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ABSTRACT 

Recycling rates and gross particle confinement time have been deter

mined in TFR 600 by measuring the time evolution of plasma density and the 

flow rate of the injected neutral gas. Several conditioning methods of walls 

and chamber components are briefly described and the main results obtained 

with ohmic, neutral injection and R.F. heatings are summarized. 

For different types of experiments with pure plasmas, a global model 

can be used to describe the general recycling behaviour of hydrogen isotopes 

and to obtain the recycling coefficient during a discharge. 

The effective particle life time and the total number of trapped 

particles in the inner wall are also directly obtained for each discharge. More 

than 50 Z of the injected gas is trapped during a discharge and released from 

the wall between two successive discharges. This low retention rate is indica

tive of the behaviour of clean surfaces. 

The boundary plasma density and temperature are measured with Lang-

ouir probes to determine the gross particle confinement time and the recycling 

rate of the walls. H measurements indicate a low ionization rate in the shadow 

of the limiter. The plasma edge temperature < 25 eV agrees with calculation 

and explains the low metallic contamination of the plasma core for regimes with 

high gas injection rate corresponding to plasma with ii > 10 cm- . In spite 

of the high recycling rate of deuterium atoms on the wall, low injection of 

light impurities are observed due to the poor oxygen and carbon contents of the 

surface. The radiation power is less than 30 Z of the total input power with 

460 kW of injected R.F. power into the torus. 



1. - INTRODUCTION 

Recycling of plasma at the walls of a tokamak is an important 

aspect of plasma-surface interaction for hydrogen isotopes retention and 

high density plasma build [l]. To control the hydrogen content of deuterium 

plasma in R.F. heating experiments at 2 « . and to decrease the desorption 

of light impurities several types of surface conditioning are performed in 

the main torus, inside the large neutral injector vessels and around the 

R.F. antennae region. Lo» values of Z „ are obtained at high plasma density 

with additional heatings in a all inconel chamber without titanium gettering. 

The obtainment of favorable wall condition, in a all inconel chamber have 

enabled us to determine the recycling rates directly by comparing thé time 

behaviour of the electron density with the injected gas flow rate with a mea

sure of the gross particle confinement time in the boundary region. 
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. - EXPERIMENTAL DESCRIPTION 

The TFR 600 torus consists of : 

8 inconel 625 bellow sections (0 52 cm), (see Figure 1) and 6 guard rings 

0 46 cm 

1 limiter section made with 4 moving sectors - (inconel 601 - 0 36 to 38 cm) 

Shieldings in front of the neutral injectors (inconel 600) 

4 semi-circular coils used in R.F. heating experiments at 2 w_ (60 MHz) 

with inconel 600 screens and shieldings (0 44 cm) 

2 large vessels for the neutral injectors (2 m each - stainless steel). 

The main diagnostics used for the plasma-wall interaction studies are : 

A HCN laser interferometer measures the average electron density (8 chords} 

Two gas pulsed and calibrated flow meters give the deuterium and hydrogen injec

tion rates. 

Two ionization gauges and one quadrupole mass analyzer monitored by an indé

pendant computer give the total pressure, the isotopic gas composition and the 

impurity levels around the plasma and after the discharge. 

Six photomultipliers located in the opposite to the limiter torus region with 

H filters allow a quantitative monitoring of H light along six chords of the 

plasma and give the ionization rates. 

Two double Langmuir probes with sweep polarization (± 150 V at 50 to 300 Hz) 

measure the electron temperature and the plasma density between 20 and 26 cm 

radius and yield an estimate of the conduction-convection losses on the limiter. 

Two bolometers (one pyrodetector and one infrared detector) give the total 

radiation and charge exchange losses along a radius ( 2 J • 
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Many other diagnostics elsewhere described allow the measurements of 

the ion and electron power balance along a radius and the dynamics of the light 

and metallic impurities. (Thomson scattering - Doppler and Fabry-Perot spectro

meters, spectroscopy, charge exchange analyzers - neutrons - soft X-rays -

Fabry-Perot and Michelson interferometers for T profiles). 

