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Abstract 

The 1999 US-Japan Workshop on High Heat Flux Components and Plasma 
Surface Interactions in Next Step Fusion devices was held at the St. 
Francis Hotel in Santa Fey New Mexico, on November 1-4, 1999. There were 
42 presentations as well as discussion on technical issues and planning 
for future collaborations. The participants included 22 researchers from 
Japan and the United States as well as seven researchers from Europe and 
Russia. 

There have been important changes in the programs in both the US and 
Japan in the areas of plasma surface interactions and plasma facing 
components. The US has moved away from a strong focus on the ITER 
Project and has introduced new programs on use of liquid surfaces for 
plasma facing components, and operation of NSTX has begun. In Japan, 
the Large Helical Device began operation. This is the first large world-class 
confinement device operating in a magnetic configuration different than a 
tokamak. In selecting the presentations for this workshop, the organizers 
sought a balance between research in laboratory facilities or confinement 
devices related to plasma surface interactions and experimental research 
in the development of plasma facing components. In discussions about the 
workshop itself, the participants affirmed their preference for a setting 
where "work-in-progress" could be informally presented and discussed. 
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Target Operation 
Phase I (11) I St-3rdcyc~e exp. 

Major radius 3.9 m 
Plasma radius 0.5-0.65m 
Plasma volume 20-3om3 

BO/Bmax 3/6.6T (4/9.2T) 2.75T 
LHe temp. 4.4K (1.8K) 
Magnetic energy 0.9GJ ( I  .6GJ) 

Heating power 

I/m, t(O)/t(a) 2/10, <0.5/1 
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Structure of Helical Divertor Plasmas in LHD 

H.Suzuki 
National Institute for Fusion Science 

Topics 

LPoincare Plot of magnetic line of the LHD 

2.Simple View 

3.Structure of the magnetic line of helical 
device 

4.Structure of the magnetic line at the edge 
and the divertor legs 

5. Calculated prediction and experimental 
measurements 

6. Conclusion 
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1.Poincare Plot of the Magnetic line of the 
LHD 
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2.Sim~le View Direction of 

I. 

c 



3.Structure of the magnetic line of helical 
device 

3-1. Lagrangian of a charged particle in a 
magnetic field 

3-2. toroidal symmetry and Lagrangian 
invariant. (tokamak case) 

- 

Pq =mr2@ + erAV = const. 
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3-3. Hamiltonian of a charged particle in a 
magnetic field 

=-(PIF- 1 eAr) 2+1 ( P  - eA,) 2 1  +T(Pq - erAq 2 2 z  

magnetic surface function 3. 

Y=rA 

H=- P - e A r  2 r  Y 
To do the same, a magnetic surface function 
of a linear helical device can be obtained. 
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3-4. helical symmetry and Lagrangian 
invariant. (hear helical device case) 

L(r,cp+Aq,z +Az)-L(r,q,z) =AL =O 
Acp = a& 

Magnetic surface function of linear helical 
device 
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3-5. Magnetic potential 0 

No electric current, stable condition 

rot H = curl H =O- H=grad @ 

Poisson equation 
v24 = .%(rdr) 1 d 80 + -- 1 a20 + a20 

r2  de2 322 

L 

Linear helical symmetry 

4(r,e ,~)  = $(T,  @+A@, Z+AZ) = $(r, e+a&, z+b) 
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Each part should be a constant. 

Poisson equation becomes, 

p = Zar 

Bessel function I 
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General representation 

Magnetic field 
00 

I =  1 
Br = C Zb &Zav) sin(Z(8 - az))  

c I 

B e  = O 0 1  C =Zb zIl(Zar> cos(Z(8 - u)) 
I =  1 

00 
B,  =BO - C Zb zIl(Zar) cos(@ - a ~ ) )  

I =  1 

Vector potential 

A,=O 

Magnetic surface 

= const. 
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= const. 
(I. is corresponded with a number of coils.) 

Equihbrium point 
(center) 
0 -point 

Separatrix 
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Magnetic 
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F u nctio n 

Equdibrium point 
(saddle) 
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Contour plot I 



3-6. Magnetic surface of circular helical 
device 

No symmetry! 

No analytic magnetic surface function! 

Consider: 

Magnetic surface of linear helical device 

perturbation 
+ 

1) The X-point and the separatrix still 
remain? 

No. 
Separatrix breaks and ergodic (chaotic) 
structure appears. 

2) The toruses around the O-point still 
remain? 

YES. 
KAM torus theory shows an existence of 
stable torus orbit. 
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$.Structure of the magnetic line at the edge 
and the divertor legs 

4-1. two kinds of chaotic structure 

1) Overlapping of magnetic islands. 

Rational surface is unstable. 
If the rational surface resonates with a 
perturbation field (error field), 
the rational surface splits and make 
magnetic islands. 

If a width of the islands is greater than a 
distance between two resonated rational 
surfaces, the islands overlap, and 
magnetic lines make a chaotic structure. 

L 

I 
x 3x12 25c 0 X I 2  
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2) Deformation of torus and separatrix 
(Whisker structure) 

Torus Perturbation 

Torus is pulled, folded up, and pushed. 

So called baker mapping. 

Y 
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Moving of points 
I l ~ l l  

1 

X-point 
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Whisker region 

1-50 

Natural 
magnetic island 
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Schematic view of divertor leg 

Heat flux 

Because of special structure of magnetic field 
lines, hit points of plasma on divertor plate 
are discrete. 
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c I 

Asymmetry of heat flux 

8: direction of divertor plate 
r: distance between center and cross point 

2 
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6. Conclusion 

1) LHD has four divertor legs. 

2) LHD has magnetic surface. 

3) Structure of magnetic field at the edge of 
LHD plasma is chaotic. 

4) Divertor legs have also complicated 
structure. l. 

5) Because of the structure of magnetic field 
line, hit point on the divertor plate is 
discrete. And this structure has been 
observed experimentally at inside of the 
torus. 

6) According to  a Monte Carlo simulation, 
asymmetry of heat flux is predicted. 
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Negative transferred arc cleaning: a method for roughening and removing surface 
contamination from beryllium and other metallic surfaces 

R.G. Castro", K.J. Hollis', C. J. Maggiore", R.P. Doernerb, A.Ayala', and B.D. Bartram" 

'LOS Alamos National Laboratory. Materials Science and Technology Division, Los Alamos, New Mexico 
87545, USA 

University of California - San Diego, Fusion Energy Research,, La Jolla, CA 92093. USA 

TA cleaning has been investigated for preparing the surface of beryllium plasma facing components 
(PFC's) inside of the International Thermonuclear Experimental Reactor (ITER) prior to depositing 
beryllium by plasma spraying. Plasma spraying of beryllium was evaluated during the  ITER Engineering 
Design Activity (EDA) for in-situ repair and initial fabrication of the beryllium first wall armor. Results 
have shown that surface roughening of beryllium, during the TA cleaning process, can result in bond 
strengths greater than 100 MPa between beryllium surfaces and plasma sprayed beryllium. In addition. the 
TA cleaning process was shown to be an effective method for removing contaminate layers of carbon and 
tungsten from the surface of beryllium. Investigations have been performed to characterize the different arc- 
types that occur during the TA cleaning process (Type I, I and 111 arcs) and the effectiveness of the TA 
cleaning process for potentially removing co-deposited layers of carbon and deuterium from the surface of 
beryllium. stainless steel and tungsten. 

1. INTRODUCTION 

Negative transferred-arc (TA) cleaning has been 
used throughout the thermal spray community as a 
method for cleaning and roughening surfaces prior 
to the deposition of materials during vacuum 
plasma spraying (VPS). TA cleaning results when 
a potential difference (voltage) is applied between 
the front of a DC plasma torch (anode) and a 
metallic surface to be cleaned (cathode). A cathodic 
condition is created at the surface of the workpiece 
that results in the transfer of electrons from the 
workpiece to the front of the plasma torch during an 
elcctric arc discharge. This electron transfer can 
result in the removal of the oxide surface layer and 
surface contaminates from metallic materials. One 
possible application for TA cleaning is the removal 
of co-deposited layers of carbon and tritium from 
first wall surfaces inside of a magnetic fusion 
energy device. Tritium co-deposition is raising 
significant concern because of operation and safety 
implications associated with large tritium inventory 
build-up on the first wall structure of a magnetic 
fusion energy device 1 I ] .  Tritium co-deposition 
with carbon has been verified in  laboratory studies 

conducted by Hsu and Causey 12-31 and by 
examination of first wall samples removed from 
many present-day fusion devices. Due primarily to 
the safety hazard in some potential accident 
scenarios (releaseable T-inventory), it is essential to 
incorporate methods and procedures to detect ant1 
efficiently remove tritium from co-depositcd layers. 

One cleaning method that is being highly 
considered is the introduction of oxygen into the 
confinement vessel while heating the first wall. 
Oxidation of the co-deposited layer can remove 
both the carbon and hydrogen by eroding the 
hydrogenated graphite layer producing (D/T)?O and 
CO/02 which than can be removed by the tritium 
clean-up system. A major drawback to this 
approach is that in order to get an acccptablc 
removal rate of the co-deposited carbon layer (> 2 x 

d h r  for carbon) the wall temperature of the 
reactor will need to be heated to 350°C. I n  
addition, this process loads the wall with O? that 
will need to be removed before tokamak operations 
re-commence. 

The use of TA cleaning for removal of co- 
deposited carbon/tritium layers can provide thc 
following advantages: I ) a non-line-of-sight 
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process which provides accessibility in shadowed 
regions, gaps, and recessed areas, 2) non intrusive 
method requiring short operational shut down times 
if  used in conjunction with plasma spraying for in- 
siru repair, 3) gaseous/vapor residue may be 
processed by the existing tritium fuel clean-up 
system, 4) minimal wall conditioning after cleaning 
and 5) TA cleaning locally heats the surface for 
removal of contaminates and does not require bulk 
heating of the first wall. 

To better understand the mechanisms of TA 
cleaning, investigations on the arc characteristics 
and cleaning efficiency were performed on 
beryllium, stainless steel and tungsten. 

2. EXPERIMENTAL 

The TA experiments were carried out in an inert 
environment plasma spray chamber. In order to 
purge the air from the system, the chamber was 
pumped down to 60 Pa and backfilled twice with 
argon before conducting experiments. The plasma 
torch used was a commercially available Praxair 
SG-100 using a 40kW Plasmadyne DC power 
supply. The torch gas used was argon and the flow 
rate was 40 standard liters per minute for all 
experiments. The TA power supply used was a 250 
amp constant current DC supply built by Miller 
Electric, Inc. For all TA cleaning experiments the 
plasma torch arc was started with the torch away 
from the substrate. The torch was then moved close 
to the substrate and the TA power supply engaged 
manually. For the stainless steel and tungsten 
samples TA cleaning experiments were captured by 
a Canon (Canon, Tokyo, Japan) XL-I digital video 
camera that was placed in front of a window port in 
the chamber. Voltage signals from the TA power 
supply were recorded with a Tektronix (Tektronix, 
Beaverton, OR) TDS 420A digital oscilloscope and 
P5200 high voltage differential probe. The TA 
power supply current was measured with the same 
oscilloscope using a Tektronix 503s current probe 
system with a high DC current probe. 

The effect of TA cleaning of beryllium 
surfaces prior to plasma spraying was 
invesligaled by cleaning eight beryllium samples 
(25.1 mm wide x 12.7 mm long x 3.2 mm thick) 
which had been sputtered coaled with 10 to 100 
rnonolayers of tungstcn and carbon. This 
combination of materials was chosen to simulate 
a contaminated surface similar to what might bc 

expected in the  ITER reactor i f  carbon, tungsten 
and beryllium a re  used a s  plasma facing 
materials. The sputtered coatings were produced 
from both tungsten and carbon anodes using 100 
eV of Ar and D2 a t  a 1 2  ratio. and a cur ren t  of 
100 mA for 30 minutes. The beryllium samples 
were located 76.2 mm f rom the sputter targets. 
Rutherford Backscattering Spectrometry (RBS) 
using 1.6 MeV He ions was used to characterize 
the surface of the beryllium before and after TA 
cleaning. The surface analysis included detection 
of carbon, tungsten. oxygen. argon and copper. 

