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Recycling Process of Impurities in Tokamak Discharges 

Yoshio GOMAY*, Teruhiko TAZIMA. 

Division of Thermonuclear Fusion Research, Tokai, JAERI 

(Received October 20, 1975) 

In the recycling process of impurities in a plasma, only the sputter
ing of first wall materials is usually considered. In the present study, 
not only sputtering of metal but desorption of sorbed layers by particles 
and reflection of incident impurity ions at the limiter are also introduced. 
The behaviour of impurities in the discharges of recent Tokamaks is 
interpreted quantitatively and the result is applied to a future large 
Tokamak. The nonmetallic impurity concentrations may attain plateaus in 
the early stage of a discharge which are lower than the permissible levels, 
becaut_ the desorption yield by particles may probably be decreased by 
discharge cleaning. On the contrary the metallic impurity concentrations 
tend to increase beyond the permissible levels, since the self-sputtering 
yield of impurity ions will become larger than unity with the increase of 
plasma temperatures. In this respect the method to reduce the metallic 
impurities is important. 

* On leave from Research and Development Centre, 
Tokyo Shibaura Electric Co., Ltd., Kawasaki, Japan 
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Recycling、Processof 11即町ltiesin Tokaaak Discharges 

Yoshlo GO!仏宣告， Teruhiko ~IMA 

Division of Thenaonuclear iFusion Research. Tokai， JAERI 

(Received October 20， 1975) 

!n the，recycling prωess of impurities tn a plasma， only the sputtet-
ing of first wa11 mater凶 sis usua均 considered. In the present s卸叫
not only sputtering of meta1 but deso句 tionof sorbed layers by particlee 

andEreflection of hcidenthpurity臼 nsat the limiter are a1so introduとed.

The behaviour of impur1t1es 1n thedischarges of recent Tokamaks is 

1nterpreted quant1tative1y and theresu1t 1s app1ied to a future large 

Tokamak. The nonmetallic impurity concentrations may attain plateaus in. 

the ear1y stage of a discharge which are 10wer than the permiss1b1e 1eve~s ， 

becau~ 羊 the desorption yield by particles may probably be decreased by 

discharge cIeaIZing-On the contrary the meta111C1mpur1ty concentrat10ns' 

tend to 1ncrease beyond the permissible leve1s， s~.nce the self-sputtering 
y1eld of impur1ty 10ns w111 becomelarger than un1ty with the increase of 

plasma temperatures. In this respect the method to reduce the metallic 

impurities is important. 

* on leave from Researcb and Develo伊nentCentre. 

Tokyo Shibaura Electric C~. ， Ltd.， Kawasaki， Japan 
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トカマタプラズ7 での不純物リサイクりング過程

日本原子力研究所東海研究所核触合研究部

五明由夫・ l 田島輝夫

(1 97 5年 10月 20日受理)

次代の大型トカマクでは，プラズ7 中の水素以外のイオン(不純物〉の量の低減が要請され

る。近年の実験では，不純物は放電の初期Ir.急指し，以後はほぼ一定値を示す傾向が得られて

いる。本報告では，プラズ7 と壁表面との相互作用が，衝撃粒子による壁金属のスパアター

収着層の脱敵，表面における粒子の反射という現象で記述できるとするモデルにより，実験で l

得られいる不純物発生挙動が定量的に説明できる乙とを示す。その解釈の延長として，ガス不

純物は放電洗浄による脱離比の低下に，金属不純物は磁気リミタ一部におけるダイパータ効果

によって，不純物量を許容値以下lζ押えうる可能性があるととを述べる。

穆外来研究員:東芝総研
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1. INTRODUCTION - =. > ;;''] 
Impurities play an important role in Tokamak discharges. The contami

nation of a plasma by impurities'will be one of the most serious problems 
in the stage of demonstrating the scientific feasibility of Tokaaak plasma 
confinement. In Tokamak plasmas, there exist metallic impurities produced 
at the limiter and the wall as well as nonmetallic ones desorbed from 
sorbed layers on the limiter and wall surfaces. 

The permissible levels of impurity concentration in a future large 
Tokamak are of /the order of a few percents for the nonmetallic impurities 
and of the order of one tenth of the nonmetallic for the metallic which 
have been estimated from the radiation losses due to impurities [2]. In 
recent experiments(ST[3]; ATC[4], TFR[5]), impurities contaminate the 
plasma in the early stage of the discharges and' the ratio of their con
centrations to that of hydrogen ions is rather constant during the j 
discharges. . • | 

To explain these experimental results not only qualitatively but 
also quantitatively, we shall discuss the recycling processes of impurities 
taking account of sputtering of the limiter and wall materials, desorption 
of sorbed layers and reflection of impurity ions. An estimation is then 
made on the impurity concentration in a future large Tokamak to find 
whether it can be kept lower than a tolerable level. 