3. - CONDITIONIHG OF THE VACUUM SYSTEMS 

The processes performed to control the light impurities in TFR 600 

are as follows : 

- All components are baked between 150 and 350° C during the surface conditioning 

- Alternate high current (30 KA) and low current (4 KA) discharge cleanings are 

performed to remove carbon and oxygen (30 minutes each). The high current dis-
-4 charge at low deuterium pressure (p , « 1.5 10 torr - T « 10-20 eV -

11-3 
n. • 3.10 cm at r • 24 cm) removes carbon and oxygen tied with high reten
tion energy in the wall. Desorbed oxygen atoms are ionized and readsorbed at 

lower binding energy on the surface. They are removed by the low T , low 
-3 1 1 — 3 

current discharge [31 (p_, • 1.5 10 torr - T - 3-10 eV - n. - 10 cm at 

r - 24 cm) and pumped mainly under the form of CD> and D20. 

- Before each series of R.F. heating experiments the half coils are thoroughly 

outgassed by 50 ms duration R.F. pulses at 60 MHz repeated every 2 or 4 seconds 

at 1 kW average continuous power either in vacuum or in the presence of the 

discharge cleaning plasma. 

- The neutral injectors vessels are conditioned at high deuterium or hydrogen 
_3 pressure (4.10 torr) by steady-state glow discharges. This technique used 

for some years at CERN consists of running a glow discharge between insulated 

stainless steel rod electrodes and the surrounding vacuum vessel [ 4 ] • Larger 

quantities of CD,, D,. and CO are removed by this technique with only I kW of 

power per injector(2 units - 500 V - 1 A). 

All these simultaneous conditioning methods allow to obtain plasma with low 
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level of light impurities. 

- Accurate programming of the plasma position, gas feed along the use of fast 

feedback control systems for vertical and horizontal equilibrium fields give 

low plasma-limiter interaction during a discharge. 

The main results obtained for five different experimental conditions 

are summarized in the table I. Case I and 2 are ohmic heating plasmas. In the 

case 3, 220 kW of neutral injection heating is added. For the cases 4 and 5, 

320 and 460 kW of R.F. heating at 2 u™ are injected in the plasma. 

The overall conclusions are : 

i - After glow discharge conditioning of the neutral injectors Z .. decreases 

from 1.5 (cases 1 - 2) to 1 (case 3) and the oxygen mean density decreases 
12 1 1 - 3 from 10 to 10 cm . 

ii - The loop voltage drops and the ohmic heating power decreases when the 

neutral injection (case 3) or R.F. heating (cases 4-5) are applied. It is 

shown to be due to an increase of the electron temperature. It is a cha

racteristic of a low induced oxygen desorption during the heating pulses. 

iii - The total radiated power up to r • 17 cm is only 20 to 30 X of the total 

injected power. The oxygen content is slightly increased by the additional 

heatings. In the case 5 where PJJ « P^. » '460 kW the corresponding metallic 

impurities level on axis is multiplied by a factor of 3 (bolometric measu

rements on axis) or 5 (spectroscopic measurements in the density gradient). 

iiii - No effect on plasma density are observed during the R.F. heating pulses. 

This fact indicates that the recycling rate of the wall remains unchanged 

(next chapter). 
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4. - RECYCLING RATE MEASUREMENTS 

The variation of the total number of electron in the discharge N , 

versus the gas injection rate, q, the gas pressure around the plasma case, P, 

and the recycling coefficient 6 are related by this expression 

dH N / \ 
_ £ . a a + ( a 6 - , ) ^ - g ( V T - T P ) (I) 

with g " recycling coefficient, that is the ratio of atoms coming from the 

wall to the number of neutral particles incident upon the wall 

T " gross particle life tine (see section 5) 

V„ - volume of the vacuum torus » 2000 liters 

Vp « plasma volume - 600 Co 700 liters 

a * number of electron-proton pairs produced per incident cold gas atom. 

