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In the recycling process of iﬁpurities in a plasma, only the sputter-

ing of first wall materials is usually considered. 1In the present study4

not only sputtering of metal but dqsorption of sorbed layers by particleé
and: reflection of incident impur1t§ ions at the limiter are also introduced.
The behaviour of impurities in the:discharges of recent Tokamaks is ‘
interpreted quantitatively and the}tesult 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,
becaur: the desorption yield by pafticles may probably be decreased by ‘
discharge cleaning. On the contrary the metallic impurity concentration$ ¢
tend to increase beyond the permisdible leﬁels, since the self-sputtering
yield of impurity ions will become larger than unity with the increase of
plasma temperaturés. In this respect the method to reduce the metallic ‘

impurities is important.

* On leave from Research and Development Centre,
fokyo Shibaura Electric i:., Ltd., Kawasaki, Japan
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at the limiter and the wall as well as nommetallic ones desorbed from

JARRI-N 6297

INTRODUCTION ‘ =
Impurities play an inportant role in. Tokanak discharges. The contali-

nation of a plasma by impurities will be one of the most serious problels

An the stage . of deuonstrating the scientific feasibility of Tbkanak plasna

confinement. In Tokamak plasmas, there exist: metallic impurities produced

sorbed layers on the liniter and wall surfaces. :

:‘ The permissible lévels of impurity concentration in a future largej
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 estilated from the radiation losses due to impurities [2]. In
recent experinents (ST[3]. ATC[4], TFR[5]), impurities contaminate the |
plasma in the- early stage of the discharges and’ the ratio of their con-

centrativns to that of hydrogen ions is rather constant during the
discharges. , . : . ‘ ‘ i o

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 i
whether it can be kept lower than a tolerable level.

2. IMPURITY CONCENTRATIONS IN TOKAMAK PLASMAS j
! |

Continuous efforts have been made in the past to measure impurity
concentrations in Tokamak plasmas,iespecially in Princeton Plasma Physics
Laboratory. Quantitative vacuum ultraviolet (UV) measurements of various
ST Tokamak discharges show that the concentration of metallic impurities
(Fe, Mo) is about 0. 1 % to 1.5 % of the electron density and that of non—
metallic (oxygen) is.about 1 % to 10 2 [3]. Impurity concentrations i
obtained in a typical ATC discharge are less than 3 % of electron density

for the nommetallic 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 the
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].
The radial distribution of high—z material is obtained from 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 151. V

' On the contrary a different impurity behaviour was obgerved: in~

Tokamaks of USSR. By analysing soft X—ray 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 impuri*ies in the central region of the plasma

column increased steadily during the discharge {6].

In' this paper, it 1g shown that such impurity behaviours may be almost
understood by considering recycling prgcess. _ The reason why the dif-
ference in the radial distribution of impurities exists between measure-

"ments of PPPL and USSR is an importantlprpblem but is not discussed in this

paper. _ j |

3. RECYCLING PROCESS OF IMPURITIES ' 7 ,
Considering the:interaction between the plasma and the wall, two
kinds of particle should be remarked as shown in Fig. 1. " One 1is charged

particles which mostly bombard the limiter, the other is hot neutral
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]:

sz "le— +7z—7( Nt) + R+-1) %S )
where Np and Nz are the total number of hydrogen and each impurity ioms,
Tp and T, are their respective pargicle confinement times, 71 and 73 are
thelr respective sputtering or desdrption yields,’Zz is the sputtering or
desorption yield by hot neutral particies, R is the reflection coefficient
of impurity ions and ¥ is the rate of hot hydrogen neutral particles
escaping from the plasma for each incident cold neutral particles.

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



thOse‘which are‘releésed from theﬁiiniter:surtace by impurity ion

bombardment.

If the coefficient of the last term (R+§§-1) is negative, Nz/Np reach>

‘a plateau which is described by:

v LfeRVen g

NP : tp ) 1"R"’73 ":/

This situation may be the case in'recent Tokamakeibecanse‘of RﬂaO,7z3 <1
for metalic impurities and R~ 0.5 ’23 <0.1 for nonmetallic impuritiee.