To investigate the TA removal efficiency of 
deuterium containing carbon films from stainless 
steel and tungsten, the PISCES-A device at the 
University of California, San Diego [4] was used to 
deposit carbon coatings on stainless and tungsten 
samples by installing an impurity gas puffing 
system (CD4) in the target interaction region of the 
device. The fraction of impurity gas present was 
monitored prior to the plasma initiation by use of a 
quadrupole residual gas analyzer (RGA). Several 
identical samples were exposed to deuterium 
plasmas containing varying amounts of impurity 
fractions (from 0.1% carbon, up to 10% carbon). 
The temperature of the samples was monitored 
using thermocouples and an IR pyrometer. All 
samples were exposed to the deuterium containing 
plasma for 30 minutes. The radial profile of the 
plasma was measured using a fast reciprocating 
Langmuir probe. The ion flux across the face of the 
sample was measured to be constant within a few 
percent throughout the duration of the exposure. 

The surface compositions of the stainless steel 
and tungsten samples before and after TA cleaning 
were measured at the Ion Beam Materials 
Laboratory using resonant backscattering of alpha 
particles and elastic recoil detection of the 
hydrogen isotopes [5]. An incident beam of 5.6 
MeV alpha particles was focussed on a 2 x 2 mm2 
spot on the sample and the backscattered yield was 
measured with a Si solid state detector at a 
scattering angle of 167 degrees. The samples were 
tilted at 75 degrees from beam normal and the 
recoiling hydrogen isotopes were detected at a 
forward scattering angle of 30 degrees. A 
combination of AI and mylar absorber foils were 
used to stop the forward scattered alpha particles 
but allow transmission of the recoiling hydrogen 
and deuterium to the detector. 
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3. RESULTS AND DISCUSSION 

velocity ( d s )  
spot 

3.1. Cathodic Arcing Characteristics on 
Beryllium, Stainless Steel, and Tungsten 

hot catho>les 
10- 1000 1-150 < I  

The initiation of an arc at a cathode is though to 
take place by a combination of thermionic and 
field-enhanced emission of electrons as described 
by Juttner et al. [61. Of interest when TA cleaning 
and roughening a metal surface is the erosion 
craters that result from the cathodic arc 
attachments. Figure I summarizes the mechanisms 
that occur during arc attachment and crater 
formation. A surface explosion, followed by 
melting and acceleration of molten metal initially 
forms the crater. After the crater formation, the 
discharge center is displaced to the rim and the 
cycle then repeats itself at another localized arc 
spot. The arcingkrater formation is categorized into 
one of three spot modes of operation, Types I, I1 
and 111. Table 1 gives the spot types and 
characteristic behavior associated with each. 

current (A) 
lifetime (ps) 
crater 

1-0-Ins  1-1-5 ns .  Melting, 
Surface expbson deformtion of the hqwd 

<10 5-50 5-50 
<0.01 <o. 1 >IO 

1s  5- 40  ns  t>5-40ns  
Crater formation Cratn dosplacement 

Figure 1 .  Mechanism for development of erosion 
craters on clean surfaces in vacuum [7]. 

Type I spots occur on oxidized or contaminated 
surfaces. The arc moves relatively quickly from 
place to place and leaves small, distinct craters 
while eroding a relative small amount of material 
per coulomb of electrons conducted. Type I cathode 
arc spots on stainless steel after TA removal of a 
carbon surface film are shown in  Figure 2a. The arc 
attachments are discontinuous with a crater radius 
of less than I pm. Type I1 arc spots are also present 
in  this figure. Type I1 spots appear on initially clean 
surfaces or surfaces that have been cleaned by Type 
I arcs. 

Table 1. Cathode spot types and their 
characteristics[7]. 

occurrence oxidized clean small 
conditions surfaces surfaces electrodcs. 

T c 111 

ambient gas, 

a earance discontinuous ovcrla in0 ovcrla ing 
crater 
radius ( m) 
erosion 
ratc ( 0 C) IO-100 > I O 0  
Type I1 arcs have slower motion and leave 
connected craters of intermediate size (3- 10pm) 
while eroding material much faster than Type I 
arcs. Figure 2b shows an example of Type I1 arc 
spots on beryllium after TA cleaning. Crater sizes 

Figure 2. a) Type I and Type I1 cathode arc spots 
on stainless steel after TA removal of a carbon film. 
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b) Type I1 cathode arc spots on beryllium after TA 
cleaning. 

Type I11 arc spots occur under conditions where 
the arc is fixed in place by special conditions such 
as special surface geometries, certain gas pressures, 
and/or elevated cathode temperatures. These spots 
move relatively slowly while leaving connected 
craters of large size (> 1 Opm) and eroding relatively 
large amounts of material. Type 111 arc spots on 
beryllium, stainless steel and tungsten after TA 
cleaning are shown in Figure 3. 

Figure 3. Type I11 arc spots on a) beryllium. b) 
tungsten and c) stainless steel after TA cleaning. 

A Type I11 arc attachment is typically desired to 
maximize the roughness and improve the 
mechanical interlocking between a plasma spray 
coating and the TA cleaned surface. Evidence of 
the mechanical interlocking that occurs between a 
plasma sprayed beryllium coating on a TA cleaned 
beryllium surface is shown in Figure 4. 

Figure 4. Fracture surface of a beryllium coating 
entrapped in a surface pore of a TA cleaned 
beryllium surface. 

Surface craters present on the beryllium surface 
after TA cleaning act as sites where impacting 
molten beryllium particles can become entrapped 
during plasma spraying. This results in an 
interlocking between the coating and the beryllium 
surface. Bond strengths between plasma sprayed 
beryllium coatings and beryllium surfaces, which 
have been roughened by TA cleaning, have been 
reported to be as high as 250 MPa [SI. 

Other differences between Type I and I1 cathode 
arc spots include the amplitude of arc voltage and 
arc voltage fluctuations. The arc voltage is typically 
20-30% lower for Type I spots and the fluctuation 
in arc voltage is higher for Type I1 spots. The lower 
arc voltage from the Type I spots is due to the 
presence of the impurity material that acts as ii 

better electron emitter than the base metal. The 
better electron emission may result from a lower 
electron work function or the ability to develop a 
high local electric field due to space charge buildup 
on the impurity. The higher voltage fluctuation for 
Type I1 spots is due to the higher spot current. Thc 
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fluctuations are due to the extinguishing and 
restriking of individual arcs. Since the spot current 
is larser for type I1 spots than for Type I spots, 
there will be more Type I arcs than Type 11 arcs for 
a given total arc current. Since there are fewer arcs 
for Type I1 spots, the extinguishing and restriking 
of a single arc causes a larger voltage fluctuation 
than a single arc extinguishing and restriking for a 
Type I arc. 

The voltage between the plasma torch face 
(anode) and surface to be cleaned (cathode) has 
been measured during TA cleaning runs. Figure 5 
shows a typical voltage trace recorded during a TA 
cleaning run for copper. While the TA power 
supply was engaged with no arc between the torch 
face and sample, the voltage signal showed a 
sinusoidal fluctuation between 0 and 85 V with a 
frequency of 120 Hz (regions I and V in Fig. 5). 
When the arc attached to the substrate, the current 
signal increased and the voltage decreased in 
amplitude. Synchronization of the voltage data to 
video images allowed the determination of the 
voltage signal as a function of the observed arc 
behavior. This allowed, for instance, for the 
determination of the voltage for cleaning of the thin 
film contaminants (region I1 in Fig. 5) and a 
separate voltage for the arc attached to the base 
copper substrate (region IV in Fig. 5).  Region I11 in 
Fig. 5 is the transition from the cleaning arc (Type 
I) to the metal arc (Type 11). 

I I1 111 IV V 
80 

- 
< - 40 

20 

0 
0 1 2 3 4 5 

1 ,me (,I 

Figure 5 TA voltage during a copper cleaning run 
P I .  

3.2. TA Cleaning Experiments 

B ervl I i u m 
Results of the RBS analysis (reported in 

dmsi ty  free units) of the  sputtered coaled 

beryllium samples before TA cleaning a re  given 
in Table 2. The values rcported for the tungsten 
and carbon correspond to a thickness of 1.0 to 
3.5 nm for tungsten, and a thickness of 4.0 lo 
15.0 nm for carbon a t  "normal" densities. The 
detection of argon on the beryllium surface IS a 
result of the argon sputtering process tha t  may 
also account for the near surface detection of 
copper. As would be expected oxygen is prescnl 
a s  a result of the  native oxide thal readily 
forms on the  surface of beryllium. Results of the 
sputtered coated beryllium samples after Ti\ 
cleaning are given in 'I'able 3. 

Table 2. 
samples prior Lo 'I'A cleaning ( loi5 atoms/cm2). 

1.6 MeV He RBS a t  centerpoini of Ik 

Table 3. 
samples following TA cleaning (10'j atomslcm'). 

1.6 MeV He liBS at  centerpoints of 13e 

I I.D. I c 1 0  IAr I C u  I W  

. .  . .  
n.d. = not detectable 
u.d = present but undetermined quantity 

RBS analysis showed tha t  both the carbon and 
argon present on the surface of all eight 
beryllium samples were no longer dctectablr 
(minimum detection limit < 1013 a t o m s l c d )  
For most of t he  berylliuni samples. the surfacc: 
tungsten \vas also reduced by an order of 
magnitude. An increase in the  amount of coppcr 
on the surface of tlic beryllium was detcctcd 
which extended beyond the  range of the  RIIS 
analysis (>1.2 x 1018 atoms/cm2). 'rile elevatcid 
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levels of copper may result f rom the TA cleaning exposure to the samples prior to thc RBS 
process which utilizes the copper face of the 
plasma torch as  the anode when cleaning the 
beryllium surface. Oxygen was still present on all 
the beryllium samples as  a result of air 

analysis. 

Table I. PISCES-A exposure conditions for stainless steel and tungsten. 

Stainless 
Steel 

Sample 
Tunosten I 1800 I 325 I -150 I I O  I 2.20E+20 

I Time (s) 1 Temp (C) I Bias (V) 1 Carbon %I D+ fluence (cm-2) 

1800 525 -150 5 2.90E+2 1 

StainlessSteel and .Tungsten 
The exposure conditions for stainless steel 

and tungsten samples (25.4 mm diameter x 
3.175 mm thick) in the PISCES-A device is given 
in ‘I’able I. The surface analysis of the stainless 
steel and tungsten samples before and after TA 
cleaning can be summarized as follows: 
0 The tungsten sample had a starting 

deuterium areal density of 53.1 x 10l6 
atoms/cm2 and an ending value below the 
backscattering detection limit (- 1 x l O I 4  
atoms/cm2) after cleaning. This represents 
a cleaning efficiency of > 1/5310 or 99.98%. 
The tungsten sample had a 1000 angstrom 
layer of carbon inlerrnixed with tungsten 
before ‘I’A cleaning and no detectable carbon 
a f t e r  cleaning. Surface analysis results for 
tungslen are shown in Figure 6 before and 
after TA cleaning. 
The stainless steel sample had a starting 
deuterium areal density of 7.4 x I O i 6  atoms/crn’ 
before cleaning. The amount of deuterium after 
cleaning was below the backscattering 
detection limit (- 1 x I O i 4  atoms/cm’). A 3000 
angstrom surface layer which contained 67% 
carbon was detected on the stainless steel 
before TA cleaning. The carbon level was 
substantially reduced to 27% after cleaning. 
Surface analysis results for stainless steel are 
shown in Figures 7 before and after TA 
cleaning. 

order of 10’ Ncm’ [7 ] .  Power densities of this 
order can cause melting and erosion of the surface 
in addition to producing localized thermal 
gradients, which promotes the diffusion of 
deuterium from the sample surface. 

