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EXPERIMENTAL SIMULATION AND ANALYSIS OF OFF-NORMAL HEAT LOADS ACCOMPANYING PLASMA DISRUPTIONS 

J.G. VAN DER LAAN. J. BAKKER. R.C.L. VAN DER STAD i H.T. KLIPPEL 

ECN Netherlands Energy Research Foundation. P.O.Box 1. 1755 ZG. Petten. The Netherlands 

The plasma disruption heat load is simulated experimentally using a pulsed laser beam with high 
energy density and short pulse duration (0.2-20 as) covering a certain range of ITER design 
values- The present status of the laser heat flux test facility and new experimental tools are 
described. Spatial and tine resolved profiles of the laser b e » are given. Experimental re
sults are presented including the variation of angle of Incidence of the laser bean relative to 
the materiel surface. The nature and effects of the induced vapour plume are discussed. Mat
erials studied are relevant to the ITER design. Experimental results are compared with numerical 
calculations. Some implications for the design of First Wall and Divertor of ITER are addressed. 

i. INTRODUCTION 

A critical i-sue in the first stage of 

NET/ITER operation will be the thermal and me

chanical behaviour of plasma facing components 

because of the intense energy deposition in 

plasma disruption «vents. Present design values 

for the expected heat loads on the ITER First 

Wall and Divertors cover energy densities of 
2 

2-10 MJ/m in pulse durations of 0.1 to 3 ms 

(thermal quench) and 2 MJ/m in 5-50 ms (current 

quench) . see figure 1. 

In the ECN Laser Heat Flux Test Facility the 

plasma disruption heat load is simulated experi

mentally using a pulsed NdiYAG laser. Materials 

studied so far were the European Reference Heats 
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ITER design specifications for Disruption heat 
loads on First Wall and Divertor . 

of stainless steel AISI 316L and Manet-1. fine 

grain graphites, carbon fiber composites and 
2-5 

pyrolytic graphites . This paper surveys some 

of the results on the material loss of plasma 

facing materials in comparison with numerical 

analysis. The laser beam profile has been measu

red with a newly developed High Speed camera. 

This camera has also been used for observation 

of the laser induced vapour plume. Time and spa

tial resolved pictures are given for both appli

cations. Surface temperature measurements are 

discussed. 

The erosion data obtained so far on graph

ites. CFC and Pyrolytic Graphite have been com

piled. Numerical results are presented for the 

disruption of First Wall and Divertor of ITER. 

2. EXPERIMENTS 

2.1 Laser beam analysis 

The basic experimental facility and 

experimental procedures have been described ear

lier . Since there is an experimental uncer

tainty in the power density profile of a high 

power Nd:YAC laser beam, a large effort has been 

put into the development of a Laser Bean Analy

sis system. This system is based on 5 high speed 

framing caoera, Fastcam 642, which has been spe

cially developed by Matrix, Enschede, NI. . The 

camera uses an array of ó^'ó1) Silicon charge 

coupled photodiodes of 100 urn square. The dyna

mic response is about 1:100, For the visible 

spectrum saturation Is reached for a photon flux 

of 5*10"^ J/a . For 1064 na the sensitivity is 
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Figure 2 
V i 5ü-a^C plcture of *** l8ser be»» dimensions near the focal point using a 100 mm lens 
D.cj The intensity profile for defocus distances of 20 and 40 ma. 
d) Contourpiot of profile shorn in figure b). e) Cross sections through the center of figure b) 

about Ik times less. The photodiode array is 
read out in two halves and multiplexed over k 
lines, which leaves a total of 32 parallel 8-bit 

AD-convertors. The framerate can be varied from 

50-H5000 frames per second. The camera is able 

to store a total of 64 frames in its internal 

memory. The data are analysed on a personal com

puter. For the Laser Bean Analysis the bean has 

•.o be attenuated 3 to 6 orders of «agnitude be

low its normal level. Using this set-up the bean 

profile has been measured for a nuaber of expe

rimental conditions. Typical results are given 

in figure 2. The profile can be denoted "multi-

mode" with an elliptical symmetry, which ref

lects the geometry of the laser system, and is 

comparable to the results by Treusch et el.7. 

The present set-up makes it able to monitor both 

the spatial resolved profile and the spatial 

integrated signal simultaneously in one single 

shot experiment. 