4, EVALUATION OF COEFFICIENTS ‘
In this section we estimate sputtering yields, desorption yields by
particles_and reflection coefficients to consider recycling processes by

Eq.'(l) These coefficients depend on incident particle energies which

are considered to be plasma boundary temperatures, 10~ 100 eV, for charged!

particles and of the order of average ion temperatures, 30~ 300 eV, for
hot neutral particles. in recent Tckanaks 171117]. '

(A) SPUTTERING YIELDS ‘ :

Behrisch estimated the dEpendenQe cof the sputtering yield on the‘ﬁ
incident energy when hydrogen ions bonbérd 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 b& rare gas ious at low incident
energies [9] and the dependence of sputtering yield on the incident ion
mass when various kinds of ionms 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”34 107" which may be applied
in the case of hydrcgen neutral particle bombardment. .

The self-sputtering yield of metal impurity is calculatediunder the
asgumption 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 eeveral
hundreds eV of ion energy 1is given by (11]:
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metal The constant 0 26 is the ”coe ficient which is cal»culated for the ’
self—sputtering [11] Using the g

(B) DESORPTION YIELDS BY PARTICLES.

Desoifp'z:ion of sorbed layeris by R rt‘fcles is'a complicated problem but .

oo e @
where n is the surface densiLy of scrbed Uayer, j the particle flux

density and U the cross-—section for descni‘ption.- Equation 4) is used for
the electron-impact desorption. In th«> cuse of the desorption by ioms or
particles, source term from deeper laym:e should be considered in right
hand side ‘of Eq. (4). Solving Eq , Jhe desorpt.ion yield and the cross—lv
section for desorption are; ' i ) :

42 = n0 = n;@ e~ I0t ! (5)
_ _1la@ab ~ | ' ‘
V] 7 at . ! . (6)

where np 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. L
We have only a few appropri ate experimental data of the cross-section
for desorption. One is 10'1""\:1’)"1" cm? in the experiment in which the

230 eV rare gas ions bombard 1he sorbnd ]ayers of rare gases cn glass

surface and this value was obtained uuder‘t:,he condition of ug v 105 cm=2

[13]. The other is 2x 1017 cm? for _hydrogen that rzleased from the surface

Ca-
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this case na 15 101Z =2 [14] . 5 :

Now we estimate the delorption yield ’Z (ie nO in Eq (5)) of sorbed :
ox‘gen 1ayers on. limiter or vacuum wall surface fron these experinéntalr‘w
data: The authors think the difference between desorption cruss-sectionsf
of rare gases and hydrogen originate in the difference of sorption energyyf
The. energy of physisorption of rare gases is less than that of" chenisorpT
tion in hydrogen by a factor of - 10 Concerning oxygen- the energy of 3
chemisorption is larger than that. of hydrogen by a factor of 3!»4 |
Therefore the -desorption cross-section of oxygen will be less than that of
hydrogen. The other parameter in desorption yield is the surface denaity./’
This depends on the ion range which is approxinately proportional to the‘
incident ion energy. .As described. hefore, the incident ion energy is ofE
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 DT ion bombardment.

‘From these estimates the initial desorption yield of chemisnrbed
oxygen by 100 eV ut 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 uhich
is evacuated to the vacuum system. ;In the very final stage the surface 1
density will diminish to less than.lO13 em™? whicix corresponds to the |
solute oxygen in bulk metal if the solubility of oxygen to the metal is i
10 p.p.m. or so. In this gituation the desorption yieid of oxygen is con-l
sidered to be less than 10'“ which is negligible for production of impurity
on the wall. ' ; ~ @

(C) REFLECTION COEFFICIENTS ; |
The reflection coefficient depends strongly on the mzas 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
incident ion, the reflection coefficient is considered very small accord- }
v'ing to the calculation based on random slowing down by elastic callisions %
in an infinite medium [15].. On the contrary some fractions of incident ‘
.ions are reflected in the light element bombardment. Behrisch compiled

some experimental data and computed results of the reflection coefficient
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in hydrogen ion bombardment (Fig. 2) [8] When the incident energy of
hydrogen ions is 100 eV the reflection coeffic..ent is about .- 0 5. -In the :
.oxygen - ion bombardment the reflection coefficient may become half as large .

" from the estimtion concerning to’ the .mass ratio of incident ion' to target
b .