For Z .- « 1 we have a = I and the particles balance is given by : 

(2) 5.,-(.-.>i-§(.t-,p) 
The values of H , q, F are measured during a discharge and we can 

define the term ° as an effective particle confinement time T, given by : 
1 - B A 

(3) 
A ^ e dP 

q " I t " " dt (v - . ) 

T A " T O and 8 - * T

 p w 
For each discharge the computer gives divertly the t, and S values, 

The figure 2 shows the measurements of the 4 parameters in equation (2) 

during a discharge where 460 kW of R.F. heating are injected in the torus (case 5) 
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at t - 200 ms and the corresponding evolution of T» obtained from (3). 

The g values obtained with (4) are also plotted for T > 10 is 

(see section 5). 

Particles balance at the beginning of the discharge indicates that 

60 % of injected deuterium atoms are adsorbed by the wall and for t - 20 ms 

the S value is 0.6. The recycling rate increases continuously during the dis

charge and reaches a value g • 1 for t - 300 ms corresponding to a rapid 

increase of T . Without R.F. heating the evolution of T is the same and no 

induced desorption is produced by the additional heating in this regime. 

The total number of the ions trapped in the wall per discharge, N„, 

is given by : 

T - dt 

/
N di 

(5) 

The values of N_ obtained with (5) are reported in figure 3 for two 

discharges (case 5) corresponding to the beginning and to the end of a series. 

(100 discharges during a day) By comparison with the total number of the injec-

/
20 q dt « 2 10 , we can conclude that 50 % of the ga; is adsorbed in 

20 2 
the wall during a discharge (1.1 10 atom for a inner torus area of 10 m ) . 

Saturation for N_ is obtained after 350 ms of discharge duration at 

high plasma density (ne > 10 cm ). 

All the adsorbed atoms a*-e desorbed between two discharges (time in

terval 4 to 5 rainuts). This result is checked by the quadrupole mass analyser 

and the ionization gauge desorption measurements of hydrogen isotopes between 

two successive discharges. This low retention is indicative of the behaviour of 

clean inconel surfaces [6]. Consequently, before each discharge Che wall 
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conditions are the same during a whole day of experiments and after 100 dis

charges the retention rate of an oxygen-free surface remains constant. If we 
2 assume that the trapped particles impigge mainly the limiter (*• 1000 cm area) 

17 2 we have 10 atoms/cm which are adsorbed in the inconel limiter during a 

discharge. 

For all these measurements we take a particle life time value of 

T * 10 ms to calculate the recycling rate of the wall. It is an experimental 

value obtained for several types of high density discharges in TFR 600. An 

exemple is given in section 5. 

By this method, recycling rates are measured for different experimental 

conditions and shown ii figure 4. 

1 4 - 3 
For high plasma density, ne > 10 cm , we have 3 < 1 when the dis

charge duration is less than 250 ms (case a) with no effect on wall desorption 

of the R.F. pulse. 

When the discharge duration increases T becomes negative and S > 1» 

Wall desorption of deuterium occurs during plasma-wall interation (case b) 

before a current disruption. 

Negative values are classicaly obtained for T when the additional 

R.F. heating power is injected (300 kW case c), in the case where the limiter 

is made of four graphite sectors [7]. During this time we have 6 > I. 

Induced desorption of hydrogen trapped in graphite and chemical 

sputtering under deuterium ion bombardement ar also observed with the graphite 

limiter. 
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5. - tEASuREMEMTS OF THE PARTICLE CONFINEMENT TIME 

A simple model of the boundary plasma is used [ 8 ] . By using the gra
dient of the density profile, the electron temperature and the ionization rates 
in the boundary plasma we can estime the particle flux to the limiter, to the 
guard rings and to the wall as well as Che diffusion coefficients and the gross 
particle confinement time. 

Because of the conservation of the particle number density, the diver
gence of the total flux must equal the source term which is due to ionization. 

V. (VL * F|tj - n e n Q < ov > (S) 

where F, » Di 7n is the perpendicular particle flux absorbed by Che wall. 
/KT" 

F., a a J is the parallel flux absorbed by the limiter and guard rings. 
n is the density of neutral atoms and 
< ov > the rate coefficient for electron ionization. 

