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Introduction

The firso wall and the diaphragm are the critical units in the

design of large Tokamaks.

We will list the specific parameters of the T-20 which are most

important for the selection of material of th-2 first wall, an well

as important suggestions for the character of the plur.ma in thi.r;

facility, within the framework of which th:*s review ha:; been dene.

(1) Because T-20 is a demonstration reactor designed for stud-

ies of the behavior of a deuterium-tritium plasma, it is not neces-

sary to realize a balance between plasma losses and the plasma heat-

ing with the formation of a-particles as a result of the thermonu-

clear reaction, i.e., the use of supplementary plasma heating is per-

mitted to sustain the energy balance during the entire discharge

pulse.

(2) The heating power should increase during the discharge

process as a consequence of the constant entry of impurities and the

increase of radiative power from the pinch effect. Because the

supplementary heating power is limited, the useful duration of dis-

charge in the T-20, i.e., the lifetime of the hot plasma (~10 keV),

will appear limited. If the heating power is selected to be equal

to the power of plasma losses (stationary for hydrogen), the effec-

tive lifetime of the pulse will be limited to the instant when the

power emitted by contaminants will become equal to the power of fis-

sion energy of a-particles, namely 3 x 1 0 (Id Z) W, where d

fraction of contaminants wi fch charge Z in respect to the electroi



(3) It is assumed that the contaminants are fully built up -i.r-

ing the discharge process. Certain deviations from this assumpt.j-ii

are discussed in Section 2.

(4) During the effective lifetime of the pulse of T-20, it 5 .-

necessary to sustain a plasma pinch having the following param'-t'-r •:

a) R - 5 M.O- 2 M. V - 4.108 CM3, 5 - 4.IO6 c«2. / - 6 MA.

A QsrnKfre'T!)
- " "iy " *• current duration 20 SK,

". - 33-1013 CM" 3, 77-10 keV

(The distributions n ( T ) and T. ( T ) and T ( T ) are assumed to b<i

parabolic):
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(b) Maximum neutron load on the wall 10 n/cm 'sec, maxinvwr.

total power, emitted with a-particles 30 MW;

(c) Power of plasma losses due to thermal conduction and diffu-

sion of 50 MW (energy lifetime of the plasma of 2 sec).

(5) The following model of the plasma losses is assumed:

(a) Basic energy loss route on the diaphragm or the wall by

anomalous electron heat conduction;

(b) In the vicinity of the wall or the diaphragm, n ~ 10 -><m~J,
T ~ 100 eV;e

(c) Diffusion lifetime of the particles 5-6 times longer in

comparison to the energy lifetime, i.e., ~ 10 sec;

(d) Maximum effective pulse duration of T-20 of 20 sec.

(6) The material and energy balances of the plasma, i.e., con-

stant levels of T and n for the effective lifetime, are propose*] to

be sustained by simultaneous energetic injection of neutral partioles

at 80 and 160 keV, and by high-frequency heating.

(7) The operating scheme includes:

(a) 1 sec - current rise;

(b) ̂  sec - plasma heating and increase of n to the quasi-

stationary value;

(c) 20 sec - stationary phase;

(d) 5 sec - phase of current decay.

(8) The energy cycle involves 4 sec heating with fast neutral

particles with an injection power of ~50 MW. This is followed ly a

power decrease to 20 MW due to the additional 30 MW heating by a-



particles. This is followed, by an increase of the h<.-atlnft power to

50 MW to compensate for plasma radiation lor-nes.

(9) In the first series of experiments the facility had a capa-

bility of ICr pulses, and in I he second series, one of 1CP pulses.

In the following, only the first series of experiments will be dis-

cussed.

