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An evaluation is given for the prediction for disruption erosion in the International Thermonuclear Engineering Reactor 
(ITER). At first, a description is given of the relation between plasma operating parameters and system dimensions to the 
predictions of loading parameters of Plasma Facing Components (PFC) in off-normal events. Numerical results from ITER 
parties on the prediction of disruption erosion are compared for a few typical cases and discussed. Apart from some 
differences in the codes, the observed discrepancies can be ascribed to different input data of material properties and 
boundary conditions. Some physical models for vapour shielding and their effects on numerical results are mentioned. 
Experimental results from ITER parties, obtained with electron and laser beams, are also compared. Erosion rates for the 
candidate ITER PFC materials are shown to depend very strongly on the energy deposition parameters, which are based on 
plasma physics considerations, and on the assumed material loss mechanisms. Lifetimes estimates for divertor plate and first 
wall armour are given for carbon, tungsten and beryllium, based on the erosion in the thermal quench phase. 

I. Introduction 

The reference ITER plasma disruption scenario 
consists of a fast thermal quench followed by a slower 
current quench phase, with different energy deposition 
characteristics [1], see fig. 1. In the fast (0.1-3 ms) 
thermal quench phase of the disruption, 80% of the 
thermal energy (typically 500 MJ) is lost to the wall by 
conduction, convection and radiation. It is assumed 
that half of it goes to one divertor, mainly in the form 
of particles and half to the first wall. In the subsequent 
slower (5-50 ms) current quench phase (magnetic) 
energy is deposited on divertor and first wall by radia- 
tion from the strongly contaminated plasma. The high- 
est loads anticipated are on the divertor where 250 MJ 
is deposited on an area of about 20 m 2, due to an 
expected 3 times widening of the normal power scrape- 
off layer, corresponding to actual tokamak experience 
[1]. This leads to an energy density (E") of 12 MJ /m 2, 
without toroidal peaking. The engineering reference 
values during the ITER Conceptual Design Activity 
have been 10-20 M J / m  2 [2]. The fast phase energy 
deposition on the first wall is expected to be peaked 
(factor 5) to 2 M J / m  2 maximum. 

The energy deposition during the current quench is 
estimated to be 2-3 M J / m  2 maximum on both diver- 
tar and first wall. Beams of runaway electrons may 
occur in this phase and hit the wall with high energy 
densities. They are not considered here as a main 
source for gross erosion losses. 
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Fig. 1. Energy deposition on ITER plasma facing components 
due to plasma disruptions (excl. runaway electrons). 
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A total number of 500 disruptions at full power is 
foreseen for the Physics Phase and 200 for the Tech- 
nology Phase. During the Physics Phase an additional 
1000 disruptions are anticipated at reduced plasma 
parameters, with thermal energy about 1/3 of thc full 
power case. The thermal quench for this case will be 
much softer, but the current quench is similar to the 
full power case. Energy depositions on the divertor 
plate may occasionally be similar as for the full power 
thermal quench [3]. 

In the present paper carbon is considered as the 
primary choice for Plasma Facing Components (PFC) 
armour in the ITER Physics Phase and tungsten for 
the Technology Phase, with beryllium as a back-up 
option for both [2]. The lifetime estimates only concern 
the number of hard disruptions (i.e. at full power). 

2 .  N u m e r i c a l  r e s u l t s  

2.1. Mater ia l  proper t ies  

Calculations for the melting and evaporation be- 
haviour have been performed by the ITER partners: 
United States (US), Japan (J), Soviet Union (SU) and 
European Community (EC) for carbon, tungsten and 
beryllium, see e.g. [4-12]. Figures 2a-c, 3a-c and table 
1 contain the main thermophysical properties as used 
for the calculations by the different parties. 

Different assumptions have been made for the con- 
ductivity of carbon, see fig. 2a. Japanese calculations 
were based on CX-2002U Carbon Fiber Composite 
(CFC) material, [7], US used data of pyrolytic graphite 
for the divertor case and graphite Graphnol N3M 
(similar to graphite H-451) for the First Wall [4-6], SU 
used data that were preliminary presented by US dur- 
ing the CDA of ITER [8]; EC results were mainly 
obtained with graphite H-451 conductivity values and 
parametric studies were performed for carbon materi- 
als with higher conductivity [9-12]. A major differencc 
between US, J, SU and EC concerns also the carbon 
properties at temperatures exceeding 3500 ° C, figs. 2a, 
3a and table 1. Since the molecular cluster size of 
carbon vapor increases with temperature, EC takes 
evaporation energy H~v ~ 23 kJ/g (average vapor com- 
position mainly C 3 molecular carbon clusters) while 
US, J and SU have H~v ~ 60 kJ/g (mono-atomie evap- 
oration). 