2. IMPURITY CONCENTRATIONS IN TOKAMAK PLASMAS 
Continuous efforts have been made in the past to measure impurity 

concentrations in Tokamak plasmas, especially in Princeton Plasma Physics 
Laboratory. Quantitative vacuum ultraviolet (UV? measurements of various 

i 
ST Tokamak discharges show that the concentration of metallic impurities 
(Fe, Mo) is about 0.1 X to 1.5 % of the electron density and that of non-
metallic (oxygen) is about 1 % to 10 % [3], Impurity concentrations 
obtained in a typical ATC discharge are less than 3 % of electron density 
for the nonmetallic impurity (oxygen) and 0.15 % for metallic impurities 
(Fe, Mo) [4], In both cases impurities are present from the beginning of| 
the discharge without a substantial change thereafter. Such a stationary 
behaviour of the impurity concentration indicates steady recycling of thte 
impurities. The preliminary data in TFR show a similar trend but in some 
discharges carbon was observed in almost the same amount as oxygen [3]. 
Tb-s radial distribution of high-Z material is obtained from X-ray 
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ceutratiuns to that of bydrogen ions is rather constant during the 

discharges. 戸

To exp1ain these experimental resu1ts not on1y qua1itative1y but 

a1so quantitative1y. we sha11 disc~ss the recyc1ing processes of imp~ri~ies 

taking account of sputtering of the 1imiter and wa11 materia1s， deso即日on

ofsorbed 1ayers and reflection of !mpurity ions. An estimation is出回-
made on the illtpurity concentrationJ in a future 1arge Tokamak to find 

whether it can be kept 10wer than a t01erab1e 1eve1. 

2. IMPUR1TY CONCENTRATIONS IN TOKAMAK PLASMAS 

Continuous efforts bave been made in the past to measure impurity ， 

concentrat1ons in Tokatnak plasmas，: especia11y in Princeton P1a回 aPhysiC;s 

Laboratory. Quantitative vacuum ultraviolet (UV: measur.四 entsof variotls 

ST Tokamak discbarges show出attbe concentration of metallic担 .puri山 4
(Fe， Mo) is about 0.1 % to 1.5 % of the e1ectron density and that of noti園

田 ta11ic(0可 gen)isabout 1 %to 10 % [3]. Impurity concentrations 

obtained in a typica1 ATC discharge are 1ess than 3 % of e1ectron density 

for the nonmeta11ic impurity (oxygen) and 0.15 % for meta11ic impurities 

(Fe， Mo) [4]. In both cases加 .puritiesare present from the beginning of: 

the discbarge without a substantia1 change thereafter. Sucb a stationar~ 

bebaviour of tbe impurity concentration indicates steady recyc1ing of th~ 

impurities. The pre1iminary data 1n TFR show a simi1ar trend but in some 

discharges carbon was observed in a1most the same amount as oxygen [3]. I 

Th~ radia1 distribution of high-Z ~ateria1 is obtained frαn X-ray 
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measurements In ST and there exists: no extreme accumulation in the center, 
but may exist variations within a factor of 2 [3]. A similar observation 
is made in TFR by rather indirect methods :[ 5] . i 

On the contrary" a different impurity behaviour was observed in 
Tokamaks of USSR. By analysing soft Xfray in T-4, impurities are found to 
be localized in a relatively narrow region near the plasma column axis and 
the total amount of the impurities in the central region of the plasma 
column increased steadily during the discharge [6]. 

In this paper, it is shown that such impurity behaviours may be almost 
understood by considering recycling process. The reason why the dif- j 
ference in the radial distribution of impurities exists between measure
ments of PPFL and USSR is an important problem but is not discussed in this 
paper. 

3. RECYCLING PROCESS OF IMPURITIES j 
Considering the interaction between the plasma and the wall, two 

kinds of particle should be remarked as shown in Fig. 1. One is charged 
particles which mostly bombard the limiter, the other is hot neutral 

j particles which uniformly bombard the wall of vacuum vessel. When the 
interactions between these particles and the wall are described by sputter
ing of metals, desorption of sorbed layers by particles and reflection of 
incident impurity ions, the time dependence of impurity concentrations 
during a discharge in hydrogen is given by [2,8,18]: 

dNz ̂ N p 7) Y , Np d N p , , ( n | ? > Nz 

where N p and Nz are the total number of hydrogen and each impurity ions, 
^p and Xz a r e their respective pargicle confinement times,^ and ̂ 3 are 
their respective sputtering or desorption yields,X2 i s t n e sputtering or 
desorption yield by hot neutral particles, R is the reflection coefficient 
of impurity ions and Y is the rate of hot hydrogen neutral particles 
escaping from the plasma for each incident cold neutral particles. i 

