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. Computational and experimental studies on particle and energy balances
in tokamak plasmas are described. Firstly, concerning the modeling of
tokamak plasmas, the particle balance considering diffusion and recycling,
and the energy balance considering transport and energy losses due to
impurities are discussed. Production mechanisms of gaseous aﬁd metallic
impurities, which play important role in tokamak plasmas, are also discussed
from a viewpoint of plasma-wall interactions. Scaling laws of density,
temperature and energy confinement time are showh on the basis of recent
data.

 Secondarily, tokamak plasmas are simulated with the above model, and.
anomalous diffusion and electron thermal conduction are indicated.
Characteristics of a future tokamak plasma are also simulated. Stationary
impurity density distributions and related energy losses, such as
bremsstrahlung, ionization and excitation, are calculated taking into
account diffusion and ionization processes. Edge cooling by oxygen
impurities is described quantitatively compared with experiments.
Permissible impurity levels of carbon, oxygen and iron in future large
tokamaks are estimated.

Thirdly, experimental studies on surface cleaning methods of the first
wall are described; discharge cleaning in JFT-2, baking effect on the
outgassing rates of wall materials, surface treatment of high-temperature
molybdenum by oxygen and hydrogen gases, and in-situ coating of molybdenum
by a coaxial magnetron sputter method.

Lastly, problems in future large tokamaks aiming at break-even or
self-ignited plasma are discussed quantitatively, such as trapped particle
instabilities, impurities and additional heating. It is predicted that
new conceptions will be necessary to overcome the problems and attain the

fusion goal.

Keywords: Nuclear Fusion, Tokamak Plasma, Transport, Impurities, Energy
Balance, Particle Balance, First Wall, Surface Cleaning, Plasma

Simulation, Scaling Law
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Table 1 Fusion reactions (branching ratios are correct for energies
near the cross section peaks; a negative yiéld means the
reaction is endothermic)

(1a) D+ D > T(1.01 MeV) + p(3.02 MeV)
50%
(1b) > He3(.82 MeV) + n(2.45 MeV)

50%
(2) D+T - He'(3.5 MeV) + n(l4.1 MeV)
(3) D + He3 > He" (3.6 MeV) + p(l4.7 MeV)

() T+ T - He* + 2 n + 11.3 MeV

(5a) He3 + T + He' + p + n + 12.1 MeV

51%

(5b) > He"(4.8 MeV) + D(9.5 MeV)
43%

(5¢) > HeS(2.4 MeV) + p(11.9 MeV)

_ 6%
(6) P+ Lif - He"(1.7 MeV) + He3(2.3 MeV)

(7a) P + Li7 + 2 He' + 17.3 MeV
n207%

(70) > Be’ +n - 1.6 MeV
807

(8) D + Li® -+ 2 He" + 22.4 MeV

(9) P + B!l > 3 He" + 8.7 MeV
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Fig. 4 Time behaviour of a discharge in hydrogen with

initial filling pressure=3.4xlO_”Torr, troidal
magnetic field=2.7T, limiter radius=0.13m and no
vertical field. Upper figure: plasma current I,
and loop voltage Vg including corrections for
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Fig. 1 A polar co-ordinate system used in the calculation
of the density distribution of neutrals.
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Fig. 2 Time evolutions of the total plasma current Ip and
one-turn voltage Vg,
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Fig. 3 Time evolutions of line averaged densities of electrom
<qg>. Is is supplied particle flux by gas feed. R;C
and R;C are recycling ratio of ions and neutrals,
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Fig. 4 Time evolutions of central electron Te(o) and ion
T4 (o) temperatures.
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Fig. 11 Computed mean ion temper-
ature Ti(t) in Joule
heating phase.

Fig. 10 Computed mean electron
temperature Te(t) in Joule
heating phase.
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Time evolution of radial distributions of
plasma density. n(t,r): (a) ion temperature
Ti(t,r): (b) and eléctron temperature,
To(t,r): (c), respectively, in Case (4).
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Fig. 18 Time evolutions of the total plasma current Ip(t),
| vertical field coil current I,(t), one-turn
i resistive voltage RpIp and resistive component of
| volt-second prIpdt.