Energy (MeV) 
I .o I .5 2 0  

25 

-- W a h  TA cl 

20 

J 
$ 15 
3 :: 

8 z 

.- - 
2 10 

5 

0 
100 150 200 250 300 350 400 

Channcl 

The mechanism for removal of deuterium by TA 
cleaning is most likely a combination of thermal 
desorption and material removal. Large power 
densities (-1.5 x 10” W/cm’) can result at the 
cathode spots as a result of current densities on the 
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I b.' : 
- 

60 

1. CONCLUSION 

Results of I'A cleaning for roughening and 
removing surface contamination irorn beryllium. 
tungslen and stainless steel can be summanzod 
as follows: 

During TA cleaning a rc  attachments or1 Itw 
surface of beryllium. tungsten and stainlcss 
leaves surface craters that were formed by the 
displacement of melted material. The arc 
attachmentslcraters can be classified as either 
Type I. I1 or Ill cathode spol lypes a s  dcfined 
by Juttner er u l [ 7 ] .  
Type 111 a r c  a t tachmenls  leave large 
(>lOpm) connected c ra te rs  which is 
desirable to maximize lhe  mechanical 
interlocking and bond strength between il 

plasma sprayed coaling and the underlying 
material. 
TA cleaning was shown to be an  effoclive 
method for removing carbon and hpdrogrn 
isotopes f rom I.he surface of bcryllitim. 
tungsten arid sliiinless steel. 
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Structure of Helical Divertor Plasmas in LHD 

HSuzuki 
National Institute for Fusion Science 

1.Poincare Plot of magnetic line of the LED 

2.Simple View 

3.Structure of the magnetic line of helical 
device 

4.Structure of the magnetic line at the edge 
and the divertor legs 

5.Calculated prediction and experimental 
measurements 

6.Conclusion 
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LPoincare Plot of the Magnetic line of the 
LHD 

N 

N 

-2 
2 3 4 5 6 
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BISimpk View Direction of 



3.Structure of the magnetic line of helical 
device 

3-2. Lagrangian of a charged particle in a 
magnetic field 

3-2. toroidal symmetry and Lagrangian 
invariant. (tokamak case) 
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3-3. Hamiltonian of a charged particle in a 
magnetic field 

magnetic surface h e t i o n  

To do the same, a magnetic surface function 
of a linear helical device can be obtained. 
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3-4. helical symmetry and Lagrangian 
invariant. @near helical device case) 

Magnetic surface function of linear helical 
device 

x 
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3-5. NIagnetic potential Q) 

NO electric current, stable condition 

Poisson equation 

4 = R(r)O(@Z(z) 

Linear helical symmetry 
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Each part should be a constant. 

Poisson equation becomes, 

p = lar 

Bessef funetion I 
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Gener d representation 

Magnetic field 

Vector potential 

A,=O 

Magnetic surface 
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General representation 

Magnetic field 

Vector potential 

A,=O 

Magnetic surface 

= covast. 



= const. 
(I is corresponded with a number of coils.) 

Equilibrium point 
(center) 
0-point 
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Magnetic 
Surface 
Function 

Equilibrium poi 
(saddle) 
X-poiIlt 

nt 

Contour plot I 



3-6. Magnetic surface of circulax helical 
device 

No symmetry! 

No analytic magnetic surface function! 

Consider: 

Magnetic surface of linear helical device 

perturbation 
+ 

1) The X-point and the separatrix still 
remain? 

NO. 
Separatrix breaks and ergodic (chaotic) 
structure appears. 

2) The toruses around the 0-point still 
remain? 

YES. 
KAM torus theory shows an exi&ence of 
stable torus orbit. 
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4.Structure of &he magnetic b e  at the edge 
and the divertor legs 

4-1. two kinds of chaotic structure 

1) Overlapping of magnetic islands. 

Rational surface is unstabh. 
If the rational Surface resonates wikh a 
perturbation field (error field), 
the rational surface splits and make 
magnetic islands. 

If a width of the islands is greater than a 
distance between two  resonated rational 
surfaces, the islands overlap, and 
magnetic Lines make a chaotic structure. 

L I I 
0 nJ2 rc k f 2  2a 
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2) Deformation of torus and separatrix 
(WhLsker structure) 

TOIWS Perturbation 

Torus i s  pulled, folded up, and pushed. 

So called baker mapping. 
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Moving of points 
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Whisker region 
Natural 
magnetic island 
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Schematic view of divertor leg 

% 

Because of special structure of magnetic field 
h e s ,  hit points of plasma on divertor plate 
are discrete. 
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Asymmetry of heat flux 

8: direction of divertor plate 
r: distance between center and cross point 
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6. Conclusion 

1) LHD has four divertor legs. 

2) LHD has magnetic surface. 

3) Structure of magnetic field at the edge of 
LHD plasma is chaokic. 

4) Divertor legs have also complicated 
structure. 

5)  Because of the structure of magnetic field 
line, hit point on the divertor plate is 
discrete. And this structure has been 
observed experimentally at inside of the 
torus. 

6) According to a Monte Carlo simulation, 
asymmetry of heat flux is predicted, 
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@ NSTX 
Center Stack prior to assembly 
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Cross section through CSC Tile Assembly 

Cover 
Tile 

Bracket cs Spring 
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components for next fusion devices Nov. 14,1999, Santa Fe, USA 
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Video image 
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Shot 79242 
W flakes fell off from top limiter 
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W test limiter at r = 45.0 cm 
without W Doloidai limiter 
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HELICAL DIVERTOR AT LHD: 

CONCEPT AND SIMULATION EXPERIMENTS 
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National Institute for Fusion Science, Japan 
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EXPERfMEhTTAL EVIDENCES OF 

Physical experiments were canied out with 

themal. c hydrogen atoms and fast ions using the 
- 

atomic beam and ion beam technique. 
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BIAS / ENERGY DEPENDENCE OF PERMEATION 
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(A) Input ofions. One can see an effect of the cut-off of 
ions by a positive bias on the permeation flux density, j p ,  
though this effect is not quite clearly expressed because a 
small peculiarity in the j p  behavior superimposes in the 
vicinity of Ub = 0. The observed effect is in no disagreement 
with our expectancies, on taking into account that an input of 
ions into the incident flux density does not exceed 10% of a 
density of the H atom flux. 

(B) Plasma driven superpermeation. The permeation flux 
density, jp ,  remains constant, in the first approximation, over 
the bias range of O‘> Ub > -(60 -70) V. Thus n stable 
(I(spontaneous’1) plasma driven stcperpermeation that has 
been found at the floating potential keeps at ion energies of 
unto 60-  70 eV. 
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Examples of the possible employment of permeation 
and absorption technique for active particle control 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Short-way separation of D/T and He 
He is supposed to be pumped by cryopumps in the existing 
ITER Project. We were suggesting to install a 
superpermeable membrane along the pumping duct walls. 
The membrane can isolate a major part of D/T mixture before 

the cryogenic panels, automatically compress D/T by a few 
orders ofmagnit~de, purge it of any impurities including He, 
and return back into the fueling system. If the membrane is 
installed far enough from the divertor, D/T mixture, when 
reaching it, will mainly consists of thermal molecules that 
have to be converted again into supthermal particles, e.g. 
into thermal atoms. That may be done either at a hot metal 
surface (an atomizer) or in a gas discharge. As it has been 
shown basing on the results of model experiments, a 
membrane system of quite a reasonable size and with a fairly 
moderate power consumption may isolate more than 99% of 
D/T, drastically reducing its freezing up at the cryogenic 
panels. 

111-8 



APPLICATION OF SUPERPERMEATION 
AND ENHANCED ABSORPTION IN Lm 

Divertor. 
. Plate- 

Helical Divertor 

Local Island Divertor 

Membrane 
Divertor Helical Pump 

/- - 
. . Plate 

Plate 
Upgraded Helical Divertor Closed Helical Divertor 
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UPGR4DED HELICAL DIVERTOR 

The main goal of the upgraded divertor is 
reaching of highest core plasma parameters 
(temperature) due to the low recycling regime 
(the “high ternperatwe operation regime”) to be 
provided by effective pumpilzg. 

The idea of pumping consists in removing of the 
CX atoms generated by the plasma from particles re- 
emitted by the divertor plate with using either a 
membrane or 
believed that 
re-emitted by 
such a. way. 

an absorption pumping panel. It is 
10-20% of all the hydrogen particles 
the divertor plate may be pumped in 
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UPGRADED HELICAL DIVERTOR 
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UPGRADED HELICAL DIVECRTOR 
.- 

I 
I 

1 

I 
I -- 
I . - I  . . , , : . . . .  /y . _ _ _ .  irn i 

Pulse regime: shot is IOs, pause is 300s 
CX flux density;= 4 10" crn -s (averaged over 
area) 
CX atom energy: = 2keV 
Heat flux during the shot: 4 . 3  W/cm2/s (averaged 
over area) 
Carbon flux to the panel during the shot: 
< 1.5 1014C/cm2/s in the most unfavorable places 
(according to the preliminary estimates), i.e. no 
more than 1 monolayer for the shot. 
Net carbon depositisn rate is supposed to be zero: 
it lis supposed that sputtering by the CX atoms will 
predominate over the carbon deposition. - 

-3 -1 

. . . . I  .. ,.* . - . .  . Magnetic field is 3T b f  
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Short way separation ofD/T and .He with a 
membrane system installed in pumping duct 

There is neither sputtering nor deposition of c.arbon 
here. Several membrane systems combined with an 
atomizer with a pumping speed of about 1000 l/s were 
successfully tested, and there are no fundamental 
limitations on fabrication of a system of any required 
size. 

A membrane system combined with a gus discharge 
(instead of atomizer) seems to us being even more 
promising. A work in this direction is being carried .. 

out by Dr. Bacal's group. Since D/T will be evacuated.!-- 
by the membrme, He is expected to be the main gas, 
and therefore He discharge with a small concentratibn 
of H should be tested. Dr. Notkin will touch upoh' 1' this 
point in his presentation. 

Superpermeation technology of this type might be 
included in the ITER Project \ *  . which . . *  is under reviewing 
now. 

111-13 



Requirements for the permeation/absorption 
panels for particle control 

Whut physical factors possibly mcy damage 
s upe up e rm e at i o n ? 

It was theoretically and experimentally shown 
that, under conditions of interest, radiation enhanced 
diffusion does not in fact affect superpermeation and 
enhanced absorption and neither does reemission 
induced by energetic hydrogen. At the same time, 
sputtering of the plasma facing surface and the 
growth of a polyatomic carbon film may present a 
real problem. 

Sputtering of plasma facing surface. If a 
superpermeable membrane is initially symmetrical 
and if nothing has 
been undertaken to E 
dynamically maintain 
the impurity 
mono 1 ay er, sputtering 
of only: the membrane 
upstream . .  side . .  .will 
result': :. -in the. :.;:develop ,. . 

asymmetry . .  . and - .  .. . . 

superpermeation-' (as w 
enhanced absorption). I .- This phenomenon have been 
observed many times in ion beam and plasma 
exnerim ents 

. .  
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' PUMPING SPEED 
. AND 

PERMEATION FLUX DENSITY 

UPSTREAM PRESSURE, TORR 

. The pumping speed curv.e is realty parallel to 
. the .atomization speed curve. This means that 

membrane permeation. itself 'does not depend on 
t h e ' p r e s s u r e  and ~f'lux density over the '  whole. 
investigated pressure range, Le. the membrane 
remains suloemermeable UD to the hiahesf flux 
densitv and pressure investiaafed. 
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Membrane in a high recycling divertor 

.The situation seems to be rather favorabk here too: 
the low temperature divertor plasma must not 
physically sputter the pumping panel. On the other 
hand, the dense divertor plasma will capture the 
sputtered carbon atoms preventing the surface from the 
deposition of carbon. 