The radial profiles of electron temperature and plasma density obtained 
with double Langmuir probes are shown in figure 5 for t » 250 ms (case 2) and 
t - 100 ms [cases 3 - 4 - 5 plasma conditions before additional heatings]. 

The neutral density profile n , . is calculated with a numerical code 
from n , T and absolute H intensity measurements using atomic data of [9] e e a 
assuming a toroidal syraetry. (Bolometric measurements near the limiter indicate 
only an increase of a factor 2 for radiated power). 

It gives the ionization rate n n < ov > in the main and boundary 
plasmas. This term has low values in the boundary plasma compared with the 
diffusion terms and we can write D.(F. + F.,) - 0. This means that all plasma 
particules concained in the limiter volume are lossed by diffusion in the 
boundary layer without important ionization in this zone. The maximum 



ionization rate are for Te « 100 ev in the plasma core at radius lower than 

19 cm after the limiter region. 

The ion density decays exponentially with two e-folding lengths X., \„ 

(figure 5) corresponding to different annular boundary regions : limiter to guard 

ring space, and guard rings to liner space. The X, and X, values give Di in the 
3 2-1 two boundary regions with solution of the equation (5). (D, - 6 10 cm S in the 

two regions) 

F,, is approximatively three times higher than F. . This is due to the 

large distance between the wall and the limiter (7 cm). 

It means that 75 % of the conduction-convection losses reach the 

limiter. 

Finally, the gross particle confinement time is obtained with : 

Jplas: 

f F l l d s . + f 
Js, Js. 

T m ./plasma volume 
P 

F i d S 2 

limiter wall 
surface surface 

In the figure 6, the value obtained for T and N are plotted for an 

obmic heating discharge (case 2). Particle life time is proportional to N and 

varies between 6 and 12 ms. 

The electron temperature and plasma density, in the boundary plasma, 

remains constant during the discharge after 100 ms. As the corresponding n 

and n increase in the plasma core, the particle confinement time increases 

during the discharge as the energy confinement time* 
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The edge plasma temperature T is calculated with [ 101 

Tb 2 I E . L / , _ P » + P C * \ 

Y • heat conduction coefficient - T - mean plasma temperature. 

(See table I for parameters definition). 
The conduction convection losses are calculated with : 

H 
P - T. — 
CC D Ç 

P 

For case 2, we obtain 

T. - 20 - 25 eV 

P » 350 kV (Langmuir probe measurements) 

P - 360 kW (Power balance - P « P_, - P- - P ). cc x cc IN 15 ex 

F values deduced from Langmuir probe measurements and from power 

balance obtained with the main plasma characteristics (see table I - P is 
cc 

calculated with the complete plasma power balance) are in agreement with 

•y « 15. For ohmic heating, all these measurements show that low Z, high den

sity plasmas are obtained with a plasma edge temperature less than 30 eV, 

corresponding to a low metallic sputtering of the limiter and guard rings 

by the boundary plasma if we assume Te - Ti in the boundary layer. 

During neutral injection and R.F. heating pulses a large increase 

of boundary plasma density is observed and high energy tramped particles 

impinge on the wall between the toroidal field coils. 
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Measurements will be reported elsewhere [11]. They can explain the 

increase of metallic impurities during the additional heatings periods. 

But for the experiments described here, the radiation losses with 

additional heating remain under 30 % of the total power 70 % of this total 

power represents the conduction convection losses which are evacuated 

75 Z by the limiter and guard ring 

25 % by the wall. 

The figures 7 A, 7 B, 7 C show the power balance with neutral 

injection and R.F. heatings -=2 is due to the increase of the plasma density 

with the gas injection during the discharge. The other quantities are given 

in TABLE 1. 

Finally, 60 7, of the total injected power can impinge the limiter 

region and 40 % of this is deposited on the wall of the TFR 600 tokamak. 
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CONCLUSIONS 

Finally, we can draw following conclusions. The plasma wall inter-
14 -3 action during the TFR 600 tokaraak discharge at density n - 1.5 10 cm 

produces a low level of light impurities and give plasmas with Z f f - 1. The 

particle balance had been measured and the recycling coefficient is less than 

1 with R.F. and neutral injection heatings during the whole discharge. SO % 

of the injected atoms are trapped in the wall during a pulse and released 

between discharges. 