3.0 3.0

=1

. "
- g—~1.0
@ .
L s ?: -
- e
o x
=
2 > ]
5 =
a @ —
: 51 €
2 © Jos
w
2
- -
=]
-
o) | | ! | o o
o o! o0z 03 04 05
time (s)
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The space-time evolutions of plasma density
ng: (a), electron temperature Te:(b), ion
temperature Ti:(c), toroidal current density
jZ:(d), and safety factor q:(e).
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Table 1 The excitation potentials Y.y and coefficients g used in
the expression of the excitation loss. ¥x,, of iron ions is
expressed in keV,

x 2 3 4 6
% 1 2 3 1 2 1 2
' < C,,( 3.92 |7.55 [1.13 {11.75] 1.13| 4.15| 0.87| 2.82| 1.83
Xen | 9-3 [13.7 |18.0 [12.7 ['32.1] 8.0 | 39.7|307.8/367.4
k
3 1 3 1 2 |4 5 1
C.,| 6-24| 0.48/ 1.39| 2.18| 2.61| 2.76| 1.87| 0.61) 2.18
o | Xex|14.9 [23.0 |28.8 |14.9 [17.6 |24.4 |40.5 |40.9 |15.7
; k 4 5 6 7
| 3 2 3 1 2 1 2 1
C, | 1.45 | 5.51] 7.69] 2.57; 2.84| 1.15| 3.02] 1.83
Xey | 20-3 |22.4 |18.7 [72.0 |12.0 [82.6 |573.8653.5
K 13 14
2 1 2 3 4 5 1 2 3 4
Cxe | 2.03 [1.685/8.515 3.629(2.921/0.9771.560{ 4.385,3.128
1 Xex | 0.163]0.241]/0.191(0,271/0.2100.175 0,245/ 0.206 (0.282
x 14 ' 15
) 5 6 1 2 3 4 5 6 7
Chy | 1.389]4.134/2.192/1.0371.683]4.4597.451|1.3467.610
Xex | 0.220]0.221]0.196]0.177(0.252/0.23410.332[0.807 0.820
K 16
. ) 1 2 3 4 5 6 7 8 9
Cxg | 1.777/0.712(1.493|0.694(0.383 0.192/0.454/0.171 16.741
Fo | Xex | ©.271]0.232[0.2640.2440.3500.326 0.344]0.3340.730
k 16 17
3 10 11 1 2 3 4 5 6 7
Cg | 2.653[6.830 3.7143.349(4,098/2.787|3.629|8.548]1.429
Xex | 0.806]0.895|0.7220.735|0.796/0.8060.824,0.895,0,930
k 17 18
g | 8 9 10 11 12 1 2 3 4
Gy | 2.213[1.635/1.650 |0.8941.833]2.8017.351]3.3175.564
Xex | 1.01 [1.12 ]1.13 |1.23 [1.25 [0.79 [0.796]0.872]0.862
X 18
) 5 6 7 8 9 10 11 12 13
Geg | ©.46410.558{1.693(1.171(0.892|0.583 0.666|0.594 {1,396
Xex | 1.14 |1.14 1,11 [1.02 |1.02 [1.14 [1.34 [1.34 |l.21
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Table 1 {continued)

k 18 19

A 14 15 1l 2 3 4 5 6 7
Cxs 1.068|0.694]1.612(0.511(3,752|1.958(0.491 2.43611.047
Xax 1.2 {1.34 [1.10 |0.87 [1.21 [1.00 [1.24 1.02 |1.24

k 19 20

2 8 9 10 11 12 13 i 2 3
Ckl 0.504/0.544|0.561{1.122{90.573|0.633 1.366;0,804 |0.836
Xax | 1.24 |1.24 1.24 [1.31 [1.31 ([1.44 j1.06 |0.21 |0.925