“atom [15][16] ) Do : 1
5. RESULTS » R L
The time dependence of :I.mpurity concentrations in hydrogen plasna can
- be computed by Eq. n,. using plasma parameters of ST Tokamak aud the
‘ evaluated values of coefficients which | 'represent the interaction between:
plasma and wall. For this purpose we need the t:l.me variatiors of plasna
particle confinement time and hydrogen don density which is approximated
by the electron density. These are approximated by the following equations
in a typical discharge of ST Tokamak [3][17]

ne = 1011 + 1013t  (ee™l) 0,<=t§1.5 msec

fe = 1.5x1013 A(ec™l) | t>1.5 msec
o o o (E) %
Tp= 1+0.43¢t - (msec)  t£40 msec s
T = 17 (msec) t > 40 msec

The evaluation of ¥ in Eq. (1) is an important problem in itself but we
set § = 0.1 in this discussion, ‘since the second term in Eq. (1) affects '
the total number of each impurit‘y ions in the order of ¥ comparing with
the first term of Eq. (1).

J The time dependence of nonmetallici impurity concentration during a
discharge when Z'z is equal to 'Ep is shoun 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 descrihed in section 4. The large
reflection coefficient renders the plateau value of impurity concentration
higher as also understood by Eq. (2) . 1In the case 4 we set 721 = (.01 znd
'22 = 0.1 considering that a discharge cleaning effect is more -effective
on the limiter than on the vacuum wall since the incident particle flux
density on the limiter is larger in a factor of 102~ 10* 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 71 = 0.01 and ?2 = 0.01.
When a discharge cleaning is not suf‘ficient, the desorption yield might

-6 <
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become 0.05 that is the value of ?1, 72 and ’Z in the case’ 2 -The

'particles are decreased by discharge cleaning.

- the interpretation of the data in USSR.

plateau value cf i-purity concentration attains to 10 z of the’ electron‘ “
density in thia csse. In every caaes of rig. 3 the i-purity concentration.i
increases in the initial atage of a diacharge to the plateau value which
18 determined by’ Eq. 2) as observed in the diecharges of ST, ATC and 'I.TR .
in: which t ‘18 nearly equal to tp IS B f - 1 )
The dependence of nomnetallic impurity concentration uvpon’ tz i“ shc
inFig. 4 which is the ‘resilts in’ caee° = Tp, : /- 5'[; and T ‘CI,IS.
If: t is larger than f as measured in Tokalnaks of USSR, the total impurity

concentration’ increases 8 qdually during a discharge as shown in Fig. 4‘ 5

and in the case 5 of Fig. 5. But even if t is larger than Tp, non—

metallic impurity concentration msy have the plateau value which is des—r oo
cribed by Eq. (2). “In futuré large Tokamaks this plateau .ralne will be|
able to be kept lower _than the permissible level which 18 of the order of -

a few percents’ af hydrogen ions when desorption yields (71, 72,23) by

On the contrary the. metallic impurity concentraticn increases strongly
during a discharge if the self-—sputtering ‘yield of impurity ions is 1arger
than unity. The self—sputtering yield is varied from 0.5 to 1.5 in initial
fou. cases of Fig. 5 in which we set 21 =72 = 0.001, R =0 as described

in ‘section 4 and T, = 'C'
may be dbout 0.5 as shown in section 4 and then the metallic impurity

In recent Tokamaks the self-~sputtering yield

concéntration aiso increases in the initial atage of a discharge to the
plateau value which is decided by Eq (2). These phenomena were observed
in the discharges of S"', ATC and TFR in which l' is nearly equal tor .
The condition of Ly = 5'[' is set in the case 5 which is used befora for
The self-sputtering yield is

proportional to the incident particle energy up to several hundreds eV as
described in Eq. (3)
sputtering yield of metallic impurities are very important in future large ’

* Therefore methods of decreasing effective self- 1

Tokamaks . !

6. CONCLUSIONS |
! ‘ e T
(1) steady state concentrations can be achieved if ’Z3+R<1. This is- very

probnble for the sorbed layers just due to depletion at the surface. No -

diverter may be needed for preventing nonmetallic impurities.
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Fig. 3 Nommetallic impurity concentrations during a typical
Tokamak discharge on the condition of = .
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Fig. 4 The effect of particle confiﬁement time of nbnmetallic
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.
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