Clear discrepancies concern the data for tungsten 
(sce figs. 2b, 3b and table 1). The J data for tungsten 
conductivity differ strongly (20% higher for the average 
over 0-3500 ° C) from US, SU and EC data, which arc 
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Fig. 2. Conductivity values used in thermal calculations: (a) 
carbon, (b) tungsten, (c) beryllium. 

close to values recommended by the Thermophysical 
Properties Research Center [13]. For the heat capacity, 
fig. 3b, the EC data are more conservative as compared 
to US, J data are in between. 



J.G. van der Laan et al. / Prediction for disruption erosion 137 

Beryllium data (see figs. 2c, 3c and table 1) of J, SU 
and EC are in good agreement, only J used lower value 
for heat of vaporization, (~  70% of US, SU and EC). 
US used conductivity for beryllium alloy $65. 

2.2. Evaluation o f  thermal response 

Typical results from various codes for the thermal 
response of plasma facing materials to disruption heat 
fluxes are indicated in figs. 4a-d. The initial conditions 
were as follows: 
US : Divertor: 10 mm pyrolytic graphite, 10 mm tung- 

sten or 2 mm beryllium on 3 mm copper, heat 
flux ~ 10 M W / m  2 prior to disruption for diver- 
tor case [4,6]. 

J : C F C  (CX-2002U), tungsten or beryllium at 
500 ° C [7]. 

EC : CFC and tungsten at 1000 o C, beryllium and 
some tungsten cases at 500 °C [10,12]. 

S U :  CFC and tungsten at 1000°C, beryllium at 
500 o C. 

The results for carbon are given in fig. 4a, but the data 
have been processed for proper comparison: the calcu- 
lated erosion is multiplied by a factor 5.1 (US), 5.2 (J), 
4.9 (SU) and 2 (EC) respectively, to accomodate for 
experimental data; see the discussion below. For car- 
bon there is a reasonably good agreement between 
parties, the steeper slope of J and EC curves compared 
to US is due to material density, and the results for 3 
ms reflect the differences in thermal conductivity more 
clearly. 

The results for tungsten evaporation and a 0.1 ms 
pulse (fig. 4b, also the 3 ms case, not show here) of the 
partners are in reasonable agreement (similar slopes); 

the penetration of the melting front is different. The 
thicker melt layer in the J case might be explained by 
its higher conductivity. The onset of melting and evap- 
oration in J case is higher than the others, due to 
higher conductivity. 

For the beryllium 0.1 ms case the US, SU and EC 
results are very similar, shown in fig. 4c. For the J case 
the higher evaporation rate is mainly due to the signifi- 
cantly lower evaporation energy. This also affects the 
longer pulse case, 3 ms, given in fig. 4d. EC results for 
1 ms and 5 ms (the latter not shown), are in reasonable 
agreement with US for evaporation rate as well as 
melting depth for E" < 5 M J / m  2. J (0.1 and 3 ms) and 
SU (3 ms) results show much deeper penetration of the 
melting front, probably due to the higher conductivity 
assumed for the molten layer. 

3. Vapour shielding 

The possible reduction of incident power during 
disruptions by the interaction of vaporized material 
with plasma has been well recognized for years, see 
Sestero [14]. Several models have been developed as by 
Sestero [15], Hassanein [16] and Gilligan [17] (reviewed 
by Bolt [18]), see the overview in table 2. However, no 
clear experimental evidence for this phenomenon has 
been obtained so far. Preliminary results with plasma 
discharge devices in the 0.1 ms regime in USSR [19], as 
well as in US [20] seem to indicate strong reduction of 
absorbed energy density as compared to the incident 
one. However, the results obtained cannot be applied 
directly to ITER conditions yet. This is due to lack of 
quantification of experimental parameters and because 

