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WALL CONDITIONING BY ECR PLASMAS
INA SMALL TOKAMAK

J.1 Elizondo and LC. Nascimento

Abstract

The electrbn—cyclotron resonant discharge cleaning proccss. (ECR-DC) was
tested in the small tokamak TBR-1. The main parameters of the conditioning
plésmn were measured with o Langmuir probe. Using-a zero dimensional model it
was con;:luded that initially low T, (1 eV} is impértant for thé cleaning but the n,
value is not. In the final part of the conditioning moderately low T, (10-30 eV) and
high n, (in excess of 10 ém") are necessary to optimize the cleaning. The
efectiveness of th.g conditioning, as evaluated by a quadrupole mass analyzer, is
roughly the same of tIn_e Taylor discharge.cl_eaning system. More than 15 monolayers

of oxygen were converted into water and pumped cut during the cleaning operation.

L. Introduction

~ The investigation of high temperature magnei'it':a'i.l'y cor_nfinéd p-l:asiﬁésr has
been concentrated on toroidal devices, mainly tokamaks. One of .the main problems,
not satlsfactonly solved yet in this ‘type of devnce, is the hydrogcn plasma
confamination with atoms of Q, C Fe, etc durmg the d:scharges, due to plasma—
wall interaction. The presence of those imprities in the hydrogen plasma influerices
strongly the most important plasma pal.'z'lrr'leler's:' iempératurc. stability, energy
confinement, ete. [1]. To minimize the contamination it is necessary to control
simultaneously the discharge parameters and the. actual state -of the -surfaces

interacting with the plasma,

In small-size machines the main impurity is oxygen, but carbon is also
important {1). To diminish the O and C densities on the wall surface a variety of
cleaning processes was proposed [2]. The discharge cleaning is one of them, and is
widely gsed. It works with a hydrogen plasma with II)w temperature and density and
low ionization degree (T,~5eV, n,~10"-10"cm™, a < 10%). The neutral atoms
generated in the reaction H, +e"+ H+H+ ¢, strike the wall producing H,0, CH, and

other motecules wich are easily desorbed and pumped out by the vacuum system.

In the TDC (Taylor discharge cleaning) system [3,4], the conditioning plasma
is inductively generated by the OHT (chmic heating truhsformcr). Recently it was
developed the ECR-DC (Electron cyclotron resonant discharge clezning) process;

in this process the cleaning plasma is generated by the interaction of microwaves

: with'elect'r'ons-in the presence of 4 magnetic field and has been used successfully in a

variety of tokamdks {5,6,7,8] substituting the Taylor system or operatmg with other

conditioning systems.
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It is still necessary a lot of experimental work to determine the main ECR P.=2.5x10% Pa
2 ' -
P,z650 W

RECR= 23.6 ¢cm —

plasma parameters and also more accurate models describing the conditioning

process, In the small TBR-1 tokamak of the University of S3o Paulo [9] 2 ECR-DC
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system was recently developed and tested. The n, and T, radial profiles were
measured. The density profile shape was explained by the cyclotronic and. upper
hybrid resonant absorption. The efficiency of the cleaning process, monitored with a

residual gas analyzer, was compared with that of the Taylor system, and shown to be

I
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roughly_thc same. A simple model [6] was used to investiﬁate the n, T, and P,

ELECTRONIC DENSITY (x10'0¢m®)
N
l 1
e
ow
b
ALY
~

i )/ — INTERPOLATED VALUES
(hydrogen pressure) influence on the conditioning process. & Recn wH
_ ol L ¥ 1 1 4 1 I ! [
: 20 22 24 26 286 30 32 34 36 38 .40
2. Experimental set-up and resulits - : ' INNER WAL R tcm} OUTER WAL
The main TBR-1 parameters used in this work are in the table 1, The 316 L Fig.1 - Radial density profile of the ECR plasma in the __};prizontgl'dire_ction. The
stainless steel vessel is evacuated with a turbomolecular pump. The effective _ intersection of the dashed line (equation 3) with the full line determines the <
pumping velocity for N, is 55 I/s in the vessel, ' ' upper hybrid resonance position.' '
TABLE 1 o Sl T ||| T l_lr.I_.____
" - — ! P*2.5x10%Pa
Major radius o _ :
. L 11 cm | PM—GSOW
_Minor radius b 8 Reer 23. 6 ¢
Base pressure Py 1x10”% Pa | | ecf 23, |
Wall internal area Ay 1.2 m? i
Vessel volume v 80 1 6 { { i _%
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The microwaves, generated by a magnetron (f=2.45 GHz, P=800 W DC) are