Plasma edge measurements give the particle life time and the con

duction convection losses on the limiter and wall. 60 % of the total injected 

power can absorbed on the side wall of the limiter if we take a heat conduc

tion coefficient Y * IS. 



_ IS _ 

REFERENCES 

[ I ] Isotopes exchange experiments in TFR 600 

TFR GROUP (This conference) CI 

[ 2] Bolometric measurements in TFR 600 

TFR GROUP (This conference) G6 

[3] Surface conditioning in TFR 600 

TFR GROUP 

Journal of Nuclear Materials 76 arid 77 - 1978 - 587 - 593 

[ 4 ] MATHEWS0N 

A.G. in Plasmas wall Interaction (Proc. Int. Symp. Julich, 1976) 

Pergamon Press - Oxford (1977) 517 

[5] G.M. Mc CRACKEH, P.E. STOTT 

Nuclear Fusion. Vol 19 n° 7 (1979) 904 

[6] Hydrogen isotope retention in PLT 
W.R. WAMPLER et al , J. Nucl. Mater. 858, 86 , (1979) 
( Miami Conf. Jan. 1979 ) 

[ 7 ] TFR GROUP 

A.G. in Plasma vail interaction (Proc. Int. Symp. Jiilich 1976) 

Pergamon Press - Oxford 1977-3 

[ 8 ] K. UEKARA and all 

Plasma physics. Vol 21 1979 pp. 89-99 

[9] L.-C. JOHNSON, E. HINN0V 

Jour. Avant. Spec. Rad. Transf. 1973 Vol B - 333 358 



16 

[ 10] S. SENGOKU 

Invited paper (This conference) -R6-

[11] TFR experiments on superbanana particles diffusion 

TFR GROUP 

To be published 

8° AIEA Conference Brussells 



TABLE 1 

DAY 

PLASMA CURRENT (KA) 

WORKING GAS 
TOROIDAL FIELD (KGS> 
WALL SURFACE 
(KU.OW-5MELDS - LIMITER- ANTENNAE ) 

LOOP VOLTAGE tv l 

Te 0 

Zeff 

(ev) 

(ev) 

(ms) 

Pm - total input power (xw) 
P Q » ohmic input power (KW) 
PAQD* additionnai heating power (ON) 

P B - RADIATION LOSS (KW| 

PcX» CHARGE EXCHANGE LOSS (KW) 

P Q . » CONDUCTION- CONVECTION IOSS (KW) 

OXYGEN DENSITY 
( c m " 3 - ikducfltl from ZeH-vahms) 

CENTRAL METAL DENSITY 
{NPCK|L-cm** 3 ttuiJiicetl liom bolanwiric measmumnms) 

Pn/Pw 

5-4-79 
CASE1 

400 

D, 
51 

INCONEL 

18 
1.1 

1200 

950 
1.5 

35 

720 
720 
0 

160 
220 
340 

1.2 10 B 

4.10» 

0.22 

6-2-80 17-1-80 7-2-80 

CASE 3 
240 

CASE 4 
240 

CASE 5 
240 

D 2 * 0 . 2 H 2 D2 • 0.18 H 2 D 2 * 0.2 H 2 

40 45 44 
INCCX 

before heating 
«L 

end 
INCONEL INCONEL 

18 15 1.9 1.5 L9 1.45 
12 1.4 15 1.5 1.5 1.5 

WOO 1250 920 1070 950 1200 

720 WOO 680 840 660 960 

1.04 1.16 12 1.25 12 1.25 

27 24 26 22 26 23 

430 580 460 680 460 790 
430 360 460 360 460 340 

40 
220 

NEUTRAL 
120 100 

320 
HF - 2uci 

220 140 
460 
230 

25 50 50 50 50 50 
330 400 280 380 270 490 

1. 10" 2.10" 3.10" 4.10" 3.10" 4.10" 
1. 10 , 0 3.10» 3.10" 8.10" 2.10" 6.10" 

0.10 0.20 0.22 0.32 O i l 0.3 
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