Table 1 
Main material properties 

US J SU EC 

Carbon 
Density (103 kg/m 3) 2.2 1.75 1.85 1.74 
Heat of vaporization (k J/g) 59.1 60 56.7 23 

Tungsten 
Density (103 kg/m 3) 19.25 19.3 19.3 17.5 
Melting point ( ° C) 3410 3380 3410 3410 
Heat of fusion (k J/g) 0.22 0.25 0.25 0.22 
Heat of vaporization (kJ/g) 4.63 4.8 4.68 4.8 

Beryllium 
Density (103 kg/m 3) 1.89 1.845 1.848 1.85 
Melting point ( ° C) 1287 1280 1287 1280 
Heat of fusion (k J/g) 1.640 1.10 1.465 1.3 
Heat of vaporization (kJ/g) 36 24.8 34.400 32.827 
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Fig. 3. Specific heat values used in thermal calculations: (a) 
carbon, (b) tungsten, (c) beryllium. 

of different loading conditions as indicated in table 2. 
Related modelling work in USSR is in progress [21]. 

The vapour shield models in general result in a 
reduction of melt front penetration and significant 
reduced evaporation. An example is given in fig. 5 for a 

short pulse on tungsten. The evaporation curve in the 
Vapour Shield (VS) case (Hassanein model, [16]) at 
higher energy densities has a slope identical to the 
transmitted fraction (50%) of the ultimate value with- 
out VS (~ 5.6 / , tm/MJ/m 2 versus 11.3/.tm/MJ/m2). 
The effect on erosion for E ' =  12 MJ/m 2 is about a 
factor 2 reduction, for E" around the melting and 
evaporation thresholds the reduction of evaporation by 
VS is much more pronounced. 

4. Comparison of experimental results 

The amount of experimental data on short pulse 
disruption erosion is most extensive on carbon materi- 
als [7,10,12,22-26]. No test results by laser or electron 
beam are available on tungsten and beryllium. There- 
fore in this section only results on carbon will be 
discussed. 

As mentioned above, the observed erosion of car- 
bon in short pulse laser and electron beam experiments 
has been reported to be up to a factor 2 higher than 
predicted, assuming vapor composed mainly of C3 
molecular carbon clusters (H~v ~ 23 kJ/g), or a factor 
5, assuming overall mono-atomic evaporation (H~, ~ 6(/ 
kJ/g) [7,10,12]. This fact has been accounted for in the 
disruption erosion lifetime estimates for PFC in the 
ITER CDA [2]. In fact, for longer pulses and lower 
power density the effective H~v is about 20-25 kJ/g 
( P " =  300-350 M W / m  2 during 20-50 ms with elec- 
tron beam [22,23], P " =  300-1000 M W / m  2 during 10- 
20 ms with laser [10,12]). An increase of thermal ero- 
sion with increasing power density (> G W / m  ~) and 
decreasing pulse duration (< 5 ms) has been found, 
leading to an effective H~.,. of 10-15 kJ/g (Occasion- 
ally 5-2(/) [22,25]. A clear contribution from particle 
emission to the erosion process has been identified by 
photography and high speed video techniques [25,26]. 

Results from short pulse heat flux experiments on 
carbons by JEBIS (JAERI (Japanese Atomic Energy' 
Research Institute) Electron Beam Irradiation Stand) 
and laser (Forschungszcntrum Jfilich, FRG (KFA) & 
Energieonderzoek Centrum Nederland, Pettcn, NL 
(ECN)) have been compared quantitatively. For this 
purpose mainly the data given in [12,22-25] have been 
considered, which were obtained on a number of 
graphite materials and CFC's with a pulse duration of 
5 ms, see table 3. In fig. 6a-b a typical result is given as 
measured erosion depth versus energy density and a 
compilation of erosion depth data at 5 ms is given in 
fig. 7a-b. Data deduced from mass loss measurements 
were not considered since the conversion to erosion 
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Fig. 4. Calculated thermal response due to energy deposition in 0.1-3 ms. For carbon only the evaporation is given, for tungsten 
and beryllium both the depth of melting front and surface recession by evaporation are given: (a) carbon, 0.1-3 ms; (b) tungsten, 

0.1 ms; (c) beryllium, 0.1 ms; (d) beryllium, 3 ms. 

dep th  is not  direct  bu t  by a factor  2 - 5  depend ing  on 
cra te r  geometry,  and  is subject  to e r ror  e.g. by redepo-  
sition of material .  For  the  purpose  of compar ison  typi- 

cal conductivity values for each mater ia l  were averaged 
over the  t empe ra tu r e  range  from 20 to 1000 °C,  see 
table  3 [25,26]. In the same figures (6a -b ,  7a -b ) ,  car- 

Table 2 
Main characteristics of vapour shield models and anticipated ITER conditions 

Item Hassanein Sestero Gilligan ITER thermal quench 

Incident energy ions plasma radiation plasma (conv./cond./rad.) 