The first two terms in Eq. (1) represent the impurity which is 
released from the limfter surface by hydrogen ion bombardment and that 
from the vacuum wall surface by hydrogen neutral particle bonbardment 
respectively. The last is the sum of the impurity ions diffusing out from 
a plasma, the impurity particles reflecting at the limiter surface and 

- 2 -
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measur阻 entsin ST and， there j!xists， ~oiextreme aceUIDu1ation in thecenter， 
.~ ~-

but may exist variationswithin a 白ctorof 2 [3]. Aaimilar 'ob8ervatioI1 
is made in TFR byrather ind仕 ec;t，methodslsl.

伽t:he'contrary~'a different 出Puritybehaviour wag obsemedin 

Tokamaks of USSR. By analysing soft:.X-!-ray in T-4， impurities are found to 

be 10巴aHzedin a ，~e1ativë1y narrow region near tiiep1asma c01umn詔 isand 

the tota1 amount of the impurities in the cen.tra1 region of the plasma 

column increased steadily during the discharge [6). 

!n this paper， itis shown that such impurHy behaviours may be almost 
understood by considering recyc1ing pr?cess. 百lereason why the dif-

ference in the radial distribution of impurities exists between measure-

'ments of PPPL and USSR is an important，prob1em but is not discussed in this 

paper. 

3. RECYCLING PROCESS OF IMPURITIES 

Considering the. interaction between the p1asma andthe wal1， two 

kinds of partic1e shou1d be remarked as shown in Fig. 1. One is charged 

particles which most1y bombard the 1imiter， the other is hot neutral 
partic1es which uniform1y bombard the wa11 of vacuum vesse1. When the 

interactions between thesepartic1es and. the wa11 are described by sputter田 l

ing of meta1s， desorption of sorbed 1ayers by partiC1es and ref1ection of 
incident impurity ions， the time dependence of impurity concentrations 
during a discharge in hydrogen is given by [2，8，18]: 

寺子-"llき+'2みき+3F);+仰や1)若 (1) 

where Np and Nz are the tota1 number o~ hydrogen and each impurity ion8， 
trp and ~ are their respective pargic1e confinement times， ~l and Y3 are 

their respective sputtering or desorption yie1ds，7[2 is the sputtering or 

desorption yie1d by hot neutra1 particles， R is the ref1ection coefficient 

of impurity iOn8 and r is the rate of hot hydrogen neutra1 particles 
escaping fr叩 thep1asma for each incident c01dneutra1 partic1es. 

The first two terms in Eq. (1) represen't the impurity which is 

re1eased from the lim:lter surface by hydrogen ion bombardment and that 

from the vacuum wa11 surface by hydrogen neutra1 partic1e bonbardment 

respective1y. The 1ast is the sum of the impurity 10ns diffu3ing out from 

a p1asma， the impurity partic1es ref1ecting at the limiter surface and 

-2 -
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those which are released from the llmiter surface by Impurity ion 
bombardment. 

If the coefficient of the last term (R+^3-1) is negative, Nz/Np reach] 
a plateau which is described by: 

NZ _ r z ?n-72Y/a-y) „• j 
• N P . - r p . ' i - R - V , / ' • • -j 

This situation may be the case in recent Tokamaks because of R ^ 0 , ^ 3 < 1 
for metalic impurities and R^0.5* ̂ 3 < 0.1 for nonmetallic impurities. 

4 k EVALUATION OF COEFFICIENTS 
In this section we estimate sputtering yields, desorption yields by 

particles^and reflection coefficients to consider recycling processes by 
Eq. (1). These coefficients depend on incident particle energies which 
are considered to be plasma boundary temperatures, 10i*100 eV, for charged 
particles and of the order of average ion temperatures, 30^300 eV, for 
hot neutral particles in recent Tokamaks [7][17]. 

(A) SPUTTERING YIELDS 
Behrlsch estimated the dependence of the sputtering yield on the 

incident energy when hydrogen ions bombard stainless steel, using the 
experimental data of sputtering yield by hydrogen ions at high incident 
energies, those by rare gas ions at low incident energies and a computed 
threshold energy of sputtering for each incident ion [8]. The authors 
also estimated the sputtering yield by low energy hydrogen ions, using the 
experimental sputtering yield of Mo by rare gas ions at low incident 
energies [9] and the dependence of sputtering yield on the incident ion 
mass when various kinds of ions bombard the Ag target at 5 keV energy [10]. 
From these estimates the sputtering yield of stainless steel and Mo by 
100 eV hydrogen Ions is considered to be 10~ 3 <\# 10"1* which may be applied 
in the case of hydrogen neutral particle bombardment. ; 

The self-sputtering yield of metal impurity is calculated under the 
assumption of random slowing down in an infinite medium [11]. The cal
culated results has an agreement with experimental values within a factor 
of 2. The self-sputtering yield at perpendicular incidence up to several 
hundreds eV of ion energy is given by [11]: 

- 3 -
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those which are re1eased fr個 the，1抽1ter.surfaceby fmpur1ty 100 

bombardment. 

