIa3MH, JAOMIHYE B MakKpOCKOMNI4HIH epo3ii Bosib(paMy NHPUBOAMTH 10 PO3OPU3KYBaHHsS Kparenb i yTBOPEHHS
KpaTrepiB 3 JOCUTh BEIMKHUMHU I'DAaHHUYHUMH rOpaMu NepeMillleHoro Marepiany. BHecok MacoBHX BTpaT B epo3ito
MOBEPXHi 3 HE3HAYHUM B TIOPIBHIHHI 3 PO3BUTKOM NPOQLII0 TOBEPXHi, 10 00YMOBICHUI PYXOM PO3ILIaBYy.
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