(2-5 eV) (Tedg e < Tdisr < Zcore) 
Vapour cloud: 

ionization no yes yes yes 
transport no yes no yes 
optical properties transparent thin thick ? 

B-field no _L II grazing 
Transmitted 

energy fraction 0.5 ~ 0.3 0.05-0.2 ?? 
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Fig. 5. Calculated thermal response due to energy deposition 
in (/.2 ms for tungsten, including vapor shielding of 5(1c/( , 
maximum. Both the depth of melting front and surface reces- 

sion by evaporation are given. 

bon  erosion in 5 ms pulses has been  calculated para-  
metrically with a mater ia l  density of 1.7 and 2.2 g / c m  3, 
and  conductivity of H-451 mul t ip l ied  by factors 0.5, 1, 
2, 4 and  8, which covers all mater ia ls  of in teres t  [12]. 
Figures  7 a - b  show tha t  the  erosion by tests with JEBIS  
and  bo th  N d : Y A G - l a s e r  facilities at E " =  6 and  9 
M J / m  2 is roughly be tween  0.7 and  2.5 t imes the  pre- 
dicted value. The  results  of E CN  are closer to predic-  
tion, partly lower. For  E "  = 9 M J / m  2 the laser values 
are in genera l  lower than  the  JEBIS  results  except  for 
CL A05 U. Concern ing  the  data  t rends  for E " =  6 - 9  
M J / m  2, the  results  at 9 M J / m  2 are lower than  ex- 
pec ted  from the  E " =  6 M J / m  2 results, especially for 
the laser tests. Several aspects may play a role here.  
For  the  smaller  spot size in laser exper iments  the 
radial  heat  conduc t ion  may be significant. Also, in the 
laser case the absorbed  energy density has been  consid- 
ered,  which is about  90% of the  incident  one. A n o t h e r  
di f ference be tween  EB and  laser is due to the  fact tha t  
the energe t ic  e lec t rons  pene t r a t e  50-100  ~ m  into the 
mater ia l ,  which gives a di f ferent  near -sur face  t empera -  
ture profile. Micros t ruc tura l  fea tures  for tests  by EB 
and  laser seem to be similar for graphi tes  and  felt type 
CFC, and  differ somewhat  for pyrolytic ca rbon  and  
mul t id i rect ional  CFC, e.g. for Pfizer Pyroid the surface 
shows deep  pits with EB while it is smooth  by laser 
[24]. A deta i led  evaluat ion of the  re la t ion be tween  
b e a m  profi le and  cra te r  geometry  has not  been  made  
yet, which due to radial  heat  flow effects leaves an 
uncer ta in ty  in the energy density E" .  All erosion dep th  
results  f rom laser tests  by K F A  are h igher  than the 
laser data  f rom ECN. One  reason  is tha t  in the  KFA 

mel t  
0 . 1 '  ms 

• e v a p o r a t i o n  
0.1 me, +VS  

-- - -  e v a p o r a t i o n  
0.2 ms, + V S  

e v a p o r a t i o n  
0.2 me 

- - - -  e v a p o r a t i o n  
0.1 me 

case the  laser b e a m  has been  assumed to have a top 
hat  intensi ty distr ibut ion,  while ECN accounted  for a 
peaking  of about  20%. A n o t h e r  di f ference is tha t  the 
ECN exper iments  have been  pe r fo rmed  in high vac- 
uum on outgassed specimens,  while K F A - I L T  tests 
were pe r fo rmed  at a tmospher ic  pressure  and  iner t  gas 
env i ronment ;  also par t  of the JEBIS  tests  have been  
pe r fo rmed  on non-outgassed  specimens.  The  effect of 
non-outgass ing  on  erosion may both  have a chemical  
aspect  as well as a mechanica l  due to high gas pres- 
sures in the  pores  of the material .  