ELECTRONIC TEMPERATURE (e

2 —
coupled with a rectangular waveguide in the TE,, mode, and injected from the | |
external part of the torus, perpendicularly to the toroidal 'magncti_c field with oLl 1 ! y t 1 1 | { | |
‘ . - . 75 G- i 20 22 24 26 28 30 32 34 36 38 40
ordinary polarization. The magnetic field necessary for the resonance -875 G- is Riwcm) :

INNER WALL ‘ QUTER WALL

Fig.2 - Radial electron temperature profile of the ECR plasma in the horizontal

direction,
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Fig3 - Residual gas spectrum before and 8 h after the ECR-DC operation.

generated by a current flowing on the toroidal coils. Since By ~1/R, the cyclotronic
resonance region is a vertical cylinder surface whose radius is linearly dependent on

the toroidal coils current,

The n, and T, ‘radial profiles of the conditioning p'_las_ma were obtained with

an electrostatic probe (Fig.1,2) horizontally movable in the major radius direction in

the entire cross section. The density is maximum in the upper hybrid layer and hasa

secondary maximum in the cyclotren resonant layer.

Before every cleaning operation the vessel was vented for one day. After two
days of pumping a 20 h cleaning operation was started with duty cycle: of 10% and
8 s of pulse width. The duty cycle was limited by the heating of the toroidal coils. In

this case the wall temperature was not higher than 70 °C.

The partial ﬁressures of the vessel atrﬁosphére before, during and after the
cleaning operation were moenitored with a quadrupole residual gas analizer
(Fig.3,4). In these figures the formation and desorption of compounds, mainly H,0
and CO (or N,) can be seen, When the conditioning starts up the water préssur# is
two orders of magnitude greater than in the base vacuum. The time dependence of
the water pressure is like t* (Fig.5), in agreement with other works [3). It is
important to remark that the decrease of the water pressure during the long run
refiects the diminishing of the surface density of oxygen in the wall. Comparing the
partial pressures spectra before and after the conditioning (Fig.3) a preat reduction
of the contaminant peaks is observed, particularly in the oxygen one, and an
enhancefnen_t in the hydrogen peak, both observations being consistent with the

model,
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Fig.4 - Residual gas spectrum before and during ECR-DC pulse. .
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Fig.5 - Dependence of the water pressure, in the ECR-DC pulse during the cleaning.

3. Discussion of the results

In the ECR-DC operating conditions in TBR-1 -n, and T, low-, there is a low
absorption of the ordinary mode in the electron cyclotron resoﬁant. Iajrer. The
fraction F, of the power absorbed on a single pass can be written in te_rms of the

optical depth T ;

Fu = 1"'5 -Fg

{for -Ty << 1) D
: ) o
: w w? w, v R
To = R [‘“m] = o (10]
14 [+

where w_is the electron-cyclotrdn' frequency, Q,', iS'the_ "pl_as_ma freq'l'x'eﬁcj'r' é_nd' v, is the
thermal velocity of the electrons. The value of'Fo for the TBR-1 is of the order of
10" the plasma is almdst completely "transpa'reﬁt". In the reﬂecﬁoﬁ- at the inward
wall of the vessel, the microwave power is partially transferred to theéttraprdinary

mode, which is absorbed in the upper hybrid layer.

From the resonant equation

w? = w? = u?® + @? ~ : {2)
3] c -

. (i'n SI units) (3}

where iy is the current flowing in the N toroidal coils, v is the microwave frequency

and  w, is the upper hybrid frequency. In fig.1 the dashed line is a plot of Ry,




versus n, The point where the plot intercepts the real n, profile determines the
position of the upper hybrid resonance layer, which coincides aproximately with the
maximum of the density profile, as it is expected. Thus, the absorption of microwave
power injected perpendicularly at By from the outside of the vessel, with T, and n,
relatively low, is explained by. the absorption of the ordinary mode (for w=w) and
extraordinary made (fo.r w=uy, ), attempting to the multi-reflection in the wall of the
vessel. The slow decrease of the electron density between R, (upper hybrid
resonant layer position) and the outer wall, contrasts with the fast decrease between
Ry (electron-cyclotron resonant position) and the inward wall, This difference is

due to the electron drift, which oceurs in the outward horizontal direction,

.Frorﬁ the témperatﬁre and density profiles it is possible to estimate roughly
the atomic: neutral fux on the wall (10" cm?s1) and the density of H°
(n, ~10"ecm?®) (7). The dissociation rate of -IH2 by electrons is two orders of
magnitude t:.l.igher than the H, infiux by the gas feeding. The pressure is mantained
by the recombination of the hydrogen atoms which do not react on the wall surface.
Hb@.@yer, tﬁe H, pressure decreases by a factor of aproximately two when the

plgsrﬁa is generated.