X 20 _

% 4 5 6 ) 8 9 10 11 12
ckl 3.087|3.682(3.792/1.976[0.594(0.623 0.701[0.748 0.?56
Xox 1.16 {1.00 {1.04 |1.10 |1.27 ([1.33 1.27 |1.27 |1.33

k 20 21

2 13 1 2 3 4 5 6 7 8
ckl 0.789(1.780[1.969;7.95 13.478]1.999 1.757,1.244(2.077
Xox | 1.33 {0,955 1,16 §1.05 |1.26 |1.12 |1.57 [1.33 1.47

k 21 22

Fe I § [ 10 ] 11 1 2 3 3 5 6
Cki 1.361l0.827,0.858|0,878|1,872|3.584 3.176(1.894(3.32
Xex 1.47 [1.55 [1.47 |1.00 1.13. 1.04 [1.15 |1,11 (1.44

k 22 23 24

£ 7 1 2 3 4 5 6 1l 2
ckl 3.729|0.718(0.731|0.750(0,810(0.793 0.985,0.685|1.458
Xax 1.56 [1.11 f1.13 [1.15 |1.11 [1.43 1.5 11.13 (1.15

k 24 25

L 3 4 5 1 2 3 4 5 6
Ckl 0.798|0.772(0.920|1.056|1.255[2.183 0.457(0.180 0.24§F
Xex 1.15 [1.48 |1.72 [6.56 |6.60 |6.63 7.76 [8.20 |8.40

k 2¢

L 1 2 3 4
cki 1.12 |0.2163i0.07510,104
Yox | 6-9 |8.2 8.7 (8.8
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A polar co-ordinate system used in the calculation
of the density distribution of the neutral impurities.
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Fig. 2
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Measured electron density n, and temperature Tg, and

ion temperature Tq.

ionic charge Z.

Computed ion density mj and mean

(a) and (b) are the cases of ST with

3% oxygen and TFR with 7% oxygen, respectively.
and dotted lines show the results of Cases (I) and (11},

respectively.

Chained
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Fig. 3 Radial density distributions of oxygen impurities
normalized by the boundary value of neutral oxygen.
(a) and (b) are the cases of ST with 3% oxygen and
TFR with 7% oxygen in Case (II), respectively.
(¢) the case of TFR with 7% oxygen in Case (I).
Arrows show the estimated peaks of oxygen ions in

the experiments.
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Pi lh}rlﬁbx

A

Pj+Pi Por Pex (3.3

Fig. 4 (a) Radial distributions of energy losses caused by
7% oxygen impurities of TFR in Case (II), where P;
is joule heating power, P,y is excitation loss, Pj
is ionization loss and Py, is bremsstrahlung loss,
(b) Those normalized by Joule heating power.
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VNS

0.0 D T0.  0.85 1.0
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Fig. 5 Normalized radial demsity distributions of 10% carbon
impurities in a large tokamak in Case (I1), where
mean ion density ni=5510£9/m3, and mean electron and
ion temperatures are To=T{=5> keV. Note that the
scale of the normalized radius shown in the abscissa

is changed at 0.9,

f=}

N rmeg)

Fig. 6 Normalized radial density distributions of 5% oxygen
impurities in a large tokamak. Otherwise, similar to

Fig. 5.
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Fig. 9 Total energy loss Py by carbon, oxygen and iron
impurities compared with joule heating power, where
Py=Pex + Pi + Ppr.
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Fig, 1(a) Schematic view of the system for surface
observation.
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Fig. 1(b) Location of the sampleé exposed to the plasma.
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Fig. 2 The changes with discharge cleaning in the time
evolutions of loop voltage Vg and total discharge
current I, + Ip, where I, is the plasma current

P P
and Ip is the current flowing through the vacuum
chamber in a toroidal direction.
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Fig. 3

The changes with discharge cleaning of the central
electron temperature Tg(0), plasma resistance R
at the peak of discharge current, and radiation

loss Py integrated over each discharge duration.
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Fig. 4(a) The time evolutions of plasma current I, loop
voltage Vg, mean line-of-sight density <ng>,
and central electron temperature To(0) after
2500 shots of discharge cleaning; (b) the
radial profiles of the electron temperature
T, and density ng at the peak of plasma current
after 2500 shots of discharge cleaning.