Membrane in a low recycling divertor 
(Upgraded helical divertor for LHD) 

Situation is rnure problematic here. CX atoms of keV 
scale energy will sputter the pumping panel. The low 
density divertor plasma is expected to be rather 
“transparent” for the sputtered C atoms and so C will 
reach the pumping panel. 

Thus two problems have to be solved, if one wants to 
employ the superpermeation technique under 
conditions of such a kind: 

e 

e 

Superpemeable. membranes being able to 
preserve a favorable asymmetry in spite of 
sputtering should be developed. 
The conditions and regimes for the 
sqerpermeable membrane operation under 
the carbon f lux  should be found. 
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radiation heater 
0 ,  H 0, H S, C H 2 2  3+12 

Pd 

Pump 

D+, D 2 + 3  

- J . '  
Pump 

Scheme of ion beam experiment with a Nb membrane where Pd 
could have  been  deposited in situ a t  the membrane  downstream 
side preliminary cleaned by A? ion beam. 
The membrane might be heated by a n  external source  of light 
through the  glass window. The chemical s ta te  of upstream side 
might have  been  in situ controlled by admitting chemically active 
gases in the  course  of ion bombardment. 
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Effect of the deposition of Pd 
on the Nb membrane downstream side 

Pd film thickness, monolayers 

Pd deposition results in an about tenfold increase of ion driven 
permeation due to the increase of membrane asymmetry; as a 
result superpermeation is reached in spite of sputtring in UHV. 

An independent measurement of the membrane asymmetry has 
shown its hundredfold increase from a very unfavorable magnitude 
(0.1) to a rather favorable one (IO) despite the permanent sputtering 

When the Pd film thickness reaches a few tens of monolayers the 
film remains stable and no repeated deposition is required, if 

temperature does not exceed 500-600°C. 

The main reason of the effect of Pd is that Pd surface can be easily 
maintained clean (in contrast to Nb surface), and the clean surface 
ensures a very much facilitated desorption of absorbed hydrogen. 
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Combined effect of S at the upstream side and Pd 

and molecule permeation 
at the downstream side the Nb membrane asymmetry 

1 o3 

I o2 

IO' 

* & 

D+,D 2 +* H- 

(H 2 s flux) /( D+ flux) 

1 oo 

.I 0-' 

I o-2 

0 I 2 3 4 
H S pressure, IO-lTorr 

2 

The presence of H S at the membrane upstream side in 
combination with a Pd coating at the downstream side results 
in an asymmetry increase and in t h e  supression of molecule 
permeation by orders of magnitude. 

2 

H S is an "exotic" species for fusion devices but H 0, 0 and 
2 2 2 

C H have a similar effect. Perhaps B or Be also may be acting 

in a similar way? 
2 2  

111-21 



Plasma-Membrane Test Device with a Graphite Target 

Hydrogen plasma surrounds a resistively heated 
tubular Nb membrane. The plasma generated by a 
discharge with hot W cathode. A resistively heated 
grid target made of graphite contacts the plasma, 
surrounding it from the outside. 

Two main groups of 
particles are impinging on 
atoms, and the energetic 

suprathermal hydrogen 
the membrane: thermal 
atoms originating from 

ion neutralization at the target. An additional flux 
of energetic ions could have been obtained by . . .  membrane biasing. 
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PLASMA DRIVEN PERMEATION AT A HIGH C FLUX 
. 

E 
L 

time, h 

I 

I 

Even though energetic (about 100 eV) reflected H 
atoms were getting at the membrane alongside of C, the 
permeation started decreasing due to blocking of the surface by 
polyatomic C film. 

To intensify the C removal, a low-voltage bias was 
applied to the membrane, so that the energy of ions falling onto 
the membrane increased to a few tens of eV and the total flux 
of energetic hydrogen increased about 2 times. In point of fact, 
the permeation decrease was stopped, and a stable permeation 
was reached and was keeping during the whole observation 
time. Thus this experiment directly demonstrates that stable 
superpermeation may exist even under the high carbon flux, if 
hvdrnwn flux eyI.pweLy a sufficient rate of carbon removal. 
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Fig. 4 

Plasma generator anticathode, in assembly with the heited part of carbon target 
and with the mod.-, mounted at the lower flange of vacuum vessel. Electrical 
leads with flexible insertions connecting the carbon elements to the vacuum 

fiedthroughs can be seen. 
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Temperature dependence of the rate of production 
of carbon-containing species 

1 0lG 

IO"  

I 1 I .  I 

400 600 800 1000 I 0'' 
200 

target temperature, "C 

One can vary the fluxes of hydrocarbons and C atoms 
over wide ranges to give domination to ones or the 
others by means of controlling target bias and 
temperature. 
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I .  

and, (2) a very low level of 
permeation barrier Eb inherent to &L-- 

The role of carbides of the Group Va metals. 

b d  060 

_ _  - 
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CONCLUSIONS 

Surface composition of PFM is responsible for the 
large scale effects on hydrogen absorption, 
permeation and reemission; these effects may be 
employed for the active particle control in fusion 
devices. 

There are sufficient physical grounds right now to 
employ the permeation technique for the short way 
separation of D/T and He and for the particle control 
in high recycle divertors. 

An employment of perrneatiodabsorption technique 
in a low recycle divertor looks rather attractive but 
more problematic because of sputtering and possible 
deposition of carbon. 

It is experimentally shown that superpermeable 
membrane may keep its favorable asymmetry under 
the sputtering even under UHV conditions. 

It is experimentally demonstrated that at definite 
conditions superpermeable membrane may steadily 
operate under a concurrent flows of suprathennal 
hydrogen and C. 
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Wall Pumping in LHD 

HSuzuki 
National Institute for Fusion Science 

Topics 

Pumping System of the LHD 

Devices 

Basic Parameters 

Results of 2nd Campaign 

Analysis of typical shot (Shot 12550) 

Conclusion 
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Plasma Vacuum Vessel Valve Box 
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Measuremen t  
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ITMPI Mass Spectrometer 

111-33 

f 

- .  , .  
. . .  

_. - . ’ . - .  . .  . . _  . -  
I . - -  - _  
-. - . ._. 



P u m p s  L H D  /----- 

~ u r b s  MoIekular Pum 
1800Ll x2 

\ Turbo Molecular Pump 
5500Lk XZ \ 

Cryopump \ \ \ 70000L/sX2 

\ 

Turbo Molecular Pumx, ' /  

5500L/s x2 

. . - . ~ *  

. . . , _.. . . - . .. . . * .-..:.-.. . ,.-_,r 
I , , %  . .. 

' I _ .  . 
. c .' Gryspump 

25000L/s(H28$ XZ 

111-34 



n 
([I 

W 

a 
I 
9 tn 
tn a 
I 

a. 

n 
- 
c(1 .- 
fz 
([I n 

‘He gas puff + H NBI experiment 
Partial Pressure 
(Not Ca I i brated 

by ion i zat i on factor) 
-r I I I I I 

ECH+NB I 

1 0-3 

I 0-4 

I o - ~  

I o-’ 
1 K6 

1 W8 

1 
- ECH only ECH only iECH only EGH only 

1 o-’O I 

I , 

15:OO:OO 16:OO:OO 
TIME 

111-35 

17 : 00: 00 
3 . 0 4  rW8 



Devices 
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Basic Parameters 

Plasma Vacuum Vessel Volume : Z l O r n 3  

Plasma Vacuum Vessel Surface Area : 730 m2 

NBI Armor Tile area: 1.5m2 x 2 

Divertor Plate area: 30mz (1680 tiles, 1OOOkg) 

(Sta;sle54 s t e e l  1 

C a r b o n  

C C a b  bon ) (3rd campaign) 

Plasma volume 30m3 

Puff Piezo Valve : 5Pam3/s, 50Pam3/s, 100Pam31s 

Effective Pumping Speed 

66.7m.3/s (hydrogen gas) 
16.7m3/s (helium gas) 
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Mixture gas 
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Atomic ratio 
Hydragen atom; Helium Atom=l: 1 

Molecular ratio 
Hydragen atom; Helium Atom=1:2 

S=33.3963m3/s (fitting) 

67m3/s3'0. 33+ 1 7m3/s3'O.%=33. 3m3/s 
66  
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Ti Getter 

300000 

250000 
n 
69 

v -I 200000 
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E 
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f l  

-- 

50000 
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Pumping Speed f o r  H 

9: 00: 00 12: 00: 00 1 5 : 00: 00 18 : 00: 00 21 :oo:oo 
Time 

After Ti gettering, 280000L/s of pumping speed 
has been observed. But, effect of Ti getter for 
pumping hydrogen gas has decreased soon. 
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LHD SHOT 6846 Fast Ionization Gauge Pressure 
2 0 C ' .  " ' ' .  ' -I 

2 0 -  
n 

0 

' 

- 
- 
- - - 

2 

- 
- - - - - 

2 
E 5: 

- - 
- 

- 
VI - 

- - - 
a - 

- 
- - 

0 '  . - - - 

4 6 8 
time (sec) 

10 12 14 

b 

0.0 0.5 1 .o 
time (sec) 

1.5 2.0 

111-42 



I .  5 

n 
GET a 

W 

0 IO0 
0 0. 5 1 t i me (sec) 

1.5 

3 ! ! '  

2 10-3 

0 I O 0  
0 0. 5 1 t i me (sec) 

111-43 

~ 

I .  5 



10 

e 

0 

tD 
e 

r 
0 0  

2 _ -  a J A e  
0 

0 0 
iD 
0 
0 a s 

Ah 

4 
a 

-2 . ~ -  - - - - 
. - . ~ .  . 

a 

2500 3000 3500 4000 4500 5000 5500 6000 6500 

shot 

10 

e o d e *  
8 

4 e 
0 

e 

e * 

-2 
e 

0 

0 50000 1 io5 1 .5  io5 2 io5 2.5 io5 
Wprnax (J) 

111-44 



rII-45 



n 
m 
5 n 
v 

K12550 
6 

Qgas ( P a d )  4 

0. 8 

0. 6 '-- 

0 .4  

0. 2 

3. 8Pam3 

0 2 4 .~ 6 8 10 12 
t ime (sec) 

ECH i n  p u f f  end 
1 

0 
0 1 2 

3 8 p&' ly7 

--G- c 

NBI end 
plasma end 

3 4 
t i me (sec) 

5 6 

111-46 



v : thermal velocity 
S : sticking parameter 
A :  area 
V : volume 

Ntotal=const . 

Ntotal=qt 



/ t 

t 

Puff off 
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Simple absorption on a surface 

'T: "0 RT 
- 1 = -exp 1 (- -) E 

TO : frequency of thermal oscillation, le-13sec 

E: 6300J/mol(H~ case) 

T :  300K 

z=1.2e-12 sec 

NOT simple absorption on  the surface. 

Implantation and diffusion determine the 
time constant 

111-49 

-.I . 
2. . 

. . . -, . . 

", h., ... 



-1.4 
5 
a l .  2 
W 

0 
I- 

H-alpha. shot12550,t=2.2sec 

0. 5 0. 6 0. 7 0. 8 0. 9 I 1 . 1  1.2 rho 

2. 

01 

E 
Q) 

0 
- 1. 
v 

1. 

f i r  shot=12550 t=2.2sec 
II 

3.2 3 .4  3. 6 3.8 4 4. 2 4.4 
R (rn) 

2 1 0 3  

5 1 0 3  

1 1 0 3  

5 102 

0 

I- 
L r  

I 

2500 3000 3500 4000 4500 5000 R (m) 

111-50 



Conclusion 

1) Neutral gas pressure has been measured 
by FIG. 

2) Using particle balance, wall pumping effect 
has been observed in hydrogen plasma 
experiments. 

3) In helium plasma experiments, wall 
pumping effect is none or very few. 

4) Pn most hydrogen plasma hseharge case, 
more than a half of input hydrogen atoms 
have been implanted in-the wall. 