If the coefficient of the last term(R+!3-1) 

a p1ateau wh1ch 1s described by: 

1s ~egat1ve. Nz/Np r回 ch:

じ
一
%

Th1s s1t叫 10nmay be the case 1n reとentTokamakabecause， of R n_ O.ぜ3<1

for metalic fmpur1t1es and R'" 0ム "Z3< 0.1 for nom隠 ta11icimpur1t1es. 

4. EVALUATION OF COEFF1CIENTS 

1n this sect10n we est1mate sputtering y1elds. desorpt10n y1e1ds by 

p，ut1c1es_ and reflect10n coeff1c1ents to cons1der recycling processes by 
Eq. (1). These coeff1c1ents depend on inc1dentpart1c1e energ1es which 

are cons1dered to be p1asma boundarytemperature喧審 10'" 100 eV. for charged 

partic1es and of the order of average 10n temperatures， 30'" 300 eV. for 
hot neutral part1cles 1n recent Toka回 ks[7] [17] . 

(A) SPUTTERING Y1ELDS 

Behrisch estimated the dependenc，e of the sputter1ng y1eld on the 

1nc1dent energy叫lenhydrogen 10ns bO，mbard sta1n1ess stee1， us1ng the 
experimenta1 data of sputtering yie1d by hydrogen ions at high incident 

energies， those byrare gas ions at 10w inc1dent energies and a computed 

threah01d energy of sputtering for eaph incident ion [8]. The authors 

a1so estimated the sputtering yie1d by low energy hydrogen ions， us1ng the 
experfmenta1 sputter1ng yie1d of Mo by rare gas 10ns at 10w incident 

energ1es [9] and the dependence of sputtering yie1d on the incident ion 

mass when various kinds of ions bo曲 ardthe Ag target at 5 keV energy [10).! 

From these estimates the sputtering yield of sta1n1ess stee1 and Mo by 

100 eV hydrogen 10ns is considered to.be 10圃 3'" 10-1+ which may be applied 

in the case of hydrogen neutra1 partit1e bombardment. 

The se1f-sputter1ng yie1d of meta1 impur1ty 1s ca1culated under the 

assumpt10n of random s10wing down in ~n inf1n1te medium [11]. 泊施 ca1""

cu1ated results has an agreement withexperi臨 nta1va1ues with1n a factor 

of 2. The self四 sputter1ngy1e1d at perpendicu1ar 1ncidence up to severa1 

hundreds eV of ion energy 1s given by' [11J: 

.. 3・
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3 0.26E 
4H? U 0 

(3) 

where E is the incident ion energy find UQ the sublimation energy of target 
metal. The constant 0.26 is the coefficient which is calculated for the 
self-sputtering [11]. Using the sublimation energy of Mo and Fe (6.9 eV 
and 4.15 p.V) the self-sputtering yields by 100 eV Mb and Fe ions is • 
computed to be 0.29 and 0.48 respectively. From Eq. (3) and the considera
tion of sputtering yield at incident energies above several hundred eV the 
self-sputtering yield increases with incident energies. 

(B) DESORPTION YIELDS BY PARTICLES 
Desorpcion of sorbed layers by particles is a complicated problem but 

it is convenient for understanding a discharge cleaning effect to use the 
following simplified equation [12]. 

where n is the surface density of sorted layer, j the particle flux 
density and Othe cross-section for desorption. Equation (4) is used for 
the electron-impact desorption. In the case of the desorption by ions or 
particles, source term from deeper layers should be considered in right 
hand side of Eq. (4). Solving Eq. ('•) , the desorption yield and the cross-
section for desorption are; 

t - »0- noffe"^ (5) 

a . -iiigfi-. (6) 

where no is the initial surface density. The cross-section for desorption 
is determined by Eq. (6) when the time variation of desorption yield is 
known in the experiment. .'•"!., i 

We have only a few appropriate experimental data of the cross-section 
for desorption. One is lO"1"1 ̂ 1>) - 1 5 cm 2 in the experiment in which the 
230 eV rare gas ions bombard Che soibed layers of rare gases en glass 
surface and this value was obtained under the condition of n0 '«1015 cm - 2 