JAERI-M 7717

o @ O % 1 x ® & a

Mo Fe €t Ni € © N NaCi
b l ' ' 3  — | T I SN
a (a) SS-A 3 b (b) Mo-A J
5 :———-—-l_..__..\ - o x\'-'__.___"__,_.__-l —_ _
x - 0-1
S . - - /——O . K/=- S o - \;74‘ -
g | 70><,)<0_ = L o g A
N a
0 L P pam——_ ) 8 Fy -4 .
Q o L l"'"—'_._‘ — —_— 7"-’><k741 -
g B | 3 ’d /,/ . S g 1 .:__‘. f.“\.’_,.J * -E
o o = o -“ o~
L . ® §- ® ,_,../ - .
[T ¥ g ° = '] b1 10 o Q - e
g - o Q - o Q o o Q o -
- r L4 - -
3 a '
. o . - o 4 ® . . -
. &
o .l F'; | ™ - Olg—+ ¢ = T -
oL 1 1 1 i - 3
© [+) 1 2 3 o) L % ! ; : 3
SHOT NO. X 1000 SHOT KO. x1000
\ Ty T 1 ¥ . ! ! ot T [ T i !
o .. (C) $5-8 3 o \l\a-;“— e (d) Mo-B 7
- \ . - L ““—1______ P
- l_‘———_l__—/’ T - - T E
"‘--.._._‘l
S - - [ - -
R o
._': —— o - ’;‘ - -
8 &:—-«f_'zg/‘é. 8
hd &
a pd R a o . e
E ab //x o - £ ap u/&\;:Wl ?tffgsff” =
o : / [+] @ : 8 : / ] -
- 1 - -
4 : f : @ b n/ . Q -
. g e / . -2 ) B g L /4 b —
‘% r.' \‘/ - B - ,..\[/, ™ -
5 ;
V2] f W 0y e L] ] 1
. s 2 a a o
Olpsst o— . L0142 LI | § . —<:
' 1 | 1 ] L 3 L L . ; L )
) 1 2 3 ° ! ;
HOTY .
SHOT NO. X 1000 $SHO NO 1000
Fig. 5 The changes with discharge cleaning in the surface

atomic compositions of the samples (a) S8S-A, (b)
(b) Mo-A, (c) SS-B, and (d) Mo-B located as shown

in Fig. 1(b).

The Auger peaks used in estimating

the atomic composition are at the Auger electron

221 eV(Mo), 272 eV(C),

energies of 181 ev{cl),
381 eV(N), 510 evV(0), 529 eV{Cr),
848 eV(Ni), and 990 eV(Na).

703 eV(Fe),
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The depth profiles of atomic compositions in the

surface layers of the samples (a) s5-a, (b) 55-B,
and (¢) Mo-B located as shown in Fig. 1(b).
The samples were exposed to air for three days

dfter 2900 shots of discharge cleaning.

The Auger

peaks used are the same as in Fig. 5.
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Fig. 7 The changes in the maximum values of methane mass
peaks just after each discharge obtained with (a)
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Takle 1 Degreasing methods, dimensions and chemical compositions
of the samples.