5) Apar t  of implanted hydrogen atoms have 
released with a time constant of 0.5-1 sec. 
However, most of implanted hydrogen atoms 
have stay in the wall. 
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H Plasma 

Ionization k 

Surface 
. , ' I  . 

- 7 I /  / /  d 

Chemical reaction 
Plasma facing material Recombinatic r 

Permeation Back surface 

111 2 s.imple ~ n ~ d d ,  the hydrogen recyciiag in the steady 
state at the first wall could be assumed to be 1.0 irrespective of 
the target temperature, Because the first waff should be 
sztwafied after the Jon%; exposure to the plasma, and released 
Bwx (reemissican p h s  reflection) from the wall. should be 
eqa~ivaient to the incident flux. This asgmmnt, i i a  which only 
pa~ticlq balalzce between piasma and materials is taken into 
a xowit, is s o m c ~ h a  t misleading, because energy and 
monieuiatn~~ balance between plasma and materials is out of 
ccmemt. 
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I 1 1  I 

2.5 3.0 3.5 T"/ 163. K1 
At Iow temperatures (near RT) most of the retained 

hydrogen in the target wall is not released without heating. 
Hence, thermaI desorption has been one of the most powerful 
technique and applied to examine the hydrogen retention in the 
first wall. With increasing the target temperature, however, 
spontaneous release of the retained hydrogen after stopping the 
injection of hydrogen increases. At elevated temperatures, only 
very tinny amount of hydrogen is retained even during the 
exposure (dynamic retention) and most of them is spontaneously 
released after stopping the exposure. In this respect we can not 
relv on the wnll niimnino fnr nhtninino lnw repvnlincI rnnimn a e  
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0 
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2 
L 

Temperature / (K) 

Fg. i'Smdy-statc rccmision of atoms and molecules as a function of sample temperature for (a, b) Mo, (c, d) Ta and (e, f 
Thc rctmission data were n o d  by setting a single normalization constant for all thrce spujmens bascd on thc anrage L: 
of the m o i d a r  nzmissions at - loo0 K; thus the normalized d u e  of the sum of the rnolecdar memission from both &c. 
loo0 Kk 15 0.1. soiid  bok forD2 and open ~ymbols are for Do. DSerent spmbol &pcs represent data talren UD dif€C 

days, in ordsr of open thcn d d  d e s ,  open thcn d d  squares and open then d a d  txiangla The clunulativc flu: 
assodatcd with c a d  data sct is apppximatcty (2-3) X 10= D/m2. The solid lines correspond to rcrmission d t s  for Wrc 
graphite [31. 

Atomic reemission is dominant at eievated temperatures 
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E,=lV- L 

_ _ _  cu . . . . . . . . . . . . . . . _--- 
/ < 

< 2- < 

1 
f 

(a)One dimensional potential energy diagram for D, and D for (a) Cu (an 
endothermic hydrogen occluder and (b) Pd (an exothermic hydrogen 
occluder). All energies are in kcallnool per D atm 
(after Comsa, Surf. Sci. Repts.5(1985)145) 

The reemitted hydrogen molecules are not necessarily 
equilibrated.thermodynarnicaIiy with the surface temperature of 
the target but are often in excited states vibrationally and/or 
rotationally. Eigher is the target temperature, the more the 
reemitted molecules are in the excited states. Some of injected 
hydrogen is directly reflected. Not a small amount of the 
reflected particles is in electricalIy excited states and even 
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500 too0 .I500 
Surfaca temperature (K) 

Fig. 3. V d o m  of the I&-, a-, and &M-emission (U,O,x 
resp.) as a function of the limiter temperatnre in the Ohmic p a t  
of the discharge (uniform heating)- A d e r  s u m  of individual 
 compone neats is repnsented by (XI. 

Quite recentiy it has been confirmed in TEXTOR that some of 
&e released particles from the wail are in excited states 
 brati ion ally and rotationally. The dominance of atomic 
reemission from graphite target above 1300Kis another example. 

The behavior of these excited particies in the boundary plasma 
must be significantly different from that of the ground state 
which has been assumed for the recycling particles from the wall 
in most of the model calculations. 
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Twin himiter Experiment 

Layer Thickness 
about 3x1 Q’7C/cm2 
after 8 shots 
Inm /sec 
C/D = 0.7 

lnstitut f i r  Plasmaphysik / Trilateral Euregio Cluster, EURATOM-Assouahon 
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TRIDYN (dynamic TRIM.SP) 

based on vektorised TRIM.SP 

amorphous target 

binary collision approximation 

Monte Carlo program 

necessary for all targets with more than one com- 

ponent 

and nonvolatile projectiles 

all collisional effects are taken into account 

diffusion, segregation und chemical effects are ne- 
c 

glected 
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Pane I “Retention of H in W coated with C” University of Toronto 119991 

HYDROGEN RETENTION IN CARBON AND TUNGSTEN 

A.A. Haasz, J.W. Davis and M. Poon 
University of Toronto 

INTRODUCTION 

Low divertor plasma temperatures have renewed interest in 
. heavy metals for plasma-facing materials. 

C and W are planned for use in the divertor region of ITER. 

Of special interest are the hydrogen transport- and trapping- 
properties of tungsten. 

What is the tritium inventory? 
e What is the tritium reemission and permeation? 

What is the effect of C on the W surface on these 
processes? 

OBJECT OF PRESENTATION 

Brief overview of D retention data for: 
- graphite, 
- tungsten; 

Planned experiments on H retention and permeation. 

US-Japan Workshop on PSI and HHF Components Santa Fe. NM, 99nov01-04 
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“Retention of H in W coated with C” Universitv of Toronto /I9991 Pape 2 

(a) Apparatus: 

Mass-analyzed ion accelerator 
Thermal desorption spectroscopy [TDS] 
Nuclear Reaction Analysis [NRA] 

(b) Specimens: 

Carbon 
- Pyrolytic graphite 
- Monocrystal carbon 
- EK98 [porous isotropic graphite] 
- CKC graphite doped with B, Si, Ti, W 

Tungsten 
- Pure [polycrystalline, 99.95 wt%] tungsten foils [25 pm 

and 0.25 rnrn thick; annealed at T > 1470 K for 1 h] 

C’ implanted into W [Fig. I] 

- C+ implanted into the near-surface of pure W [25 pm 
thick W foil] 

US-Japan Workshop on PSI and HHF Components Sarrta Fe, NM, 99novO1-04 
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“Reietrtion of H in W coated with C” Universitv of Toronto /I9991 Pape 3 

(c) Procedure: 

Implantation: 

- Specimens were implanted with D l  
- For C’implantation into W, the C’ flux was - 5x10’’ C’/m2s 

Specimen heating during implantation: 

- For the results presented here, graphite specimens were 

- W specimens were heated via a ceramic heater clamped 
kept at room temperature 

behind the specimen. 

Temperature was measured with pyrometer [for desorption] 
and thermocouple [for implantation]. 

Nuclear Reaction Analysis (NRA) was performed at 
McMaster University [Macaulay-Newcom be]. 

- D(3He, 4He)p nuclear reaction analysis 

Thermal Desorption Spectroscopy (TDS) 

- Specimens were heated to 1700-1900 K 
- Temperature ramping rate was 10 to 20 W s  
- D retained in specimen was found from QMS signals for 

D2, HD, and CD4. 

US-Japan Workshop on PSI and HHF Components Santa Fe, NM, 99novOl-04 
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“Retention of H in W coated with C” Uiriversitv of Toronto / I  9991 Pape 4 

D RETENTION RESULTS: GRAPHITE 

(a) Pure Graphite: [Fig. 21 

- Spec imens :  monocrystal ,  PyG,  EK98, CKC-ref 
(undoped)  

- All non-reflected D is retained in t h e  various t y p e s  of 
graphi te  s tud ied  until t he  implantation zone is sa tura ted .  

- Subsequent ly ,  t h e  f luence  d e p e n d e n c e  of retention 
d e p e n d s  o n  specimen structure. 

(b) Doped Graphite: [Fig. 31 

- Spec imens :  CKC doped with B, Si, Ti, W 

- S u b s e q u e n t  to reaching  saturation of the implantation 
z o n e ,  s p e c i m e n s  with different d o p a n t s  exhibit different 
f luence  d e p e n d e n c e  for D retention. 

- O n e  c a n n o t  rule out, however ,  the possibility t ha t  
specimen structure may be controlling the observed 
f luence  d e p e n d e n c e  behaviour. 

(c) Energy and Temperature Dependence: 

- Higher implantation ene rgy  leads to higher retention. 
- Higher t empera tu re  leads to lower retention. 

US-Japan Workshop on PSI and HHF Comaoneiris Santa Fe, NM, 99iiovOI-O4 
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“Retention of H in W coated with C” Universitv of Toronto / I  9991 Pape 5 

D RETENTION RESULTS: TUNGSTEN 

(a) Pure Tungsten: (300 K) [Figs. 4, 51 

- D retention t e n d s  to saturation a t  fluences D/m2. 

- S a m e  saturation is s e e n  for 300, 500 a n d  1,000 eV D’. 

- D distribution peaks [NRA] are seen for 500 eV and 
I keV D’ a t  300 K implantation, but t h e  peaks  are well 
beyond the  implantation range. [NRA:Fig. 61 

(b) Pure Tungsten: (500 K) [Fig. 51 

- N R A  m e a s u r e m e n t s  of 500 eV D’ at 500 K show much 
smaller near-surface D peaks.  

- Similar D concentrations are seen on t h e  front and  back 
surfaces: - 0.A at%. 
*** evidence of diffusion through the bulk *** 

[NRAsFig. 61 
- Good a g r e e m e n t  is seen with TDS data .  

- At high f luences,  t h e  trapped levels rise well above  the 
300 K values with no sign of saturation; this is 
consistent with diffusion-limited trapping (slope = 0.5). 

- At f luences D/m2, evidence of surface blistering is 
s e e n .  

[Fig. 71 

US-Japan Workshop on PSI and HHF Components Sarita Fe, NM, 99novO1-04 
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"Retention of H in W coated with C" Universitv of Toronto /I9991 Pare 6 

RESULTS: C'-implanted W: Low @' Fluence: 702' C'/m2 

(a) 7 keV C'implanted at 300K: [Fig. 81 

XPS/3nm: 

RBS: 

significant amounts of graphitic C (21%) and 

- % of the implanted C is near the surface; it 
is possible that > 10% WC exists beyond the 
top 3 nm 

wc (11%) 

- At low D' fluences [500 eV D' at 300K & 500 K], D 
retention is much lower than the pure W case 

- At D' fluences > I O z 4  D/m2, D retention tends to the pure 
W level. 

(b) 7 keV C"implanted at 500K: [Fig. 91 

RBS: less C is seen on the surface (compared with 
300K implantation), suggesting the possibility of 
significant C diffusion into bulk. 

- At 300K, D retention is similar to the pure W case for all 
fluences. 

- At 500K, D retention levels appear to be - half of the 
corresponding pure W case for all fluences. 

Possible explanation: C diffusion into the bulk W 
occupies trapping sites, which would otherwise be 
available to D. 

US-Japan Workshop on PSI and HHF Components Santa Fe, NM, 99nov01-04 
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"Retention of H in W coated with C" Universitv of Toronto /I 9991 Paee 7 

RESULTS: C'4mplanted W: Hiqh C' Fluence: 7OZ2 C'/m2 

(a) I keV C'implanted at 300K: [Fig. 7U] 

XPS: 
RBS: 

- 48% graphitic C; c 3% WC in top 3nm 
>% of the implanted C is near the surface; 
Possibly - 19% WC just below the W-C interface 
(beyond the XPS range); 
Also seen, is a tail of - 2 at% C extending 170 
nm into the specimen, indicating C diffusion. 

With D implantation also at 300K: 

- and - D'/m2 fluence, D retention is similar to that of 
graphite [- 2x102' D/m2]; 

- for > IO** D+/m2 fluence, retention is similar to pure W. 