Because the oxygen is the main contaminant in small tokamaks, this work

emphasizes the diminishing of the oxygen density in the wall surface, via waler
formation followed by pumping, Supposing that an oxygen monolayer corresponds
10 2x10" at.em? [4] it is possible to calculate the number of monolayers pumped out.

during the conditioning process

€,
Qg = [513 Pigdt - . ' (4

where s, is the pumping velocity for water and P, is the water pressure. Caleulating
the integral in (4) it is obtained Q=15 monolayers, supposing that the pumping

velocity for water is the same for N,

The main objective of the conditioning is to maximize Qla' _Fpr_ this ‘P
should be as high as possible. In order to study the combination of parameters for
maximizing the oxygen pumping -via water- the model proposed in the reference 6

was used. In this model the molecules of water formed and desorbed from the wéll

surface may be pumped out, lost by plasma dissociation or readsorbed on the wall.

_Thus, in the equilibrium state, the molecular water flux emerging from the wall of

the vessel, F g, is:

F=F,+F,+F,, _ _ (5)

and the fluxes can be writen as

Fa=F 0P,

F, "'“:“'zkzvp

Fo=s,n, _ S8
Fy=nn,kV,

Fa=(1/8)n,v,A.p,

F, gives the H® production in the plasma, n is thc_oxjgen surface density, p_, is the

probability of the water formation by H° impact on the wall surface, n, and n, are
the hydrogen and water densities in the plasma, k, and k ; are the dissociation rates
of H, and H,O by electron impact, Vp is the plasma volume, v, is the thermal
velocity of the water molecules and p,, is the wall readsorption probability -sticking

probability- of H,0, which must increase during the conditioning.




Substituting these fluxes expressions in the equation 5 it is obtained:

n
_ 18 _ A :
P T n T+B/ng (7)

where P, and P, are the water and hydrogen pressures, n, and n, are the

corresponding densities and A and B are defined as

K 1
A = 2 g = &8st Yig e T g
- K o Brig v k_ Vv

It is interesting to compare the water fluxes dissociated and adsorbed - F,,

F,, - with the rate of water pumping:

F -
p

a) =% = 2 = g0 (8)
Fd

) po_ 18 3x10""
b) =—— = i =
ad T Vi A p pst '

19}

F, approximates to F,, only for p, < 10,

From equations 8 and 9 it is concluded that a very little quantity of the water
produced on the wall surface is effectively pumped. The preat majority of the water
molecules are lost by sticking on the wall surface or by dissociation by electron

impact.
Equation 7 can be simplified for some cases:

a) B< <n,, since in the initial part of the cleaning p_ < <1

‘U
&

18 A 2
== = =D = a = 2 p n (10)
P2 1+B/ne k1a w18 e

The maximum of k,/k,, is for T, = 1'eV'(Fig6, Ref.11);

b) B>>n,, because in the final part of the cleaning p,, 'zip'proaqheszlz

P P n

18 A . A . . w18 L ; g
P, T+B/m, - B e k' T . A Vp o (1)
‘ 7 Vie fw Py

Oniy k, depends on the electron temperature with a maximum for T,~20 eV (Fig.6).
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Fig.6 - Dissociation rate coefficients k, for H, and k,; for H,O as a function of

electron temperature,
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The dependence of P g with n_ (7) for several p,, values, is shown in fig. 7. In
the beginning of the cleaning (p, < <1), P ; changes stowly with n_, In the final part
(p,~0.5; Ref.6), it is absolutely necessary to work with high n, for pumping out
water efﬁcmntly From equation 7 it is also concluded that Pls is proportional to P,if

the other parameters remain the same.
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Fig.7 - Cleaning efficiency dependence with electronic density for various values of

the sticking probability, p,..

The results obtained in ECR-DC were compared with the measurements’
done in TDC, and it was concluded that their efficiencies are roughly the same, The
main advantages of the ECR-DC are the low cost of the equipment and the low

thermal load of the vessel walls, which make possible to operate with high duty

‘cycle, and perhaps in continous operation, The main limitation of the used system is

the relatively low density (10’° cm ’) that can be achieved in this conditioning
plasma, which limits the eff1c1ency of thlS process in the final part of the cleamng

(Fig.7). In fact the propagation condition for-an‘ordmary ray in a plasma is-

n_ in cm™?) (12)

o2 ow o= 5,6 x 10° n

For a frequency of 2.45 GHz, the maximum theoretical density is 7.4%x10'" em?,

aproxim'ately.

4. Conclusion

The ECR-DC system was tested in a small tokamak. Measurements
performed with a quadrupcle mass analyzer -demonstrated the efficiency of the

process for the reduction of the oxygen dcn'sity in the wall surface,

Using a simple model it is concluded that for optimizing the conditioning
process n, must be high (>10" cm’?), mainly in the final part of the cleaning. T,
must be initially low (1 eV) and grow up until 20 ¢V aproximately in the final part of

the cleaning.
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