1. Model of Plasma Interaction with the Wall
and Introduction of ContaminanTs"

The object consists cf determining of the period, during which

such a critical amount of the wall material or its sorbed gases enters

the plasma, that it will cause radiation losses to be equal to the

power emitted by a-particles. Several ways of contaminant introduc-

tion into the discharge may be expected, namely:

(a) Sputtering of wall material produced by the fast ions and

neutral particles (sputtering coefficient S - 10~ - 10 at/ion);

(b) Desorption of oxygen and carbon under the influence of elec-

tron impact (K •- 10~ -10*"' mol/electron);

(c) Desorption of gases under the influence of soft x- and UV-

radiation;

(d) Peeling of the surface due to the helium bubble effect (blis-

ters) ;

(e) Sputtering under the influence of neutrons;

(f) Evaporation of the wall by local hot spots.

0.) ffwe limit ourselves to the series of ICr pulses (in the

series of ICr pulses, the problems of wall damage will be of inde-

pendent interest), it would appear that the bubble effect might be

neglected, because the full dose of the helium radiation in this

series should not exceed 10 - 10 • cm~ , and peeling by the bubble
17 _p

effect is observed above 5 x 10 ' cm . Furthermore, neutron sput-

tering could be neglected proviued it does not assume an abnormal

character.

Finally, the effects of the local hot spots will be elimitnt d

with the assumption that effective diaphragms are used.

Therefore, we will discuss the effects connected only with will

sputtering due to fast neutral particles and desorption.

(2) It has been shown by direct computation that the energy

spectrum of the fast neutral particles leaving a plasma similar to



that of T-20 (n ,, ~1O13 cm" • dT./dT,. - 200 eV/cin) is w l l ap-x e lim i lim ' l

proximated by a Maxwell distrioution with T = 1 keV, and their total
21 -1

flux will be approximately N../T "1.5 - 10 sec (N. = tot&l num-

ber of ions in the pinch, T = their diffusion lifetime). Depending

on the design of the chamber, they may fall out nonuniformly, but the

total number of the sputtered atoms i> time t should be equal to

~(N.S/T )t, where S = sputtering coe fioient, averaged according to

a Maxwell distribution of the neutral particle flux. The calcula-

tion of S* for deuterium and tritium is described in Appendix 1.

(3.) Having assumed that the contaminants in the pinch have a

parabolic distribution and utilizing the results of the study published

in [1] (Appendix 2), it is possible to estimate for T-20 the criti-

cal fraction of contaminants a c r as a function A. In Fig. 1, a c r(
z)

is shown as a dotted line.

Furthermore, knowing S^(Z), we may determine the effective pulse

duration tQ, i.e., the time t in which the radiative power is equal

to the power of the energy generated by a-particles:
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where Q z = specific radiative

power of one contaminant atom.

(4J The corresponding points

to tQ/T for different materials

are shown in Fig. 1. It can be

easily seen that graphite, alu-

minum, titanium, and tungsten are

the most interesting materials.

It would appear that molybdenum

is not optimum for the first wall.

(̂ ) An analogous calculation

was performed for electron desorp-

tion. It was assumed that the

total heat flux (50 MW) on the

wall (diaphragm) was transmitted

by electrons with T =100 eV.
e



On this basis, their flux q and the amount of desorbed kq wore cal-

culated. For the sake cf simple determination, oxygen was selected

as the gas. In Fig. 2, the relation tQ(Z, K) is shown for the spec-

ial case of T = 1 0 sec. It can be seen that for K = 10" - 10~^

mol/electron, tQ decreases to 1-5 sec, and the differences between

the materials are practically eliminated.

(6J According to the ac-

x cepted model, the electrons trans-

mit their energy to the diaphragm

or to the chamber part playing

this role. Of course, for this

design element, the possibility

of special purification, permit-

ting a decrease of K to 1O~

should be provided, because other-

wise the risk exists that the ef-

fective pulse lifetime in T-20

would not exceed 2-3 sec.