(b) 7 keV C'implanted at 500K: [Fig. 701 

RBS: similar to high-fluence C implantation at 300K; 
- 1 at% C extending 300 nm into the bulk. 

With D implantation also at 500K: 

- The D retention behaviour is consistent with the 
hypothesis that initially a graphite layer controls the 
retention; 

US-Japan Workshop on PSI and HHF Components Santa Fe, NM, 99novOI-04 
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"Retention of H in W coated with C" Universitv of Toronto /I 9991 Pape 8 

- then, the  graphitic C is sputtered by D', leaving a 
surface W-C layer, leading to enhanced recycling a n d  a 
much lower D retention [dip in t he  curve in Fig. IO]; 

- eventually, the  C from the surface WC (within D' range) 
will be  preferentially sputtered, leading to  increasing 
retention with D' fluence [Fig. IO]; 

- however, t he  C that has diffused deepe r  than the  D' 
range, cannot be  sputtered away by D', and therefore, 
the pure-W behaviour is not reproduced. 

FUTURE PLANS 

(a) Hydroaen Retention: 

- Continue retention studies with C-W system using our 
dual-beam accelerator [D' and C']. 

(b) Hydrogen Permeation: 

- Combine our permeation apparatus  and single-beam 
accelerator for D permeation studies. 

- C and D can be  implanted sequentially into W by using 
C'and D' beams.  

- C and D can be implanted simultaneously into W by 
using a CD3,4 beam.  

US-Japan Workshop on PSI and HHF Coniporients Saiita Fe, NM,  99novO1-04 
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(a) W5,1O23 D/m2 - 1 0 p m  

(c) W6,3xI  024 D/m2 - 1 0 pm 

(b) W4,1O24 D/m2 - 1 0 pm 

(d) W7,1O25 D/m2 - 1 0 pm 

Flg. 3. SEM photographs of 500 eVlD’ implanted speclmens. (a) specimen W 5  (reference, probe Ruence - IO” Dlrn’) after a cu- 
mulative h e n c e  of IO2‘ Dlm’; (b) specimen W4 (damage fluence - 9 x IO” Dlm?) after a cumulatwe Ruence of I 0 x IO?’ Dlm’. (c) 
specmen W6 (damage fluence - 3 x IO?‘ Dlm?) after a cumulative Ruence of 9 3 x IO” Dlm’. (d) specimen W7 (ddnlage Ruence ~ IO” 
Dlm’) 

W 7 , i  025 D/m* ---10p+m 
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500 eV/D+ at 300K [Haasz et al, 19981 
500 eV/D+ at 500K [Haasz et ai, 19981 

+ I keV C+ at 300K + 500 eV/D+ at 300K 
-4- 1 keV C+ at 300K + 500 eV/D+ at 500K 
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500 eV/D+ at 300K [Haasz et al, 19981 
_ .  .- 500 eV/D+ at 500K [Haasz et al, 19981 
-f- I keV C+ + 500 eV/D+, both at 300K 
-+- 1 keV C+ + 500 eV/D+, both at 500K 

500 eV D+ on graphite at 300K [Wampler et ai, 1 981 1 

c 
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INCIDENT FLUENCE / (D/m2) 

500 eV/D+ at 300K [Haasz et al, 19981 
500 eV/D+ at 500K [Haasz et ai, I9981 

. .o . .  500 eV/D+ at 500K on PISCES 
-Q- 1 keV C+ at 300K + 500 eV/D+ at 500K 
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THE MAJOR AIM OF THE INVESTIGATION: 

TO ASSESS THE FUEL ACCUMULATION 
[CO-DEPOSITION / CO-IMPLANTATION] 
ON and. IN PLASMA FACING COMPONENTS 

SOME NUMBERS MOTIVATING THE STUDIES: 

RADIOACTIVITY 

1 g T  + 1 . 2 ~  104Ci = 4.44x10I4Bq 

DEPOSITION OF FUEL (atoms cm-2) 

2.x IO1’ cmS 9 0.5 g (T) rnm2 
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METHODS 

l a  ION. BEAM ANALYSIS 

Nuclear reaction analysis (NRA) 

Deuterium 3He(dyp) 4He 

B(PY4 *Be I1 
* Boron 

Carbon '*C(PYP) I2c 
Rutherford backscattering spectroscopy 1 RBS 

2. SCANNING ELECTRON MICROSCOPY 

3. ENERGY DISPERSIVE XmRAY SPECTRa 

I 
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DEUTERIUM ANALYSIS 

3He (d,p) 4He [Q = 18.3636 MeV] 

REACTION CROSS - SECTION 

I 'He ENERGY (MeV) 

INFORMATION DEPTH IN GRAPHITE MATRIX 

. 

Q z 

, ~ i ~ i ' a ~ e ' # ' l '  

1.6 - 

- 

1.0 

0.8 

0.6 

- 

- 

- 

0.0 ~ " ~ ~ ~ " " " ~ ' ~ ' ' ' '  
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

depth I microns 

E, = 0.75 MeV 
E, = 1.50 MeV 
E, = 1.80 MeV 

d = 1.4 pm 
d = 4.5 pm 
d = 6.2 pm 
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ALT II 
DEUTERIUM CONTENT AND DISTRIBUTION AN THE 

THIN CO-DEPOSIT IN THE AREA WITHOUT FLAKES 

X 

X 

X 

Beam energy 1.5 MeV 

CD = 4.9 x I O 1 *  D atoms cm-2 

DEPTH (nm) 

I 



DEUTERIUM IN THE ALTII TILE 

AREA WITH A FLAKING CO-DEPOSIT 

DEPT.H PROFILES RECORDED AT TVVO DIFFERENT 
3He ENERGIES: 1.5 and 1.8 MeV 

.= .. '. CO-DEPOSIT THICKNESS over 4.5 pm I 

I' 

1 Co = 4.36 x I O "  atoms cm-* 
0 i _ _ _ , F F  I .  

500 1000 1500 2000 2500 3000 3500 4000 4508 
_... . a - 

1400~0.686sla'P 1300 = - i 
= 

1200 

1100 

1000 

300 

800 

700 

600 

500 

400 * =  = E  = a  .̂ . =  
x r: io (3He') = 1.80 MeV . .  

300 

200 CO-DEPOSIT THICKNESS over 6.2 pm 

CO = 6.06 x lo'*  atoms cm-2 

a 500 100m 1500 2000 2~00.3000. 3500 4000 4 ~ 0 0  s000 5500 6000 65Q 

100 

0 
I" 

--DEPTH (nm) 



IMPURITY ATOMS ON THE ALTII TILE 

ANALYSIS (RBS) OF THE FLAKING CO-DEPOSIT 

700 

650 
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500 

450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

1 - plasma facing side 
2 - back side (substrate side) 

100 200 300 40@ 

CHANNEL NUMBER 
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A FLAKE DETACHED FROM THE 
LIMITER TILE (ALT II, tile 20) 

CROSS SECTION: STRATIFIED STRUCTURE 

SUBSTRATE SIDE PLASMA FACING SIDE 
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DEUTERIUM CONTENT AND DISTRIBUTION ON 
BOTH SIDES OF THE DETACHED FLAKE 

1100 ~'1 1000 

F - 200 3 
.r + 

.I . == -- CO-DEPOSIT THICKNESS over 4.5 pm a'.: 

z '800 

* '  0 i700 1 

CO-DEPOSIT THICKNESS over 4.5 pm 
i 
t 

[ CD = 3.20 x loq8  atoms cm-' 
E 

100 

0 

DEPTH (nm) 

ESTIMATED TOTAL DEUTERIUM CONTENT IN 
THE FLAKING CO-DEPOSIT ON THE ALT TILE: 

3.5 x IO" D atoms cm-* in 45 pm layer 
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DEUTERIUM IN THE ALTII TILE 

SURFACE AFTER THE REMOVAL OF A FLAKING CO-DEPOSIT 

i- 

IY 
i- 
2 
W 
0 
2 
0 
0 

a 8.233=10" 000 
750 

600 
550 
500 
450 

3 400 

i- 
=) 250 
w 200 

150 

L 1 O O  50 i c0 = 3.33 x IO'* atoms cm-2 ' * E  
0 3  I"" 

0 500 1000 1500 2000 2500 3000 ... __ 3500 4000 4500 5000 5500 6000 650 - -. 
DEPTH (nm) 

CONCLUSION: 
DEUTERIUM DEPOSITED IN THE LAYER - 6.5 pm THICK 

I. 
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DEUTERIUM DISTRIBUTION AND CONTENT IN ALT II 
TILE 420): SUMMARY OF RESULTS 

D CONTENT 

AREA 1: 
HIGH and UNIFORM 
in DEPTH 
THICK FLAKING LAYER 

AREA 2: 
3.2 - 7.8 x I O l 7  cmm2 
LAYER up to 5 p n  
NON-UNIFORM DEPTH PROFILE 

AREA 3: 
2.6 - 3.5 x I O l 7  cm-2 
THIN LAYER 

BACK SIDE OF THE TILE: 
0.9 - I .8 x I 017 cm-* 
THIN LAYER 

TOTAL 

- 94 x 1019 

- 2.0 x 

- 1.7 x 

I 019 

1 0Ig 

- 0.5 x 1019 

1 x1o2’ 
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SUMMARY 89 CONCLUSIONS 

Hydrogen rich co-deposits and dust particles have been 
studied to assess the distribution and content fuel 
and impurity atoms (Cy By W). 

The distribution of erosion and deposition zones shows a 
complicated pattern caused by the ripple of the magnetic 
field and the curved shape of the limiter surface. 

Co-deposition of deuterium on graphite tiles of the 
toroidal belt limiter: ‘l x IO2’  D atoms per tile. 

Thickness of the layers in the deposition zones: 
about 45pm. 

An average growth rate of the deposit: 3 pm s-I. 

Q The deuterium-to-carbon concentration ratio (CD/C,) in 

the co-deposit: typically 0.1. 

0 Deuterium is found even in the hottest areas of PFC: 
5 x I O q 6  D atoms cm-*. 

5ased on the present results, the total D inventory 
on the toroidal limiter (224 tiles) is about 2 x D 
atoms after ‘14‘100 s of the operation (8 month). 

IV-34 
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SUMMARY & CONCLUSIONS 

Several types of plasma facing components from 
TEXTOR have been studied to assess the 
distribution and content of deuterium. 

The distribution of erosion and deposition zones 
has shown a complicated pattern caused by the 
ripple of the magnetic field and the curved shape of 
the limiter surface. 

The greatest co-deposition of deuterium has been 
found on graphite tiles of the toroidal belt limiter: 
I x IO” D atoms per tile. 

Thickness of the layers in the deposition zones: 
about 45pm. 

An average growth rate of the deposit: 3 Rrn s-’. 

The deuterium-to-carbon concentration ratio (CD/Cc) in 
the co-deposit: typically 0.1 = 

Based m tbe present results, the total D inventory 
on the toraidal limiter (224 tiles) is about 2 x D 
atomsalter 14100 s of the operation (8 month). 
-~ 
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TRITIUM DISTRIBUTION IN ALT II TILES 
RESULTS & INTERPRETATION (I) 

The distribution of D and T in the tiles differs: 

T content is higher (!) in the erosion zone than 
in the deposition zone rich in D. 

Deuterium: co-deposited low energy species 

Tritium: implanted high energy non-confined 
ions (1.0 MeV) from the D - D reaction 

D + D + T ( l M e V ) + H  (3MeV) 

Range of 1.0 MeVfritons in graphite: - 8 pm 
. ?  

p-(v r f8 .6  keV 
., _. -,. . -..,, ..- . ~ .__ 
. . . . I  

. . -, -~ 
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ALT II TOROIDAL BELT LIMITER 
TILE 20 
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TRITIUM DISTRIBUTION IN ALT I I  TILES 
RESULTS & INTERPRETATION (2) 

CONCLUSIONS: 

1.The same amounts of T impinge on the tile in the 
erosion and deposition zones: 

Deeply implanted T is not instantly removed 
from the erosion zone. 