[13], The other is 2xl0~ 1 7 cm2 for hydrogen that released from the surface 

f 

4¥  o 

(B) 

dn 
dt 

-njo- (4) 

where nis the surface density of SGzhEIllayer，j the partic1e fl四

density and cr the cross-section forde:SCir:{)tion.. Equation (4) i8 usea for 

the e1ectron-impact desorption. 1n 'thl~. Ci:lse of the de80rption by 10n5 or 

partic1es， source term from deeper 1.呈yl~r:s; shou1d be considered in right 

hand 5ide of Eq. (仏 SolvingEq. (品)， thdesorpuon yieH and the cross-

section for desorption are; 

ぜ nrT = n. IT o -jO't nσnoσe  JV~ (5) 

。 'b一
n
-
t
 

A
V
M
-
J
U
 

A
u
-

1
7
4叫-

(6) 

where no is the initial surface density. The cross-scctio:n fordessrption 

is determined by Eq. (6) when the Ume: v.ariation of desorption yie1d is 

known in the experiment. 

We have ori1y a few apprapri'"lte ell:perimental data of the cro5s-section 

for desorption. One is 10-1斗 '"10-15叩 .21n the experiment in which the 

230 eV rare gas iO'ns bombal:d t:he sm:-bed layers o~ raregasf."s cm glass 

surface and this va1ue was obtai:ned undm:' the condition 0::: .1l0 'u 1015 cm-2 

[13]. The other is 2 x 10四 17cm2. for hydrogen that r.eleas巴r.from the surface 

4 -
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when 5.6 keV D+ ions bombard the sorbed layer on stainless surface and in 
this case n 0 is 1 0 1 7 cm~2 [14]. I 

Now we estimate the deoorption yield & (ie v& In Eq. (5)) of sorbed 
oxygen layers on limiter or vacuum wall surface from these experimental 
data. The authors think the difference between desorption cross-sections 
of rare gases and hydrogen originate in the difference of sorption energy.. 
The energy of physisorption of rare gases is less than that of chemisorp-
tion in hydrogen by a factor of 10. Concerning oxygen the energy of 
chemisorption is larger than that of hydrogen by a factor of 3"y4. 
Therefore the desorption cross-section of oxygen will be less than that of 
hydrogen. The other parameter in desorption yield is the surface density. 
This depends on the ion range which; is approximately proportional to the 
incident ion energy. As described before, the incident ion energy is of j 
the order of 100 eV in recent Tokamaks. Then the surface density of 
oxygen on limiter or vacuum wall is less than that of hydrogen in the 
experiment of 5.6 KeV D + ion bombardment. 

From these estimates the initial desorption yield of chemisorbed 
oxygen by 100 eV H ions may be considered to be about 0.1. The desorption 
yield of chemisorbed oxygen will decrease with continued discharges, since 
the surface density of chemisorbed oxygen decreases as described in Eq.(5). 
The rate of decrease is determined by the number of oxygen particles which 
is evacuated to the vacuum system. In the very final stage the tiurface i 
density will diminish to less than 10 1 3 cm - 2 whici: corresponds to the 
solute oxygen in bulk metal if the solubility of oxygen to the metal is 
10 p.p.m. or so. In this situation the desorption yield of oxygen is con
sidered to be less than 10-1* which is negligible for production of impurity 
on the wall. j 

(C) REFLECTION COEFFICIENTS 
The reflection coefficient depends strongly on the rasas ratio of 

incident ions to target atoms and weekly on incident ion energies. When a 
metal ion bombards the metal whose mass number is equal to that of the 

i . [ 
incident ion, the reflection coefficient is considered very small accord
ing to the calculation based on random slowing down by elastic collisions j 
in an infinite medium [15]. On the contrary some fractions of Incident 
ions are reflected in the light element bombardment. Behrisch compiled j 
some experimental data and computed results of the reflection coefficient 

"，"-' 
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油 ep5.6kevD+MS bombard恥咋bed1ayer;onata1n1ess s町 face副叫
th1s case no 1e 101;?. cm":2 ['14]ψ 
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Theenergy of pbysisorpt1O'o O'f， rare gasea 18 1es8 tbah tbatofcb園 .isO't針
tion 1n hydrO'gen by a factO'r O'fl0.:， Concenllog oxygeo the energy of 

chemisorptiO'n Js larger thao that of hydrogel1 by a factorof .31¥.4. 

Therefore thedesorptlon crbss-section O'f oxygen wi11 be 1e8S than that of 

hydrogen. The other par岨eter，担 desO'rp~10n y1eld 18 the surface deD8it~. 

This depends on the 1O'n r~ge 油1ch[ 1s apprO'x国 telyproport印刷1to the I 

incident 1O'n energy. As descr1bedbefO're， the 10c1deot 1O'n energy 1s ，of ! 

the order of 1∞eV 10 recent TO'kama.ks. Theo thE!. 8urface dens;ity of 

oxygen on l1m1ter 01' vacuUm'waH 1sj1ess than that of hydrO'gen 10 the 

叫 eri眼前 of 5.6 KeVD+ ion bO'曲a吋ment.