2. Supplementary Remarks

The model accepted by us was

characterized by two kinds of un-

certainty. First, the uncertain

behavior of the contaminants, and

second, the uncertainty of boun-

dary conditions.
10 f0 10 iO'Kf mol/clectron (1 ) it may appear that the

Fig. 2 contaminants will only partially

penetrate the core regions of the

pinch. This will simplify the problem. Tl̂ us, if only 10$ of the con-

taminants penetrate to the core (the case of a deflector with 90$

efficiency), the behavior of tQ will be equivalent to that presented

in Fig. 2, but with a 10-time scale decrease along the vertical.

This means that for K = 10~ for steel, tQ will be 8 sec, and for

titanium 15 sec. If only the light contaminants (), C) are screened

out, the order of desorption coefficient K will be reduced equivalently.

(2) If the secondary electron emission coefficient of the diaphragm

appears small, a potential difference of 3-4 T which accelerates the
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ions may appear. Sputtering of the diaphragm by accelerated helium

bombardment under these conditions may make a contribution compara-

ble to wall sputtering by neutral particles, i.e., it may decrease

t^ two times.

(3) We did not discuss the process of desorption under the in-

fluence of UV- and soft x-radiation. In the case of a smooth wall,

this effect may be neglected compared to electron desorption. How-

ever, with a specially designed vessel ("SOT", "IGL" system) with a

large effective surface, this effect may determine the introduction

of contaminants from the wall. For this reason, it is advisable to

select a vessel design in which any surfaces not suitable for direct

discharge purification are avoided.

Conclusions

In summarizing this study, it may be concluded that the material

of the first wall of T-20 should meet at least the following conditions:

(1) It should be subject to relative]y little sputtering under

the influence of the fast neutral hydrogen atoms.

In first approximation, materials with a minimum value of the
_ p

product SZ should be given preference. The most reliable materials

are the following: graphite, C, Ti, Al, or their compounds (we may

mention silicon carbide used for the electrodes of the MGD transfor-

mer, as a possible though not discussed compound).

(2) The material of the first wall should permit an effective

purification in order to assure that the electron desorption of sur-

face contaminants does not exceed 10"-5 mol/electron at an electron

energy T =100 eV.

It should be kept in mind that during testing or operation, the

first wall will be heated to about 600°C. Under these conditions a

substantial diffusion of dissolved oxygen and carbon to the surface

may be expected. Materials of highest purity therefore are desirable.

It is possible that exactly such materials will be preferred

(for example, ultrapure niobium), if the coefficient of electron de-

sorption of other materials could not be brought down to 1O~ .

(3) During the first phases of the studies preceding the construc-

tion of T-20, it is proposed to test the prospective materials of the

first wall in the form of shields for the wall of the vacuum chamber



of the operating Tokamaks. Thus the material np<;cim::ri;: in :;h<;'jt form

of about 1 mm thickness and 100-300 kg total weight an: desirable.

In the T-20 variant, the sheets should be 2-5 mm thick, and a

total weight of 10-30 kg is desirable.

(4) in the T-20 variant, the first wall should provide for the

possibility of cooling. Therefore, the material should be suitable

for needing vacuum-tight joints for cooling connections (e.g. helium

cooling).

(5) Brittle materials (graphite, carbides, tungsten) may be

utilized as shielding panels of the vacuum wall. In the designing of

such panels, it is also necessary to consider the possibility of

cooling.

(6) Other conditions being constant, materials subject to the

lowest neutron activation in a fast (14 MeV) and thermal neutron

flux are preferable.

Appendix 1

In numerous cases, it is necessary to know the sputtering coef-

ficient S of a material under the influence of ions and energies,

for which no experimental data are available. However, the most ad-

vanced theory of sputtering [1] results in specific values of the

sputtering coefficient which have only a fair accuracy (usually, an

accuracy to a factor of 2-3). The energy and ionic mass dependence

is described much better by the theory [1]. We are proposing a

method of determination of the sputtering coefficient by using the

theoretical dependence on the energy and ioric mass and the experi-

mental value of the sputtering coefficient of the given material,

obtained at any other energy or other ion..