T implanted in the deposition zone is “diluted” in 
the growing layer of the co-deposit. 

2. Not all fY(T) radiation reaches the tile surface and 
the imaging plate (defecfion limit in graphite -4-0 pm)- 

3.The signal recorded maybe (is) influenced by: 

Surface roughness (flakes in the deposition zone). 

P- stimulated X-ray emission from impurity atoms. 

P‘stimulated secondary electrons. 

DIFFICULT TO QUANTIFY TRITIUM FROM D - D PROCESS. 
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Development of HHF Components for the 
RTO / RC ITER: Recents results and further 

R&D Plans 

S. Chiocchia, R. Tivey, A. Antipenkov, V. Barabash, G. Federici, 
C. Ibbott, G. Janeschitz,-E. Martin 

ITER Joint Central Team, Joint Work Site, 0-85748 Garching, Germany 

S.Chiocchio DEVELOPMENT O F  HHF COMPONENTS FOR THE RTO I RC ITER oct. 1999 



. .  

Outline 

4) Brief overview on RTO/RC ITER: 
Requirements & Design Drivers 

0) Divertor layout and High Heat Flux Components Design 

0 )  Status of HHF testing: 
Thermohydraulic performance and Fatigue lifetime 

0 )  The issues for the next step and plans for the R&D 

IIZ Summary 

S.Chiocchio DEVELOPMENT OF HHF COMPONENTS FOR THE RTO / HC I T K K  Oct 1999 
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UZT The divertor geometry needs to ensure that the majority of 
the neutral recycling fluxes are beneath the dome 
e Allows to achieve partial detachment at reasonable SOL 

density which in turn yields acceptable target power 
loads and sufficient He exhaust 

The divertor targets need to be configured such that, during 
transients when the full SOL power reaches it, the peak heat 
flux is comparable to the 1998 ITER design value, i.e. 20 
MW.m-2 

LGT The gas conductance through the divertor structure (including 
toroidal support rails) has to be sufficient to allow a 
throughput of 200 Pa m3-s-1 at a pressure - 4 Pa with a 
pumping speed of 160 m3 s-1 

EGF The total nuclear heating of each toroidal field coil must be 
limited and in particular the total heat into the first turn of the 
conductor should be < 750 W, 
ULT 10% of which (75 W) should be the maximum nuclear 

heating to the first turn caused by radiation leaking 
through the divertor; 

The goal is to reach 50% of the 1998 ITER Divertor cost 

To reduce the cost of the heat transfer system there is a desire 
to limit the number of coolant loops and thus to limit the 
water throughput in the divertor to 10oO kg s-' 

S.Chiocchio DEVELOPMENT OF "F COMPONENTS FOR THE RTO I RC ITER Oct 1m 
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INTERS ATION.-\I. THERMOS[ CLEAR E XPER ISlEYTAl. REACTOR E UGINEERIIUG D E S I G ~  A c i i v i m s  

Divertor Layout (4) 
0 The new Divertor Cassette assembly consists of less parts 

than in the ITER 1998 design 
-3 Simplifications and cost savi?S, 

I n n e r  Tar 
7 

d for: 
.e r 41 oT. 

S.Chlwchlo THE DIVERTOR FOR THE REDUCED TECHNICAL OBJECTIVE I REDUCED COST ITER OCL 1999 
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5 
LJ 

Vertical Target and Dump Target D d g c  - . i ; 

c3 Outer Vertical Target in ITER 1998 
c3 Vertical and dump targets were separated and the 10 mm 

diameter pipes at the bottom end provided the flexibility for 
thermal expansion of the strike zone area 

C f  c 

L J o  id- 

r3 In RC-ITER the magnetic flux expansion is larger at the 
target + the angle between target and separatrix increases + the angle between VT and dump target increases 
e Keeping the above design would mean to interlact' t h s  

expansion pipes of the VT and the dump target 

S.Chiocchio THE DIVERTOR FOR THE REDUCEDTECHNICAL OBJECTIVE/ REDUCED COST I l l  JK Ocr. I OW 
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. .-:. !-' c3 Second possibility : zxu:!:ir S d u .  - . C .  -= - . I ,  ~ ---._ . - .. .- 
b __ ._ .  

I )  expansion at the bottom of the VT 
I) reduction of the number of sub-components 

This approach needs confirmation by R&D (mainly 
performed in JA) before it can become reference 

0 

X I  2 

S.Chtocchto THE DIVERTOR FOR THE REDUCEUT'ECHNICAL OBJECTIVE/ REDUCED COST ITER Ocr. 1994 
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c3 Dome and Liner have a heatflux capability of 5 MWm-' and 
up to 1 MWm-', respectively 

v-9 



Liner and Dome Design (1) 

e The W clad liner is designed to reduce the amount of T co- 
deposition (temperature between 500°C and 1000°C) 

c9 This is achieved by mechanically mounting radiatively 
cooled W sheets on water cooled Cu-SS structures 
=> The W sheets are formed in such a way that they 60 no: 

allow a direct view between plasma and the pump duct 

Plasma in divertor channel 
C X H X  H0 

,,I ”” 
’, ’ I 

0 However, the co-deposition may lead to a polymer-like 
hydrogenated C film, which is unstable at temperatures 
2 500°K and decomposes to heavy hydrocarbons and radicals. 

In particular CH, radicals have a very low sticking coefficient 
and may therefore be uniformly deposited on cool areas of the 
vessel wall and deep into the pump duct (cleaning ?) 

0 If this is an important process CFC might have to be 
eliminated from the ITER machine !! 

S.Chiocchio THE DIVERTOR FOR THE REDUCED TECHNICAL OBJECnvE / REDUCED COST ITER Ocf I W N  
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Among the achievements of the R&D programme carried-out in 
the frame of the ITER EDA one has to list: 

the demonstration that actively cooled Component can 
withstand heat flux in the order of 20 MW/m2 with 
reasonable margin to CHF; 
the selection of armour and heat sink materials able to provide 
a sufficient lifetime 

tw the development of a few methods for the armour-heat sink 
joining which can withstand the largest heat flux in the 
di vertor; 

e the development of inspection techniques (b for the control of 
the joints 

However further improvements are necessary to achieve the 
objectived RTORC ITER of cost effective and reliable design. 

e the f'abrication nwthodr; must be simplified to become 
compatible with a quasi-series production of the HHF for the 
FW and divertor; 

the reliability of the final product must be improved; 

the lifetime of the component must be extended; 

the irradiated properties of the materials shall be considered 
/ 
I 

E*' the cost must decrease 



Based purely on scaling from industrial cost it is estimated that 
IAM will achieve a - 4w0 cost reduction with respect to the 1998 
ITER divertor design. 

Additional savings come through simplifications of the design and 
the manufacturing process. 

The PFCs accounted for 70% of the total cost, and the cassette 
bodies, support shoes, diagnostic blocks and assembly of tihe 
cassettes (excluding RH and installation costs) accouted for the 
remaining 30%. 

The PFCs are built by armoured slices and the number of slices is 
a strong driver for their cost. 

1 The manufacture of fewer, but larger PFCs due to less toroidal 
segmentation : - 2% saving of the FDR costs. 

US The use of single armour vertical targets : 15 - 2W0 'saving of 
target cost (2.5 % saving of the divertor cost). 

Radiative tungsten tiles on the liner: a 10% cost saving in each 
liner is possbile (5% saving of the cost of divertor) 

S.Chiocchio DEVELOPMENT OF H m  COMPONENTS FOR THE RTO / RC ITER Oct 1999 
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D- 

alternatives of joining tungsten amour  to the Cu heat sink: 
coarser pin or tile castellation as proposed ( RF HT) 
hot pressing of tiles (US HT) 
Improved W joining methods by the EU and JA HTs. 

CfC monoblock based on a 16 mm bore tube (JA MT). Basing 
all the PFCs on this pitch would lead to using 25% fewer 
toroidal slices, which in turn would save 5 - 7% on the cost. 

Manifold simplifications beneath the V and fewer slices using 
co-axial flow with a hair-pin return tape (annular flow). 
CHF tests performed by the EU (- 30% higher pressure drop 
than swirl tape) . 

, 

V-16 



Target with a single geometry 

Ideally, a full CFC or full W target would simphfy the construction 
and reduce the cost, but: 
CFC 
W 

hrgc cr-osion in the upper part of the target 
corict'rns on melting and plasma contamination 

onoblock wometry : 

CFC large monoblock on straight tube 

W thin monoblock : reduces the thermal stress and 
can be used on curved tube. 

at tile Eeometrv : 

CFC large flat tiles 

W brush, lamellae or rods. 



M onobl ock; 

tiles do not detach 
"low I' temperature a the interface 
"low" thermal stress at the interface 

However: 
Joining step produce larger stress than flat tile; 

Inspection is difficult in presence of swirl promoter: 

Small gaps between tube and tile required for brazing: 

To be developed for curved surface; 

Defects in the join can lead to large heat peaking to the 
coolant * bum-out of the tube bifore detachment. 

at tile eeometry: 

Simple to manufacture (even for curved surface) 
has "low" residual stress 
is "easy" to inspect 

However: i 
Depending on the channel geometry the temperature at 
the interface is higher than with thin tube 

Joining defects result in tile detachment 

S.Chiocchio DEVELOPMENT OF "F COMPONENTS FOR THE RTO / RC ITER *I loo0 
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@e . . -  -. 1 

Analysis of cascade effects 

Development of channel geometry to reduce interface 
temperature (hypervapotron, circular channels) 

tile and heat sink design to reduce edge singularities 

test of lamella and brush geometry 

manifolding of the pipes 

Liner radiative tiles 

1) Construction methods 

2) Control of surface temperature 

S.Chi0cchio DEVELOPMENT OF "F C O M P O N E W  FOR THE RTO I R C  ITER oct.  1999 
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. .  - . -  @@ .- 

I<:C I )  o h j c L % [ i \  c \  

Monoblocks 

0) low temperature joining to reduce residual stress 

4) suitable thermal cycles for Cu-Cr-Zr 

a) evaluation of maximum allowable defect (detachment 
and tube bum-out) 

0)  inspection methods 

o> W monoblocks 

larger width of the monoblock (to reduce cost) 

Monoblock with air-pin water return 

twist tape fixing inside the tube and 
effects of gaps onto CHF 

@> 

e> 

on 1999 S.Chiocchio DEVELOPMENT OF "F COMPONENTS FOR THE RTO I KC KER 
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IR image o f FW mock-up 

NT11 VALUE 
- +2.51E+O1 
. +9.55E+Ol 

. +l. 66EiO2 

+2.36E+O2 
+3.07E+O2 

+3.77€+02 

+4.4aE+O2 

+5 .18W2 

+5.89E+O2 
+6 .59W2 

+7.29E+O2 

+8.00502 

+8.70E+O2 

- +9.41E+O2 

Isothermal conto ur of the mock-up at 10 s 
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POLOIDAL LIMITER BLOCKS FROM TEXTOR 
VPS TUNGSTEN (0.5mm) ON GRAPHITE 
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ANALYSES OF THE MAIN POLOIDAL LIMITED 
COATED WITH A VPS TUNGSTEN LAYER 

I. DISTRIBUTION AND CONTENT OF: 

L 

DEUTERIUM IN VARIOUS PARTS OF PHELlMlTER, 

ON TUNGSTEN, 

on GRAPHITE. 

CARBON AND BORON 

TUNGSTEN (and BORON 

[2 .  STRUCTURE OF: 

TUNGSTEN LAYER 

MELTED ZONES (re-crystallization) 

TUNGSTEN - RHENIUM - GRAPHITE INTERLAYER]. . 