From these estimates the in1tia1 desorption yie1d O'f chem1sl)rbed 
l 

oxygen by 100 eV H+ 10ns may be coo~1dered tobe a1iout 0.1. 百 edeso句 tihn

yield of cbem1sorbed oxygeo wi11 decrease withcon山 uedd主帥arges，山 c宇

the surface deosity of chemisorbed Qxygen'decreases as descr1bed 10 Eq.(5). 

The rate of decreaseis determined hy the oumher of 0玄ygenpard.!les油 1ch

1s evacuated to the vacuum system. '10 the very f1na1 stage tbe lIurface 

deos1ty w臼 1dimin1sh to 1ess tTao '1013 cm-2 whic.~ correspoods to the 
solute oxygen 10 bulk metal if the solt必i1ityof oxygeo tO' the lIIf~tal 1s 

10 p.p.m. 0'1' SO'. 1n this situat10n tbe desorpt知，0， y1eldof O'xygrm 1s cO'o~ 

sidered tO' be les8 thao 10・H油 1chi8 oeg11gib1e for prO'duction ()f 1mpur1~y 

0'0 the wal1. 

(C) REFLECTION COEFF1C1ENTS 

The reflectiO'n cO'effiCi~nt depends strO'ngly on the 11I3aS ratiO' O'f 

incident 10ns to target atO'ms and we~klyon incident 10'0 energies. Wheo al 

meta1' 1O'n bombards the meta1 whose m8SS nm園ber1s equa1 to tbat of tbe 

iocidl?nt 10'0， the reflection coefficient is cO'nsidered very s副主11accO'rd-

1ng to the calculat10n based O'n randcim slow1ng down by elastic c~lliBions 

1n an 1nfinite medium [15]. 00 tbe cootrary sO'醜 fract10nsO'f incident 

10ns are reflected 1n the 11ght e1ement bO'mbard眼前 Bebri9chcO'lDp!1ed 

同国 exper:l:眠ntaldata aod cO'mputed resu1ts O'f the reflection coeffic1eot 
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in hydrogen ion bombardment (Fig. 2) [8], When the incident energy of 
hydrogen ions is 100 eV the reflectionicoefficient is about 0.'5. In the 
oxygen ion bombardment the reflection coefficient may become half as large 
from the estimation concerning to the mass ratio of incident ion to target 
atom [15][16]. f 

5. RESULTS :^.-._.. ,., 
The time dependence of impurity concentrations in hydrogen plasma can 

be computed by Eq. (1), using plasma parameters of ST Tokamak and the 
evaluated values of coefficients which represent the interaction between 
plasma and wall. For this purpose we need the tiro variations of plasma 
particle confinement time and hydrogen ion density which is approximated 
by the electron density. These are approximated by the following equations 
in a typical discharge of ST Tokamak [ 3.] .['17"i.. 

0 £t £1.5 msec 
t >1.5 msec 

(7) 
t £ 40 msec 
t > 40 msec 

The evaluation of }f in Eq. (1) is an important problem in itself but we 
set Jf « 0.1 in this discussion, since the second term in Eq. (1) affects 
the total number of each impurity ions in the order of X comparing with 
the first term of Eq. (1). 

The time dependence of nonmetallic impurity concentration during a 
discharge when tjj is equal to Vp is shown in Fig. 3. First three cases 
show the effect of the reflection coefficient which is considered to be 
less than 0.5 for oxygen ions as described in section 4. The large 
reflection coefficient renders the plateau value of impurity concentration 
higher as also understood by Eq.- (2). In the case 4 we set Xi ." 0.01 ^nd 
7J2 "0.1 considering that a discharge cleaning effect is more effective 
on the Umiter than on the vacuum wall since the incident particle flux 
density on the limiter is larger in a factor of l O ^ l O 4 than that on the 
vacuum wall. The rate of increase in the initial stage of a discharge is 
greater than that in the case 1 in which we set C\ «. 0.01 and 62 " 0.01. 
When a discharge cleaning is not sufficient, the desorption yield might 

5e - 1 0 1 1 + 10 1 3t (cc - 1) 
ne - 1.5 x l O " <cc"\) 
Tp = 1 + 0.43 t (msec) 
Tp - 17 (msec) 