Cracking of Pfizer Pyroid has been  observed in bo th  

Table 3 
Thermal conductivity and density values for materials shown in figs. 6 and 7. Conductivity is averaged over the temperature range 
0-1000 ° C. ( + / - : test result yet /not  available) 

Material Density Av. Cond. JEBIS KFA laser ECN laser 
(g/cm 3) (W/mK) 

Dunlop DMS 678 ± 1.73 50 - + 
V1325 1.89 55 + + - 
LCL A05 ± 1.8 60 + + + 
EK-98 1.86 70 + + - 
POCO AXF 5Q 1.83 75 + + - 
IG-430 1.8 80 + - 
H-451 1.73 90 - - calc. 
FMI 3-3-3-3 1.9 110 + + - 
Dunlop DMS 678 tl 1.73 120 - - + 
Sepcarb Nl12 II t.95 125 - - + 
LCL A05 I] 1.8 150 + + + 
CX2002U 1.7 160 + - - 
Pfizer Pyroid n 2.2 325 + + + 
ECPG 2.25 420 - + 



J.G. van der Laan et al. / Prediction for disruption erosion 141 

A 
C 
o 
0 

O. 

" 0  

o 

2 5 0  

2 0 0  

150  

100  

SO 

0 
2 

CFC A 0 5 / I  

5 ms pulse 

2 5 0  

- -  calc. (EC) 20O 
• Cref  ._O ~" 

, ,  2 eCref  150  

• JIEBI8 
¢0 

/ • K F A - l a s e r  '10 I O0 
/ ¢. 

.2 
÷ E C N - l a e e r  co 

O so 

(a) 

4 6 8 10  

A 
C F C  AO5_L 
5 ms pulse 

/ / ' /  

• / /  
+ /÷" 

,÷ /  

- -  calc. (EC) 
0.SoCref  

. . . .  calc. (EC) 
Cref  

• JEBIS 

4 6 8 10 

• K F A - l a s e r  

+ E C N - I s s e r  

energy density (MJ/m2)  energy density ( M J / m 2 )  

Fig. 6. Experimental data on carbon materials by laser on electron beam tests, 5 ms pulses. Calculated curves based on Hey = 23 
kJ/g.  (a) LCL A05 I[, (b) LCL A05 3_. 

types of tests: at  E "  ~ 6 M J / m  2 in 5 ms for JEBIS  and  
E "  ~ 8 M J / m  2 at 10 ms resp. E "  ~ 1 M J / m  2 at 0.2 ms 

by laser. 

5. ITER Plasma Facing Components  (PFC) lifetime 
estimates 

Lifet ime es t imates  of I T E R  PFC have been  per-  
fo rmed  for the  re fe rence  d is rupt ion  scenario.  Cases 
cons idered  for the  diver tor  are: 

- 6 m m  CFC (A05 or CX2002U) and  12 m m  high 
conductivity CFC or pyrolytic graphi te  (PyG, density 
2.2 g / c m  3) with 5 and  10 m m  sacrificial layer thick- 
ness respectively. 

- 2 m m  sacrificial Be or  W. 
For  PyG the  US calculat ions have been  used, for CFC 
the  J ones, for W and Be the  US ones. The  disrupt ion 
l ifet ime has been  evaluated  for 0.1 and  3 ms pulse 
dura t ion  and  12 M J / m  2 incident  energy density, with- 
out  consider ing the  effects of separatr ix  sweeping. Ma-  
terial  losses considered:  evapora t ion  + ent i re  removal  
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Fig. 7. Compilation of experimental data from JAERI (JEBIS), KFA-ILT (Nd:YAG laser) and ECN (Nd:YAG laser). The 
calculated erosion is shown as a function of the average value of thermal conductivity in the range 0-1000°C, for a material 
density of 1.7 and 2.2 g /cm 3 (data given in table 3). As an example: on the x-axis the H-451 type material has an average 
conductivity of 90 W / m K  and Pfizer Pyroid 320 W/mk. Note that calculated curves are based on Hey = 23 kJ/g.  (a) E" = 6 

M J / m  2, (b) E"  = 9 M J / m  z. 
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of melt; evaporat ion + half of melt layer removed; 
evaporation only; evaporation reduced (vapour shield 
50%), see table 4. 