2.2 Recording of plume evolution 

The Fas team has also been used to study the 

growth of the vapour pluae induced bv the laser 

beam hitting a graphite surface in tar at 

atmospheric pressure. The light esitted by the 

vapour plume has been recorded for a 0.5 ms la-
2 

ser pulse of 2.5 MJ/m incident energy density 

on Poco graphite AXF-5Q. The angle of incidence 

has been varied. The plume evolves rapidly in 

the first few frames, see fig. 3, and is direc

ted perpendicular to tha material surface, indi

cating that the evolution is governed mainly by 

gas dynamics, in accordance with the results by 

Covington et al. . Dixon9 and Matsunawa et 

al. .It is observed that the pluae is mushroom 

shaped when it has evolved to about 3 cm from 

the surface. At ky angle of incidence, reducing 

the incident energy density to about 70% of the 

first case, the phenomenon is similar, while the 

plume evolution starts a little later. A number 

of whirls are observed in the stem of the mush

room. The propagation velocity of the upper 

front of the luminous area peaks around 100 m/s 

as deduced rrom the first Tew pictures. This 

velocity will in principle be smaller tnan the 

o 

actual vapour front velocity . Performing simi

lar experiments in a vacuum of 0.001 Pa gave 

different results : the brightness of the plume 

is several orders of magnitude Jess due to tha 

smaller pressure and density. In thi9 case the 
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Figure j 
Set-up and results <jf observation of plume evolution with the Fastcam 642. The incident energy 
density is 2.5 HJ/B on Poco AXF-5Q in air. with a 0.5 as laser pulse. The angle of incidence is 
a) 0* and b) *»5*. The frame-to-frame tine is 100 us. 

light emission of the plume cannot be discrimi

nated from the contribution of thermal radiation 

emitted from the hot surface. In these condi-

tions the vapour velocity is supersonic . 

2.3 Surface temperature measurements 

A Kleiber 270/B pyrometer system has been 

used to measure the surface temperature in the 

range 500-2500"C with a time resolution of 0.01 

as. Because of its present sensitivity to ref

lected laser light, only the results of the tem

perature decrease after a laser pulse are repor

ted. Pulses of 5 ms duration and energy density 

of ** MJ/m have been applied in air. The spot 

size of the pyrometer was about 2.5 mm in diame

ter and the laser irradiated area was 3-l( om 

wide. A difference in temperature decay rate is 

clearly recognized and evidently reflects the 

thermal transport properties of the materials. 

The ECPG// did not respond with a measurable 

signal, which means that the surface temperature 

already had fallen below 500 'C. The maximum 

temperature of ECPG iin this condition was more 

than 2000 'C. On a similar time scale the measu

red surface temperature increased in the follo

wing order : ECPG //. Pfizer Pyroid //. Sepcarb 

//. Dunlop DMS-678 /,', CL Aerolor A05//. Graph-

nol N3M, CL Aerolor AU5J.. Dunlop DMS-678 1 and 

ECPG J. With an energy density of 2.5 HJ/m2 a 

ranking has been observed of Graphnol N3M. 

EK-^7, EK-98, Poco AXF-5Q, SL5890 PT, FE-219 and 

Pfizer Pyroid j. This ranking order is in accor-
4 5 

dance with erosion results . A comparison with 

one-dimensional numerical results appeared to be 

difficult since radial heat conduction plays a 

major role on this longer time scale, as was 

evident from the results on the anisotropic ma

terials CFC // and J., which converge in time. 

3- EROSION OF CARBON MATERIALS 

3.1 Carbon erosion measurement 

A compilation of erosion results on carbon 

materials are given in figures 'ta-c •-'•11 -rhe 

data presented here have all been obtained by 

measuring the actual crater depth. 

Numerical calculations have been performed 

using the transient heat load code at ECN. which 

is based on tenperature dependent material pro

perties. Calculations on Carbon have been done 

with a vaporization energy of 23 kJ/g . The 

reference thermal conductivity * , is equiva-
ref 

lent to a value at room temperature of 150 W/mK 

and simitar to H-^51 at higher temperatures. 

For 10 as pulses the experimental results of 

graphite, CF and pyrolytic graphite scatter 

around the numerical predictions for A „. 2 
ref 

* _r and l»-8 * r respectively, in accordance 

with their relative thermal properties. For 0.2 

as pulses the erosion data all exceed the pre

dicted values, especially for graphites and 

CFC //. 
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Figure 4 
Compilation of erosion data obtained by laser 
on a) gragh^tes, b) CFC // and c) Pyrolytlc 
graphites ' 

The pyrolytic graphites show «any surface 

ciacks in all conditions where measurable ero-

sion occurs . 