According to [1], the sputtering coefficient may be expressed

in the form:

(1)

where £sjr~ , £ — ion energy

„ Zi Zd {2
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Fig. 3 shows the dependences of E1 on the atomic number Z of the

target material for the ions H , D , T , and Ho . A =-• coefficient

determined only by the properties of the target material. The func-

tion f(e) for (M /M.) < 1 does not depend on the ionic mass, but for

litSht ions, when the ratio M /M. is high, f(e) depend:; on the ionic

mass. In [2], f(e) functions were obtained for the ions H , D , and

He+. We utilized the functions f(e) calculated in [2] by correcting

them at e < 2 in order to obtain better agreement with the experi-

ments (using the data in [2], [3] and [4]). The functions f(e) for

H+, D+, T + and He+ are presented in Fig. 4. The function f(e) for

T was obtained by interpolation.

Fig. 3

By utilizing eq. (1), the functions f(e) presented in Fig. 4,

and the experimental value S for the given material at any energy

for one of the ions H , D , T + and He , we may determine the coef-

ficient A for the given material; then by using the value A and
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functions for E , we find the value S at any other energy for any

of the ions H'W', T+ and He+*.
The table slows the values of the sputtering coefficients of

+ + + +

various substances by the ions H , D , T and He , calculated for

E = 1 keV according to the proposed procedure and according to known

experimental values S . The table also contains the values of the

mean sputtering coefficient S" for a stream of particles with a

Maxwellian energy distribution at a temperature T = 1 keV. S" =

•yS(T). In this, 1 < y < 1 .5- At S ~ E, y = 1.5; at S ~ /E, 7 =

1.13; at S = const, y = 1. We assumed y = 1.5 at c < 0.2 and y =

1.2 at e > 0.2.
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Sputtering coefficients of pure metals by ions H , D , T and He
with energies of 1 keV.

Metal Z

fie 4

m 13

Ti 22

V 23

Stainless 26
steel

Nb 4i

MO 42

W 74

Ion

hr

r
Me*

H*

r
We

* X*
r
^
V
He

H*
3 *
T+

We

« f

J)f

T*
We

H*
Sf
V
He*

hi*
&
r
He*

S, atom/ion

1.4.10"2

4.4.10"2

6.5.10"2

27.10"2

(1 -1,8).1O"2

(2,7-5).lO"2

(4,4-8).1O"2

(15-27) .1O"2

3,5.10~3

10.10"3

1.7.10"2

9,0.10"2

8,3.10"3

2,3.10"2

3.9.10"2

0,10

i.io-2

3.3.10"2

5,7.10"2

0,14

2,4.10"3

7,8.10"3

1.5.10"2

4.4.10"2

3,5.1O-3

I.IO-2

2.0.10"2 .

4,5.10"2

3,7.10"4

1.4.10"3

3.0.10"3

9.6.10"3

Statom/ion

1.6.*1O"2

5,2.10"2

7.8.10"2

32.10"2

(1.2-2,1).1O""2

(3.2-6J.10-2

(5,3-10).10"2

(18-32). lO""2

4,2.10-3

1.2.10"2

2.10"2

0,11

J0 .10" 3

2.7.10*"2

4.7.10"2

0,13

1.2.10"2

4.10"2

7.10"2

0,16

3.I0"3

9,3.10"3

1.7.10"2

6.7.10"2

4,2.10-3

1.3.10"2

3.10"2

6.8.10"2

5,6.10"4

2,0.10"3

4,5.10"3

1.4.10"2 •
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Appendix 2

Model. The calculations were performed on the basis of the

corona model at equilibrium for constant and uniform n , n and T

(n and n are the electron and contaminant concentrations, respec-

tively) [1]. As shown by a comparison with the results of calcula-

tions based on a more general radiative collision model [2], the cor-

ona model is well applicable at low n , high T and large Z which

are typical for the plasma of a thermonuclear reactor, and its station-

ary limit (t -• 00) is assured by satisfying the Lowson criterion n T
•ih. "3 e

> 10 cnrsec. Within the framework of the corona model, it is suf-

ficient to know the cross-section of ionization, pho torecombination,

excitation by electron collision, and bremsstrahlung for the calcu-

lation of the radiation losses.