The most conservative estimates of the number  of 
allowed disruptions (loss of melt layer) are similar for 
Be (9-13), CFC (9-12) and W (7-16); PyG would 
survive 26-42 disruptions. In a more realistic estimate 
(vapor shield) tungsten would survive up to twice as 
much disruptions (39-62) as beryllium (26-28) or CFC 
(18-24). PyG would survive about 2 -3  times more 
disruptions (52-83) than Be or CFC. 

For  the first wall the following cases are considered: 
sacrificial armour  thickness of 10 mm for CFC (with 
conductivity equal to H-451) and thin coatings of 0.5 
mm for W & B e .  Material  losses considered are: entire 
removal of melt, evaporation only, evaporation re- 
duced by vapour shield. The results tk)r an energy 
density of 2 M J / m  2 are givcn in table 5. For CFC the 
armour survives at least 125 disruptions in a worst case 
(0.1 ms), up to at least 500 for a slower disruption (3 
m s ) .  

The melt layer thickness in thc Be and W cases is 
relatively larger than the evaporation depth as com- 
pared to the divertor case. This leads to a much wider 
range of lifetime estimates. Est imated minima, assum- 
ing melt layer losses, are about 10 for Bc and 15 for W. 
If only evaporation occurs, a Be coating would survive 
25-250 disruptions and W at least 50. W is unaffected 
by the soft 3 ms deposition duration. 

The additional effect of the energy deposition in the 
current quench (2-3  M J / m  2, 5 -50  ms) has not becn 
considered yet in detail by all parties. The worst case 
(for surface damage) would arise for the case of the 

Table 4 
Disruption erosion lifetime estimate for divertor plate (US- 
calc. for Be, PyG and W, J-calc. for CFC); low/high: 
lowest/highest value for 0.1 or 3 ms pulse duration 

evap. evap. ew~p. evap. 
+ melt + ~ melt only ( + VS) 

CFC 
low 
high 

PyG 
]ow 
high 

Tungsten 
low 

high 
Beryllium 

low 
high 

8.9 17.7 
12.1 24.3 

25.8 51.5 
41.7 83.3 

7.1 11.5 19.4 38.8 
16 17.5 30.8 61.5 

9 10.9 13.2 26.4 
12.7 12.9 13.8 27.6 

Table 5 
Disruption erosion lifetime estimate fl)r first wall armour 
(average of US/EC-calc. for Be and W, with vapour shield 
(VS): EC-calc., EC-calc. for CFC) 

CFC exp. talc. 
0.1 ms ( + VS) 250 500 
0. I ms 125 250 
1 ms 167 334 
3 ms 550 1100 

Tungsten evap. + melt 
(1.I ms (+VS) 18 
0.1 ms 13 
I ms 14 
3 ms vc 

evap. only 
25{) 
5[1 

51t{/ 
0c 

Beryllium evap. + melt evap. 
{I. 1 ms  ( + V S )  12 56 
[/. 1 ms 12 23 
I ms S 42 
3 ms 6 250 

only 

shortest current quench duration, since its energy de- 
position follows immediately on the thermal quench, in 
which case the surface will already be very hot and in 
the metal case have a molten surface layer. The subse- 
quent  energy deposition at a lower power density, will 
cause deeper  penetrat ion of the melting front [8,9]. 
The melt  layer is much less stable when the forces 
acting have more time and deformation or movement  
of the layer is likely to happen [31,32]. 

6.  D i s c u s s i o n  

The lifetime estimates for I T E R  divertor presented 
in table 5 imply that for the I T E R  Physics phase (500 
full power disruptions) f requent  replacement  or repair 
is needed. For a 5 mm sacrificial CFC armor, with an 
estimated lifetime of 10-25 disruptions, very frequent  
replacement  is needed. In case of a higher thermal 
conductivity material the allowable sacrificial layer 
thickness will increase. A realistic limit for high con- 
ductivity CFC seems to be about 10 mm, similar to the 
case of pyrolytic graphite (for 1000 ° C surface temper-  
ature in normal operation). In this case the replace- 
mcnt frequency would be 2 -3  times lower. The effect 
of degradation of thermal conductivity by neutron 
damage is not considered here, partly because of the 
estimate that the surface recession by disruption ero- 
sion seems to appear faster [33]. In case of beryllium, 
for which in-situ repair by plasma spray could be an 
alternative, a high number  of repair actions would be 
needed.  This number  may be even increased if the 
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coating conductivity would be lower compared to the 
dense metal values. 