V-38 



LINEAR THERMAL EXPANSION OF MATERIALS 
[coefficient a] 

Material a ( IO"  K-I) 
Graphite EK98 3.41 

T (K) 
300 - 570 

4.26 I 1273 

Tungsten 4.20 773 

Rhenium 

W-Re5% 

Melting point (K) 

W 3683 

Re 3453 

4.58 1273 

6.1 2 773 

6.65 1273 

8.00 2773 

4.30 773 

4.73 1273 

v-39 

. .  
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) :. ' 
.' ._ , 

INITIAL STRUCTURE 

CARBON 
(CLOSE TO THE MELT 

TUNGSTEN IN T 

OF VPS TUNGSTEN 

DEPOSIT 
ZONE OF TUNGSTEN) 

H 

h 
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POLOIDAL LIMITER: SUMMARY OF RESULTS FOR 
D, B andC ON TUNGSTEN COATING 

[ANALYSIS PERFORMED EVERY 1 or 2 mm] 

................ 

SPECIES CONCENTRATION 
Area I Area 2 Area 3 

DEUTERIUM 24 - 36 8-16  0.4 - 4 
(loq6 crn-*) 

CARBON 5.2- 8.3 0.6 - 1.4 1.4 - 3.4 
(IO'* cm-2) 

BORON 1.4 - 2.8 0.9 - 1.7 0.05 - 2.1 
/10'* cmS) 

0 DEUTERIUM IS DETECTED OVER THE WHOLELIMITER 
SURFACE - EVEN IN AREAS WHICH WERE VERY HOT. 

0 INTERMIXING OF Cy By W IN THE SURFACE REGION 
(DEEP DIFFUSION or COMPOUND FORMATION) 

VERYSMALL QUANTITIES OF D,B,C ARE OBSERVED ON 
THE BACK SIDE OF THE DETACHED W COATING. 

V-4 1 



TUNGSTEN DISTRIBUTION ON THE GRAPHITE 
SURFACES OF THE POLOIDAL LIMITERS 

7 mm from the plasma 

\ W + C layer 

44 mm from the plasma L.") 
Over I x (W at) 
--7 

74 mm from the plasma 

3ver I x l o q 8  (W at) cm2 

CHANNEL NUMBER 

i- 

70m 400 100 200 

Tungsten eroded from the VPS layer is distributed over the whole 
limiter surface, Le. deposited on graphite surfaces in the gaps 
between the limiter tiles. 

RBS spectra prove distinct intermixing of carbon and tungsten 
(together with boron). The result may suggest the formation of mixed 
corn pou nds. 

V-4 2 



SUMMARY & CONCLUSIONS 

Graphite limiters coated with a VPS tungsten layer 
were studied. 

Cracking, melting of the layer occurred during 
the plasma operation. 

Heat loads caused the detachment of the W layer 
from the graphite substrate. 

Strong intermixing or compound formation 
(W - C - Si - B) occurred on the limiter surface. 

Deuterium is found (I - 5 x l0l6 D atoms ern-') 
even on the hottest areas of the limiter surface. 

Deuterium presence is associated with the co- 

The results dowow conclude whether and how 
much of D is retained in tungsten. Previous 
results showed -the deuterium content in 
sole tungsten in the range 5 - I O  x I O l 4  cm% 

deposition of carbon. 
n Q* 
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Heat flux profile at heating test 

3 

2.5 

2 

1.5 

1 

0.5 

0 

-150 -100 -50 0 50 100 150 

Distance from the center of the first wall panef (mm) 

1 * Calorimetry 
fitting curve 

3 

1 I Y 

t 1 b 

t L 7  -I 

- 5 0  0 50 100 -1 0 0  

Distance from the center of first wall panel (mm) 
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Plasma Facing Components - 2 
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Discharge process of the pebble 
ejecting from the plasma 

I 

Plasma 

Electric resistivity 

: in the sheatf 

: in the graphite 

Carrier particle density 
nzp - - 1 x [/m‘] 

tempratwe laboratory,Course of Electromagnetic Energy Engineering, 
Graduate School of Engineering, Osaka University 

VI-12 

: in the sheath 
uzc = 5 x 1 0 ~ ~ [ / m ~ ]  (hole - elec;on) : in the graphite 

Mobility ratio 

Mobility in the sheath 

Mobility in the graphite 

b 4  

c 



1) ejection time of the pebble fiom the plasma 

-3 x 1 o - ~  [sec] d 
TO = - 

vo 
2 )  electron release time from the sheath r e  

3) electron release time from graphite surface zc 

Qr 
Residual chrage electrons 

sheath 

surface 

h-,Supra-high temprature laboratory,Course of Electromagnetic Energy Engineering, 
I - Graduate School of Engineering, Osaka University 
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Summary. 

2) In the pebble diwertor concept with the functions of removal of 

high heat loading and pumping effect, we selected divertor -- rpproprkte for tTER-CDA condEWom tbat is a 

m- 

5)PebbIe is moved like as thrust and rotation by plasma 
momentum flux. 
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7) If the plasma is disrupted rapidly in the time shorter than the 

electron release time, the surface charge of the pebble 

remains to be acted for repulsive force. 
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Experimental Device 

Test 
section 

1 
.$ 

Heater Pin Vapor Trap 
TO Ar Supply 
or Vac. Pump n 

i 

/ 

D.C. 
Magnet 

\ 
< 220% 

Em-&- cooler 

EMP 500 Vmin Satm (Test Section 6dsec) 

Lmp Piping 2B(Sch40S) = 52.7mm I.D. 3.9mm Thickness 
- 

& $ & W W y  zML 

3BClH-t PoleGap 175mm 
Max. Magnetc Flux Density 0.8 T 
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W N T  PLATE 

Dimensions of the standard JET flat Hypervapotron 
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AGENDA:1999 US-JAPAN WORKSHOP ON PLASMA SURFACE INTERACTIONS 
AND HIGH HEAT FLUX COMPONENTS FOR NEXT FUSION DEVICES 

November 1-4, 1999 

MON 11M 
9:oo I1 10 NYGREN 
9:lO 12 10 ULRICKSON 
9:20 13 10 NODA 

UL RICKSON 

9:30 E l  25 NODA 

9:55 E2 25 NODA 
10:20 E3 20 CASTRO 

I0:40 break 
10:50 E4 25 SUZUKI 
11:15 E5 25 HIROOKA 

11:40 E6 20 NYGREN 

12:OO E7 25 MASAKI 

12:25 lunch 
NYGREN 

2:OO E8 20 WONG 
2:20 E9 20 WHYTE 
2:40 E10 25 TANABE 
3:05 E l l  20 BROOKS 

3:25 break 

3:35 M I  15 LIVSHITS 
350  M2 15 NYGREN 
4:05 M3 15 ZINKLE 

4:20 M4 15 ULRICKSON 
4:35 D1 15 NYGREN 
4:50 adjourn 

7:OO reception 

NODA 

(NY G REN) 

Revised 4novl999 

St. Francis Hotel, Santa Fe, New Mexico 

Welcome & Review of Agenda 
introductory Remarks 
Introductory Remarks 
Plasma Edge Studies - 1 

Helical-Divertor Installation and Its Performance in 
LHD 
Long Pulse Discharges in LHD 
Negative Transferred-Arc Cleaning: A Method for 
Roughening and Removing Surface Contamination 
from Plasma Facing Materials 

Structure of Helical Divertor Plasmas in LHD 
Particle Balance Modeling for Steady-state 
Reactors and Its Application to Recent 
Observations in LHD 
Summary of NSTX PFC Activities and Proposal for 
Liquid Metal Experiment in CDXU 
In-vessel Observation of JT-6OU and Its Divertor 
Modification 

Plasma Edge Studies - 2 

Recent Results from DiMES 
Long Term Evolution of Graphite Tiles in DIII-D 
W Poloidal Limiter Experiments in TEXTOR-94 
Erosion/Redeposition Modeling: Recent Results for 
Li and C Divertor Surfaces (not presented) 

Meeting Summaries 

Hydrogen Workshop 
ISFNT 
ICFRM 

SOFE 
Discussion: schedule/plans for future meetings 

St. Francis Hotel lobby 
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TUE 1112 WAMPLER Plasma Surface Interactions - 1 

8:30 SI  25 LIVSHITZ Implantation Pump in LHD 
8:55 S2 25 SUZUKI Wall pumping in LHD 
920 S3 20 DOERNER Plasma-lithium Interaction Measurements in 

PISCES 

9:40 S4 25 YOSHIDA Impact of Mixed-Material Deposition on Plasma- 
Surface Interaction 

10:05 S5 20 BASTASZ Deployment of Active Probes & H Sensor in DIII-D 
10:25 break 

DOERNER Plasma Surface Interactions - 2 

10:35 S6 25 TANABE Plasma Wall Interactions Observed by Balmer 
Lines Emission in TPE 

11:oo s7 20 YE Space-Charge Limited Emission Current from 
Material Surface in a Plasma (not presented) 

11:20 S8 25 ISOBE Chemical Sputtering with High Flux Ion Beam 
11 :45 S9 25 ECKSTEIN Ion Beam Sputtering of Be onto C 
12:lO S I  0 20 WAMPLER Long Term Retention of Deuterium and Tritium in 

Alcator C-Mod 
12:30 lunch 

Plasma Surface Interactions - 2 continued DOYLE 

2:OO SI1  20 HAAS Retention of H in W coated with C 

2:20 SI2 20 RUBEL Retention of Hydrogen in TEXTOR Limiters 

240 SI3 20 HASSANElN Recent Progress in Disruption Effects Modeling (not 

3:OO SI4  20 FEDERlCl Critical PWI Issues for Plasma Facing Materials and 

3:20 break 
3:30 D2 120 NYGREN Discussion: What PSI issues are most important for 

(BROOKS) presented) 

Components in ITER-Class Devices 

future development of fusion? 

5-30 adjourn 

c 
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WED 
8:30 

9:oo 

9:30 
950 

1 O : l O  

I0:35 

11 :oo 

1 1 :25 

11 :50 

12:lO 

12:30 

2:30 

2:55 

3:15 

4: 15 
4:30 

5:30 

1113 
P I  30 CHlOCCHlO Development of HHF Components for the RTO/RC- 

P2 30 AKIBA Overview of Development of High Heat Flux 

P3 20 NYGREN HHF Testing of W Brush Armor Mockups 
P4 20 RUBEL Damage of W and Mo Limiters 
P5 25 HATANO Heating Test of Reduced Activation Ferritic Steel 

YOUCHISON Plasma Facing Components - 1 

ITER Divertor: Recent Results and Further R&D Plans 

Components in JAERI 

F-82H First Wall 

Plasma Facing Components - 2 

divertor concept 

break 

WONG 

P6 25 NISHIKAWA Effects of divertor plasma on the pebble fall for pebble 

P7 25 ISOBE Experiment of pebble divertor 

P8 20 YOUCHISON CHF Testing Results from PMTF 

P I0  20 CIRIC JET NB Dump Performance 

lunch 
NYGREN 

ESATO 

(WONG) 

Plasma Facing Components - 3 

PI1  25 AKIBN Thermal-hydraulics of Sawtooth-finned Cooling Tubes 

P I2  20 BAXI Thermal-hydraulic Analysis of FIRE Divertor 

0 3  60 NYGREN Discussion: What is direction of PFC development 
for fusion? 

break 
0 4  60 NYGREN Discussion: What are productive directions to 

develop this workshop? 
adjourn 
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THUR 11/4 NYGREN PFC Armor and Materials 

9:00 C1 25 TOKUNAGA Research and Development of Tungsten-Coated 
Diverto r Plate 

9:25 C2 25 KURAMADA Evaluation of Integrity for Carbon Divertor Model 
Joined with Copper by using Ti Foil 

950  C3 20 NYGREN HHF Testing of NSTX and KSTAR CFCs 
1O:lO break 

10:20 C4 20 ZINKLE Development of a Tungsten Alloy Data Base for 
(NYGREN) APEX 

NYGREN. Collaborations 
10:40 F1 15 NYGREN Future collaborations in US program 
10:55 F2 15 NODA Future collaborations in Japanese program 
11:lO F3 5 NODA closing remarks 
11:15 F4 5 NYGREN closing remarks 
I1:20 ao'journ 
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