- 6 -
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in hydrogen10n bo曲副理pt(均.2)問1. 抽enthe inc1dent energy of 

hydrogen ioas i"， 100 eV， the reflection. coe:，ffic~~nt is油 oU1::，0 ;5. In tbe 

o侃xy児ge回nioT.1'b凶om曲har吋d鴎 a此tther四efle回ct.io伺，ncoefficient may becω0鵬 ha泡alfa踊sla訂，rg'酔e 

f仕ro'個，m ，t出h~
i' 

atom [15J[16J. 日イ

'-

5. !.伍SULTS

The time dependence of ~mpurity c~ncentrationsin hydrogen p1asma can 

be computed by Eq. (1)， using p1asma pa.rameters of !;T Tokamak aud the 
eva1uated va1ues of coefficients叫lich;represent theinteraction between 

plasma and wall・，Forthis purp，ose we need the tiJDe variations of p1as回|

p，artic1e confinement time and bydrogen ，10n density which 1s approximated 

1>>y the山 ctrondensity. These are勾 prox加 同dby the fo11o'凶，ngeq回出ns

:ln a typica1 d1scharge of ST Tokamak [3) [17 j • 

ne ，.， 1011 + 1013t (cc-1) : 0手t孟1.5msec 

ne '" 1.5 x 1013 日 .(cc・1) t > 1.5 msec 

(7) 
τp = 1 + 0.43 t (msec) t ~40 msec 

τP" 17 (msec) t > 40 msec 

賢官 eva1uationof r in Eq. (1) is an important prob1em in 1tse1f but we 

set 1 ，.， 0.1 1n this discllssion， 'since the second term in Eq. (1) affects 

the total number of each impurity ions :l.n the ordet of r comparing with 
I:he first term of Eq，. (1). 

The time dependence of nonmeta11ic impurity concentration during a 

discharge when rz is equal 1:0 t"p is shoWn in Fig. 3. First; three cases 

show the effect of the ref1ection coefficient which is considered to be 

1ess than 0.5 for oxygen ion8 as described in section 4. The 1arge 

ref1ection coefficient renders the plateau va1ue of impurity concentration 

higher as a1so understood by Eq; (2). 1n the case 4 we set宅1，.， O.Ol~nd 
宅2 ー0.1considering that a discharge c1eaningeffect i8 moreeffective 

on the limiter than on the vacuum wa11 since the incident partic1e f1ux 

density o~ the 1imiter is 1ar卓erin a factor of 102 '" 10斗 thanthat on the 

vacuum，wa11. The rate of increase in tqe initia1 stage of a disc~arge is 

greater出 anthat in the case 1 in which we set す1 ." 0.01 and乞ー 0.01.

~!hen a discharge cleaning i6 not sufficient， the desorption yie1d might 

-6 -
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become 0.05 that is the value of l\, ^2 * n d '3 ** t h « c a » e 5 • ^h* 
plateau value of impurity concentration attains to 10 % of the electron 
density in this case. In every cases of Fig. 3 the impurity concentration 
increases in the initial stage of a discharge to the plateau value which 
is determined by Eq. (2) as observed in the discharges of ST, ATC and TFR 
in which t z is nearly equal to 'Cp- i? 

The dependence of nomnetallic impurity concentration upon is shown 
in Fig. 4 which is the results in case?: T 2 ™ Tp» £z " 5^p- a n d %. * tp/3. 
If Vz is larger than T p as measured in Tokamaks of USSR, the total impurity 
concentration increases gradually during a discharge as shown in Fig. 4 
and in the case 5 of Fig. 5. But even if f z is larger than T p , non-
metallic impurity concentration may have the plateau value which is desr 
cribed by Eq. (2). In future large Tokamaks this plateau value will be 
able to be kept lower than the permissible level which is of the order of 
a few percents of hydrogen ions when desorptionyields (7i, X2, £3) by 
particles are decreased by discharge cleaning. I 

On the contrary the metallic impurity concentration increases strongly 
during a discharge if the self-sputtering yield of impurity ions is larger 
than unity. Thti self-sputtering yield is varied from 0.5 to 1.5 in initial 
four cases of Fig. 5 in which we set ill • L2 '• 0.001, R • 0 as described 
in section 4 and Vz "Tn» * n recent Tokamaks the self-sputtering yield 
may be about 0.5 as shown in section 4 and then the metallic impurity 
concentration also increases in the initial stage of a discharge to the 
plateau value which is decided by Eq. (2). These phenomena were observed 
in the discharges of ST, ATC and TFR in which L z is nearly equal totp. 
The condition of uz » 5tp is set in the case 5 which is used before for 
the interpretation of the data in USSR. The self-sputtering yield is 
proportional to the incident particle energy up to several hundreds eV as 
described in Eq. (3). Therefore methods of decreasing effective self-
sputtering yield of metallic impurities are very important in future large 
Tokamaks. 