A CFC first wall (FW) armour in the Physics Phase 
is likely to survive or only need marginal replacement if 
about 15 mm erosion thickness would be available. The 
thin Be coated FW needs repair after each 10 disrup- 
tions if the melt layer would be removed but would 
survive 30-250 disruptions if the mass loss is by evapo- 
ration only. A main improvement here results if the 
sacrificial layer thickness could be enhanced by a fac- 
tor 5 or more. 

Another point of consideration is the expectation 
that the plasma disruption will not hit the same spot 
repeatedly. For the divertor, where X-point sweeping 
of +15 cm is foreseen, the effective reduction in 
erosion might be up to 50% for the fast phase erosion 
(essentially equal to the time average of peak heat flux 
in normal operation, with widened profile). For the 
first wall a wider scatter in the location of the disrup- 
tion hot spot is likely to occur, which would reduce the 
maximum surface recession by a larger factor. 

As pointed out by Bolt [18,34] the thermal erosion 
in a disruption may be reduced by nearby redeposition, 
due to rapid ionization of evaporated material and 
transport along the grazing field lines. This effect of 
redeposition/recycling is yet unknown as is the vapour 
shield, but may have a strong impact on the present 
considerations. On this subject, no further analyses or 
experimental results are available which would allow 
for quantitative statements yet. Also the metal evapo- 
ration and melt layer thickness is affected if convection 
processes occur in the melt layer, which will increase 
the melt layer thickness, but decrease the evaporation 
[9]. 

To increase the PFC lifetime in ITER operation, it 
will be necessary to employ disruption control mecha- 
nisms already during the start of the Physics Phase. 
Their development is the subject of ITER R & D  activ- 
ity [35]. Slowing down of energy deposition in the 
thermal quench will be beneficial for carbon, but may 
be not for beryllium, where severe melting occurs. 

7 .  C o n c l u s i o n s  

- The material response to disruption heat loads as 
calculated by different codes, shows reasonable 
agreement, considering the different initial assump- 
tions and material properties used. For carbon this 
agreement is rather good. For beryllium and tung- 
sten US and EC data are similar, on the other hand 
J data show in general a much thicker melt layer. 

- A comparison of vapour shield models shows large 
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differences in shielding efficiency. Since none of the 
models covers the expected ITER conditions prop- 
erly, a reliable statement on the actual vapour 
shielding factor cannot be given. For lifetime esti- 
mates the more conservative vapour shield model 
(50% maximum shielding) is recommended for the 
purpose of comparison. 

- Experimental data for simulated disruption erosion 
of carbon materials by laser and electron beams 
have been compared and show agreement with each 
other roughly within a factor 2. The derived effective 
evaporation energy varies from 20-25 k J / g  for power 
densities of the order of 500 M W / m  2 and pulse 
duration 10-50 ms, to 10-15 k J / g  (occasionally 5 -  
20), for power densities exceeding 1000 M W / m  2 
and pulse durations less than 5 ms. This is due to 
the increasing size of molecular vapor species and 
gross particle emission. 

- In order to improve the correlation of the heat flux 
experiments with the numerical predictions the mea- 
surement of surface temperatures will be needed 
and effects of radial heat flow and time dependence 
should be evaluated. Beam profile characterization 
and erosion crater measurements should be corre- 
lated by appropiate 2-D thermal calculations. 

- Lifetime estimates for the ITER PFC depend very 
strongly on the assumed material loss mechanisms. 
A wider range as in the ITER-report  [2] has been 
considered and some calculations have been revised. 
The lifetimes estimates are based on the erosion in 
the thermal quench and vary roughly between 10-80 
disruptions for a carbon divertor (not considering 
X-point sweeping) and 125 to more than 500 for a 
carbon armoured first wall. 

- The lifetime estimates are strongly dependent on 
the energy deposition parameters given by plasma 
physics considerations as e.g. the width of the 
scrape-off layer during disruptions and energy depo- 
sition duration. More information on these effects in 
present machines is clearly needed. 
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