Cross-sections. At the temperatures involved, the nuclei of

even the heaviest contaminants are capable of holding only a number

of electrons N <̂  10, so that Z >̂  N and, for each of these electrons,

interaction with the nucleus appears to be determining. For this

reason, the relatively simple and universal expressions based on

various hydrogen-like approximations can be used with sufficient
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accuracy for the cross-sections of the above processes. Inter-

electron interaction is taken into account here by the introduction

of the actual ionization or excitation energies into the analytical

hydrogen-like structures. It is also obvious that owing to Z > N,

it is simplier to consider shielding in bremsstrahlung.

Specifically, the ionization cross-sections were calculated

analogous to [3], the photorecombination rates were taken in the

Kramer approximation with suitable consideration of the number of

the vacancies in the outer shell and capture in excited levels [4];

the excitation velocities of the transitions with An 4 0 were con-

sidered with the additional correction of the asymptotic behavior at

the Born temperatures [5]> the expressions from [6] were used for the

transitions with &n = 0. The ionization and excitation energies

were calculated by means of isoelectron extrapolation of the type

[7] according to the data of [8], but with more complete considera-

tion of the relativistic effects than in [7]• The oscillator forces

were calculated according to the Beitz and Damgaard tables [9], with

partial verification on the basis of the more accurate data [10].

Radiation losses. Pig. 5 shows the results of the calculations

of the power of the radiation losses for slowing down, recombination

and linear emissions, relative to one particle and to one electron.

The non-monotonic character of the curves is connected with the

transition through helium-like

Q
Vl-cn'/c

«r i • ' • i

10 JO JO 70

Fig- 5

and neon-like shells. The weak

dependence of the total losses

(L. on T is explained by the ef-

fect of the increasing, as well

as decreasing components with T .

In respect to the linear radiation

Q ™ , we may note that the pre-

dominant role played by transi-

tions with An = 0 shown in [6]

and, correspondingly, the practi-

cal independence of Q_ on Z and

T , are no longer applicable at

the high values of T involved, even for tungsten.



13

References

[1] Gervids, V. I. and V. I. Kogan: Pistna ZhETF, 21 (6), 329
(1975). ~

[2] Calushkin, Yu. I. et al.: Nucl. Pus. Suppl., 1_93 (1972);
II, 597 (1971).

[3] Lotz, W.: Astroph. J. Suppl., ]k_, 207 (1967).

[4] Knorr, G. Z.: Naturfor., J3j», 9k\ (1958).

. [5] Vainshtein, L. A., I. I. Sobel'man, E. A. Yukov: Electron
excitation cross-sections of atoms and ions. Moscow, "Nauka", 1973.

[6] Kinnov, E.: MATT-777 (1970).

[7] Edlen, B.: Encyclopedia of Physics, 2J_, 191 (196'4)
(S. E. Flttgge,ed. Spr. v. Berlin).

[8] Kelly, R. L., Palumbo, L. J.: NRL Report, 7599 (1973).

[9] Sobel'man, I. I.: Introduction to the theory of atomic
spectra. Moscow, Pizmatgiz, 19^3•

[10] Smith, M. ¥., Wiese, ¥. L.: Astroph. J. Suppl., 23, 103
(1971). ~~

Footnote

*The use of the sputtering coefficient S due to heavier ions
for the determination of A is possible but evidently results in a
greater error, because it will be necessary to use the function f(e)
calculated in [1] in the second approximation.