6. CONCLUSIONS 

(1) Steady state concentrations can be achieved if ̂ 3+R<l. This is very 
probable for the sorbed layers just due to depletion at the surface. No 
diyerter may be needed for preventing nonmetallic impurities. 

!も
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同 C雌 0.05that is出emMd132mdZ3U出ecase ~.5c. Tbe司ソ
plátea\1~Ya1ùe_cQ.f iIlpuritycon!:en~rat10n at匂却.，t010% of th:eelectron! 
dens1ty 1n tbiscase. Ineveryc~aes ，ofF1g. 3出 e坤凶句 concentration

increases1ntbe1nitia1 s1:age of:a discbarge to tbe P]at:伺uva1ue油 ic"

is determined'byEq. (2) a自由民一din tbe discli明 esof ST，ATC andm 

in'油 ich. rz.' 1s ne~r1y eq田 1.to 'Lpィ
The dependence of nom-MLieupurity concentration um  biELSEEm 

J1n  F18・4wb1cb is tbe re~U1.t~ 1n'case竺t;z~. Lp.たー5耳andLz-tν3. 

urz 1s larger than Lp戸時asured1n To~ks'ofUSSR. the tota1 imp吋1ty

comentration11ncreases-URd岨 lly!duringa d1scharge as shown 1nFig. 4: 
and in the ca~e 5 of: F1g. 5. But: even ifじ i~ larger than Lp. non:'" 

metallic impur1ty concentration may bave tbe plateauvalue wbicb is.aes+ 

cribed by Eq. (2)・ 1nfutur邑 largeToka田 kstb!s plate剖祖1UE!will be I 

ab1e to bekept lower than the pe~1ss1ble leve1.vh1ch 1s of the order ~f 

a few percents ~f hydroge，n 10ns油endesorption y1e1ds <'10 t 2， ! 3) by I 
'part1cles are decreased bydischarge c1eaning. 

On the c!，ntrary themeta11ic ，1mpurity concentration 1ncreases stro特1y

during a discharga 1f the ~~1f-sp\1ttering'yield of impurity ion8 18 1arger 

than unity. Thli self-s'puttering yie1d is varied from 0.5 to 1.5 1n iniHal 

fou. cases of Fig. 5 in油 ichwe set宅1ーも-0.001， R -0 as described 

in section 4 and t;z: -Lp. 1n rece干Tokamaks the se1f四句utteringyieldi

田 ybe about 0.5 as shown in sect10n 4 and then the meta11ic imp¥1rity 

concentration a1so increases 1n t~e 1nitia1 stage of a d1scharge to thei 

p1ateau va1ue.wh1ch is deCided byEq. (2). These phenomena were observ~d 

in the d1scharges of S~. ATC and TFR 1n which ~z 1s near1y eq回 1toLp・1

The cond1t10n ofた-Stp 1s set 1n the case 5 which 18 used beforefor 

the interpretation of the data in US3R. The self-sputtering y1elJ 1s 

proportiomlto the 1nC1dent partK1e energy up to severa1hundreds eV4s 

described in Eq. (3). Therefore methods of decreasing effective se1f-

sp叫teringy1eld of meta111c 1mpu~ities are very important 1n future 1a均e

Tok岨 aks.

6. CONCLUSIONS 

(1)， Steady si:ate concentrat10ns can be achieved if 'l3+R<1. This is ve~y 

prob曹b1efor the sorbed 1ayers just dueto dap1etion at the surface. No 

d1verter maybe needed for prevent1ng nonmeta1l1c 1mpur1ties. 
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(2) For the metallic impurities the sor.rce terms are the sputtering 
yields; "ttr %i, US- - They all increases, with higher ion temperatures. 
If R+ %3becomes larger than 1, the only way to obtain steady state con
centrations is to introduce a further sink for the impurities. One of 
them is the diverter effect of metallic impurities in a magnetic limiter 
chamber and the other is the honey-comb structure of the limiter or wall 
surfaces f9][20]. 
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3 Nonmetallic Impurity concentrations during a typical 
Tokamak discharge on the condition of z » p. 
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Fig. ，} Nonmeta11ic impurity concentrations during a typica1 
Tokamak discharge on the condition of z - P' 
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Fig. 4 The effect of particle confinement time of nonmetallic 
impurities to their concentrations during a discharge. 
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Fig. 5 Metallic impurity concentrations during a typical Tokamak 
discharge and the effect of its particle confinement time. 

- 14 -

0.02 

0.015 

0.01 

0.005 

o 10 

J AEJU -M 112117 

20 

η，1 =η2 = 0.001 

奇=T1 EXCEPT 
CASE (5) 

30 40 50 
t (msec) 

Fig・5 Metal1ic impurity concentrations during a typical Tokamak 
discharge and the effect of its partic1e confinement time. 
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