3-2 Variation of angle of incidence 

For a 0.2 as laser pulse on CL Aerolor A05 

// the angle of incidence of the laser beu has 

been varied between -30* and 30". The results do 

not Indicate a dependence of the erosion depth 

on these values of angle of incidence. 

This «ay be understood fro» the fact that 

the erosion is aainly due to the high temperatu

res involved and the laser bean energy is absor

bed on the uteris! surface. However, further 

study is needed with other loading conditions 

and on other materials. 

»». DISRUPTION EROSION OF FIRST WALL I DIVERTOR 

Calculations have been performed to deter

mine the thermal response in the ITER disruption 

scenario (see figure 1) of Beryllium. Carbon, 

stainless steel type AISI 316 and Tungsten . In 

the fast thermal quench phase (20 MJ/i on Di-

vertor. 2 MJ/m on First Hall) the ir.cident 

energy will be consumed completely by the evapo

ration process. In that case the following ulti

mate values apply for the erosion depth: 

- Beryllium : 6^ « lU.7 urn per MJ/m2 -»f ab

sorbed energy density. 

- Carbon : 6y * 50 urn per MJ/m (based on 

experimental data. Indicating an effective 
1 k 5 

vaporization energy of 12 kJ/g ' 'J). 

- AISI 3l6L : 6U * 19.3 urn per MJ/m2. 

- Tungsten : Óy - 11.3 urn per MJ/m2. 

In the conditions of the slow cur .-em quench 

phase (E" * 2 KJ/a for Divertor 4 Fir't Veil) 

Beryllium and stainless steel show severe eei-

ting. Carbon erodes slightly and Tungsten re

mains unaffected 

As a reference two-phase disruption scenario 

a deposition duration of 0.2 ms has been taken 

for the thermal quench and 5 ">s for the current 

quench. The resulting total surface recession 

has been calculated for a Divertor concept with 

Beryllium operated at 500"C. Carbon at 1000'C 

and Tungsten at 1000'C. Similar calculations 

have been performed for the First Wall response 

at the 9ame operating temperatures as for the 

Divertor case and for a stBinless steel wall at 

350'C. The resulting surface recession is given 

in figure 5- Note that the total surface reces

sion for the metals includes the total reaoval 

of the ae)t layer. This assuaptlon say be sup

ported by the result-, of disruption simulation 

experiments on metals, which show that severe 

melt ejection takes place at short pulse dura-

tlons^B. 
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Figure 5 
The resulting total surface recession of diver-
tor and FW for a two-phase disruption scenario 
with a deposition duration of 0.2 us for the 
thermal quench and 5 ms for the current quench. 
The numerical values for carbon based on a va
porization energy of 23 IcJ/g are indicated 
with dashes. 

The total erosion is dominated by the fast 

phase and is about linear with heat load. For 

aetals «elting dominates in the slow phase. 

It is observed that for the First Wall the 

total surface recession of Carbon is about 1.8 

times higher than for Tungsten, while the sur

face recession of Beryllium ana stainless steel 

316 is 2.5 and times the value for Tungsten. 

For the Divertor case it is expected that 

the total surface recession of Carbon is 4.5 

times higher than Tungsten and 2.5 tiaes higher 

than Beryllium. 

The total surface recession of the metals is 

about 3 times less in the First Wall case compa

red to the Divertor case. Carbon erodes about 10 

times faster in the Divertor case, which is 

nearly linear with heat load. 

5. CONCLUSIONS 

- The present extensions of the ECN Laser 

Heat Flux Facility makes it possible to charac

terize the spatial and time resolved profile of 

the laser beam. The results show an elliptically 

shaped aultimode profile. The beaa diameter is 

in reasonable agreement with earlier data obtai

ned by other methods. 

fine-grained graphites and CFC-materials indi

cate that both types of materials show similar 

erosion for short pulses, while at longer pulses 

the influence of thermal transport properties 

becomes more pronounced. Pyrolytic graphi

tes show less erosion for all pulse durations 

applied-

- With the present ITER reference disruption 

scenario the total erosion Is dominated by the 

fast phase. For a Carbon Divertor the erosion 

rate is 1 ma per disruption, which is 3 times 

higher than for Beryllium and 4.5 times higher 

than for Tungsten. 

- In an all-Carbon machine the surface 

recession rate of the Olvertor is about 10 times 

higher than the First Wall. Using Beryllium or 

Tungsten this ratio is about 3. 
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