Sampl Degreasing Dimension Chemical Composition (%)
mple method™ |
A B C D Ni Cr Fe Mo W C

Stainless steel © o 2009 x 3005 8.0-12.0 18.0-20.0 Bal - - <0.G3

88-304L
Stainless steel o [ 13.1 . 24,5 Bal 0. 84 - 0.03)

YUS-170
Inconel-625 © o Bal 2¢,0-23.0 <5.0 - - <d.]
Hastelloy-X [} [ Bal 22.0 18.5 5.0 0.6
Molybdenum o o o 1.5E-5"4 1.5E-5 4.0E-5 95.9 - 3.5E-5
Pyrolytic o o 120¢ x 290R A: G.B.B.*Z B: Washing by beiled water
graphite C: Ultrasonic degreasing by isopropyl alcohol

"D: Degreasing in freon vapour bath

5iC coated o o

onto g'l:'apl'l'n:e"3

*i: Degreasing is carried out in the order of A B C D.

*2: The diameter of glass bead used in G.B.B. is 177 - 250 um.

*3. 5ilicon carbide is coated onto a molded graphite by chemical vapour deposition.
The thickness of coated layers is anut 100 pm,

*4: The expression 1,5E-5 shows 1.5x1077.

— 92 —
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OQutgassing rates of SUS 304L. M/e, 16, 19

, 39 and

41 are systematic erros due tO vacuum pumping system
and ions produced by surface ionization at the ion

source of the mass spectrometer.

Some of

these

peaks should be substructed from the graph, for evalua-
tion of outgassing rates of substrate materials.
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Fig. 4 Outgassing rates of YUS-170, Otherwise,

Fig. 3.

similar to



JAERI-M 7717

INITIAL HEATING (500'C) AFTER HEATING
L s E‘,ﬁ......., Ty AL e
[ 1 ¢ [ 500
4 -9 ) w00
- -1F -4 107°F -4
"‘E 10 3 3 E 3 F JEMPERATURE 1300 }
v 1 [ ] [ 200 ]
y % -0 100
¥ o0ef it 1k 5" 3
‘C - E - - - -
2 g8 1F ERRN 3
w 4 1¢E ] [ 3
T -12 N
r 1™ ; 3 4 10 ;
© d E 7 F
z - o - L
e a—1 1 L 1 N
Z 0" 1 B S =
b3 1 F ] 2.3
= 1T 1 [ =~
-1z o 4] 12 -
E 1F {1 O~ b 3
E it 3 S TEE 3
L 1L 1 ol ~8 ]
107 1 F E E ~7 3
11 PR BT | :l speoad _garud g ..: ~16 -u-l PRI W R WY
107 16100 0 G o0d L 6 00

PUMPING TIME [HOURS)

Fig. 5 Outgassing rates of Inconel-625. Otherwise, similar
to Fig. 3.
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Fig. 6 Outgassing rates of Hastelloy-X. Otherwise, similar
to Fig., 3.
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Fig. 7 Outgassing rates of Molybdenum. Otherwise, similar

te Fig. 3.
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Fig. 8 Outgassing rates of SiC coated onto graphite.
Qtherwise, similar to Fig. 3.
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BEf ORK T, MEA FHREB LT, REAMOEN T3~ 1R Ui, AEFTORE
ik, AES L2 HBEHUTW, £BHOAMHEL M BB TR, Rl AHDE DR
BEN1/6~1/TTH- I, | ..

£ 7P VR S0CCKMBT S Lick D, REB R, WA EB~T, LOECIECE
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Jins, BRI L > THIEX NI bDLD, 172~ /5E 0T ChBH SN,

Table 1 Impurity contents in sample materials.

IMPURITY CONTENT(P.P.m.) | REFINING | MANUFAC—
SAMPLE = " "RBON | OXYGEN |NITROGEN| METHOD | TURER
A 35 70 20 p.M ¥ SYLVANIA
B 30 3 2 oAM K AMAX
C 1300 40 A.M. ** | TOSHIBA
D 170 5 | A M TOSHIBA
E 15 17 E.B.M. *** | TOSHIBA
F 10 0.5 2 E. B. M. DALDO

* Powder Metallurgy
kk Arc Melt .
k%% Electron Beam Melt

s
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Fig. 5 Depth profiles of surface compositions in the
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